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Abstract
Although accumulation of dendritic cell (DC) precursors occurs in bone marrow (BM), the
terminal differentiation of these cells takes place outside BM. The signaling, regulating this
process, remains poorly understood. We demonstrated that this process could be differentially
regulated by Notch ligands: Jagged-1 (Jag1) and Delta-like ligand 1 (Dll1). In contrast to Dll1,
Jag1, in vitro and during induced myelopoiesis in vivo, prevented DC differentiation by promoting
the accumulation of their precursors. Although both ligands activated Notch in hematopoietic
progenitor cells (HPC), they had an opposite effect on Wnt signaling. Dll1 activated Wnt
pathways; whereas, Jag1 inhibited it via down-regulation of the expression of the Wnt receptors
Frizzled (Fzd). Jag1 suppressed fzd expression by retaining histone deacetylase 1 in the complex
with the transcription factor CSL/CBF-1 on the fzd promoter. Our results suggest that DC
differentiation, during induced myelopoiesis, can be regulated by the nature of the Notch ligand
expressed on adjacent stroma cells.

Introduction
Dendritic cells (DCs) are professional antigen presenting cells critically important for the
induction of immune responses (1, 2). The regulation of DC differentiation is a complex,
spatially controlled process. Although it is initiated in bone marrow (BM), most DCs
became terminally differentiated cells in the peripheral lymphoid organs or tissues. There
are only a few differentiated, functionally competent DCs in BM (3). This plays an
important biological role by limiting the possible inflammatory reaction in BM. The
molecular mechanisms regulating this process remained largely unclear.

DC differentiation in BM is controlled by a complex network of soluble factors and cell
surface bound molecules. Among the latter, the Notch family of transcriptional regulators
plays a major role. Notch signaling is initiated by the binding of the Notch receptor to
specific ligands that result in the proteolytic cleavage of the intracellular domain (ICN);
followed by the ICN translocation to the nucleus, where it interacts with the transcriptional
repressor CSL/CBF-1 (4, 5). One of the most puzzling questions is the role played by
different Notch ligands in defining the biological effects of Notch. At present, two major

1This work was supported by NIH grant CA141438 to DIG.

Address for correspondence: Dmitry Gabrilovich, Rm. 118C, 3601 Spruce Str., Philadelphia, PA, 19104-4265, Phone: 215-495-6955,
dgabrilovich@wistar.org.
†current address – The Wistar Institute, Philadelphia, PA, 19104
‡current address - Institute of Human Virology, Zhongshan School of Medicine, Sun Yat-Sen University, Guangzhou, China 510080
§contributed equally to this work

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2014 August 15.

Published in final edited form as:
J Immunol. 2013 August 15; 191(4): 1916–1926. doi:10.4049/jimmunol.1300714.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Notch ligand families, Delta (Dll1, Dll3, and Dll4) and Jagged (Jag1 and Jag2), have been
described in mammals (6). Although these ligands activate Notch signaling, in recent years,
evidence has emerged of the contrasting effects of Delta and Jagged on different cells (7–
13). However, the mechanisms these effects remain largely unclear.

It is known that the Notch pathway is involved in the differentiation and function of DCs.
However, its role remains controversial. Most of the studies with “gain-of-function”
experiments have demonstrated an up-regulation of DC differentiation; whereas, many
studies with “loss of function,” using knockout mice, showed either a lack of the effect or an
inhibition of DC differentiation (rev in (14)). Dll1 was shown to potently promote DC
differentiation (11, 15, 16): whereas, Jag1 prevented the terminal DC differentiation in vitro
by inducing an accumulation of immature myeloid cells (IMCs) and DC precursors (11).
The mechanism of such an opposite effect remained unclear. The goal of this study was to
understand the mechanisms that prevent DC differentiation in BM and possible role of Jag1
in this process.

Material and Methods
Mice

All mouse experiments were approved by the University of South Florida Institutional
Animal Care and Use Committee. Female C57BL/6 mice (aged 6–8 weeks) were obtained
from the National Cancer Institute. Mx1-Cre mice (mouse strain #003556), β-cateninflox+

mice (mouse strain #004152 on C57BL/6 background) and CD45.1+ congenic mice
(B6.SJL-PtrcaPep3b/BoyJ) were purchased from Jackson Laboratories. Jagged-1flox+ mice
were provided by Dr. Lewis (10). The conditional β-cat or Jag1 knock-out mice were
generated by crossing homozygous floxed β-cat or Jag1 mice with Mx1-Cre mice and the
offspring carrying a floxed β-cat or Jag1 allele and Mx1-Cre were back crossed to the
homozygous floxed β-cat or Jag1 mice. Homozygous floxed β-cat or Jag1 mice carrying
Mx1-Cre transgene were selected and were referred to as β-catfl/flCre+/− or Jag1fl/flCre+/−

mice. Jag1fl/flCre/− or β-catfl/flCre−/− mice were used as controls. To induce the β-cat or Jag1
deletion, 250 μg poly (I:C) were injected i.p. every other day, for three or five times. Mice
were used within 3 weeks after their last poly (I:C) injection. For adoptive transfer
experiments, Jag1fl/fl mice were further back-crossed for 8 generations with C57BL/6 mice.

Reagents
Antibodies against mouse I-A/E, CD11b, CD86 (B7-2), CD45, CD45.1, CD11c, Gr1, B220,
and isotype control antibodies were obtained from BD PharMingen (San Diego, CA). Siglec
H, DEC-205, and DCIR-2 (33D1) antibodies were from ebioscience (San Diego, CA). F4/80
antibody was purchased from Serotec (Raleigh, NC). Recombinant murine GM-CSF and
IL-4 were obtained from Research Diagnostics (Flanders, NJ), IL-3, FLT-3, M-CSF,
recombinant human cytokines GM-CSF, SCF, TNF-α, mouse Wnt3a were obtained from
R&D systems (Minneapolis, MN). Jagged-IgG was from Alexis Biochemical. SB216763,
human IgG, and anti-human IgG were from Sigma (St Louis, MO). β-catenin, Jagged-1,
HDAC1,2,5,7 antibodies were from Cell Signaling Technology, Inc. (Beverly, MA).
Antibodies against Frizzled 6, 7, 10, β-actin, Delta-1, CBF1 and siRNA for Jagged-1,
HDAC1, Delta and CBF-1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
CBF1 reporter, shRNA for mouse β-catenin were from SABiosciences (Frederick, MD),
dual-luciferase assay kit from Invitrogen (Carlsbad, CA), and primers for Real-time RT-
PCR were synthesized by Integrated DNA technologies (Coralville, IA). The monomeric
form of the Notch ligand Delta-1 was made by fusing the extracellular domain of Delta-1 to
a series of myc epitopes Delta-1ext-myc28 and was a gift from Dr I. Bernstein. β-cat-GFP
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plasmid was provided by Dr. Ira Mellman (Genentech, Inc). HDAC activity assay kit was
from Cayman Chemical (Ann Arbor, MI, USA).

Cell lines, cell culture, and flow cytometric analysis
Bone marrow and spleen stroma cells were generated as described previously (11). The NIH
3T3 cell lines transfected with Delta-1, Jagged-1 or control plasmids were described
previously (11). Mouse HPCs from mouse bone marrow were enriched with a lineage cell
depletion kit from Miltenyi Biotec (Auburn, CA, USA). Enriched HPC cells, from naive
bone marrow, were placed onto 3T3 cells or primary stromal cells the following day and
cultured in RPMI medium supplemented with 10% FBS and 20 ng/ml GM-CSF for various
time. HPC progenies were transferred to new wells and coated with corresponding cell lines
every 2–3 days. CD45+ cells were gated so that hematopoietic cells could be distinguished
from contaminated stroma. For the analysis of gene and protein expression, hematopoietic
cells were isolated with biotin-conjugated CD45 antibody and magnetic beads (Miltenyi
Biotec) (17). 32D cells (murine hematopoietic cell line) were cultured in RPMI medium
with 10% FBS and 20% conditioned medium containing IL-3 (WEHI-3B cell line). The
incubation of 32D cells with different 3T3 cell lines was similar to HPCs. Cells was
analyzed by flow cytometry on a FACSCalibur flow cytometer (BD Biosciences, Mountain
View, CA, USA) or LSR II (BD Biosciences, Mountain View, CA, USA), and data were
analyzed with the CellQuest program (Becton Dickinson, Mountain View, CA, USA) or
FlowJo program (Treestar Inc., Ashland, OR).

The immobilization of Notch ligands on plastic was performed, as described previously
(18). In brief, 20 μg/ml of antibody against human IgG was placed into each well of a 24-
well plate and incubated for 30 min at 37°C. Wells were blocked with complete culture
medium (CCM) for 30 min and then incubated for 3 hr at 37°C with 7.5 μg/ml Dll1, Jag1 or
IgG in CCM.

Plasmid construction and transfection
The 5′-regulatory sequence (−1233 bp to +235 bp) of the mouse fzd10 gene (NM_175284)
was cloned into pGL3-enhancer vector (Promega), using the following pair of
oligonucleotides: forward primer, 5′-CGACGCGTGATTAGCCCAAAACCAACCA-3′;
reverse primer, 5′-CCGCTCGAGGTCCTTGCACATGGGAATCT -3′. Transient
transfections were performed on 32D cells using the GenePORTER2 transfection agent
(Genlantis, San Diego, CA, USA) and following the manufacturer’s guideline. For the
reporter activity assay, Renilla plasmid was co-transfected with luciferase plasmids and
Relative light units (RLUs) of luminescence were measured 48 hr after transfection with a
dual-luciferase reporter assay system (Promega, Madison, WI, USA). HPCs were
transfected with mouse macrophage buffer and Y01 program at AMAXA nucleofector
(AMAXA, Gaithersburg, MD, USA).

Hydrodynamic gene transfer (HGT)
HGT was performed as described (19). Briefly, GM-CSF plasmid (20) was purified with an
Endofree plasmid mega kit (Qiagen). 80μg of plasmid, resuspended in 1.6 ml saline, was
injected i.v. within 5 seconds.

Quantitative real-time polymerase chain reaction, immunoprecipitation and
immunoblotting

PCR was performed by usingSYBR® Green RT-PCR reagent kit (Applied Biosystems,
Foster City, CA, USA) and target gene-specific primers. Amplification of endogenous
cyclophilin or hprt was used as an internal control. Primers sequence was reported
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previously (18). The analysis of gene expression by immunoblotting was performed as
previously described (11). For immunoprecipitation, 500 μg pre-cleared cell lysate was
incubated with specific antibody for overnight and the antigen-antibody complex was
precipitated by using ProteinA/G agarose beads (Santa Cruz Inc., Dallas, TX) and then
subjected to electrophoresis in 8% sodium dodecyl sulfate-polyacrylamide gels. The specific
bands were visualized by an enhanced chemiluminescence (ECL) detection kit (Amersham
Life Sciences, Arlington Heights, IL, USA).

Chromatin Immunoprecipitation Assay
ChIP assay was performed with the reagents and protocol from Millipore (Billerica, MA,
USA). In brief, we fixed 2 × 106 32D cells by adding formaldehyde into culture media to a
final concentration of 1%. The cells were then lysed and sonicated to shear the chromatin
DNA. Cell lysate was precleared with protein G-agarose, before immunoprecipitation
overnight at 4°C with 2 μg of specific antibody or normal mouse IgG. The precipitated
antibody-chromatin complex was collected by incubation with protein G-agarose, for 1 hr at
4°C, and subsequently washed and eluted in elution buffer. DNA, in the precipitated
samples, was recovered by reverse crosslinking at 65°C for 4 hr. Ten percent of lysate,
before antibody precipitation, was used as the input. Real-time PCR was carried out with
Fzd10-specific primers. Amplification of cyclophilin from the input was used as the loading
control.

Primers used in ChIP of Fzd10
CHIP primer set 1—ACCTATGCAGTTGGGGGAGT

ACCGCAGTCCTTAGATGTCC

CHIP primer 2—GGTTGAAGCTCTGTGTCCTTATC

GGCTGGTGGTTTCTCCAA

CHIP primer 3—CCCTAAACTCCGGCTTCC

GGGATTTGCGTTTTATGACC

CHIP primer 4—GCAGGTGATGATAGGCTCGT

AACACAGGAAGAAGCGAAGG

Gapdh—TACTAGCGGTTTTACGGGCG

TCGAACAGGAGGAGCAGAGAGCGA.

Putative CBF-1 binding sites
SITE 1 GCTCTATTCCCAGGCCAG

SITE 2 GGTAGTTTCCCAGACACT

SITE 3 GGCTGGTTCCCACGCAGA

SITE 4 TCCGGCTTCCCAAGTCCC

SITE 5 TGGAGATTCCCATGTGCA
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Allogeneic Mixed Leukocyte Reaction
The C57BL/6 BM HPCs were cultured on immobilized Jag-1, on plate, in the presence of
SB216763 plus GM-CSF or GM-CSF only for 5 days. The HPC progenies were co-cultured
with T cells (105/well) from allogeneic BALB/c mice for 4 days, in triplicate, in U-bottom
96-well plates at different ratios. [3H]-thymidine (1 μCi) was added to each well 18 hr prior
to cell harvesting. T cell proliferation was measured by [3H]-thymidine incorporation in a
liquid scintillation counter (Packard Instrument, Meriden, CT, USA).

Statistical methods
The data were analyzed with a two-tailed Student t-test using GraphPad Software. P values
< 0.05 were considered to be statistically significant.

Results
Jag1 negatively regulates DC differentiation in bone marrow

To evaluate the role of Jag1 in DC differentiation, we used mice with conditional knockout
of this protein. Jag1fl/fl mice (10) were crossed with Mx1-Cre mice and the Jag1 deletion
was induced by repeated injections of poly (I:C). As a control, we used Jag1fl/flCre−/−

littermates treated with poly(I:C). To simplify abbreviation, in this manuscript,
Jag1fl/flCre−/+ with inducible deletion of Jag1 are referred as Jag1 knockout (KO) and
control mice as wild-type (WT). We generated stroma from bone marrow (BMS) and spleen
(SPS) with inducible deletion of Jag1 (Fig. S1) and evaluated their effect on DC
differentiation from enriched hematopoietic progenitor cells (HPC) in the presence of GM-
CSF. SPS supported DC differentiation substantially better than BMS (control in Fig. 1A vs.
B). The absence of Jag1 in SPS did not affect DC differentiation (Fig. 1A). In contrast, lack
of Jag1 on BMS significantly (p<0.05) promoted DC differentiation (Fig. 1B). Absence of
Jag1 on BMS had no effect on differentiation of DCs generated in the presence of FLT3L
(Fig. 1C).

Next, we evaluated the DC differentiation in Jag1 deficient mice in vivo. In steady state, no
differences in the total number or the proportions of different DC populations in BM, spleen
(SPL), or lymph nodes (LN) were found (Fig. S2A). Since our in vitro experiments showed
that Jag1−/− BMS had effect on DC differentiation only in the presence of GM-CSF, which
is associated with emergency hemtopoiesis, we evaluated the role of Jag1 in a model of
inflammation-induced myelopoiesis caused by injection of complete Freund’s adjuvant
(CFA). In both, wild-type (WT) and Jag1 KO mice, CFA induced rapid and equal increase
of IMCs in peripheral blood (PB) (Fig. 1D). In contrast, Jag1 KO mice had significantly
higher number of CD11c+ cells than WT mice (Fig. 1E). CD11c+ cells (21) are comprised of
DCs (CD11c+MHC II+) (3), DC progenitors (mainly CD11c+MHCII−) (22) and few
activated leukocytes (reviewed in (23)). Analysis of the population of CD11c+MHC II+ DCs
in PB confirmed significant increase in the presence of these cells in Jag1 KO mice (Fig.
1F). These results might reflect differences in the mobilization of DCs. To test this
possibility, we evaluated DCs in BM 8 days after CFA injection (at the peak of DC presence
in PB). The Jag1 KO mice had a significantly higher proportion and absolute number of
plasmacytoid DCs (pDCs) and CD11c+MHC II+DCs, but not MΦ, than their control
littermates (Fig. 1G). An increased presence of DCs in BM of Jag1 KO mice was confirmed
in allogeneic MLR, a hallmark of DC activity (Fig. 1H). Jag1 KO mice also had a
significantly higher presence of DCs in LNs (Fig. 1I). The total number of cells in WT and
Jag1 KO mice was the same (Fig. S2B) and, as a result, the total number of DCs showed the
same changes as the proportion of the cells.
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Similar effect of Jag1 was observed in the different model of induced myelopoiesis caused
by hydrodynamic gene transfer (HGT) of GM-CSF plasmid in vivo. An equal increase in
IMCs in the PB of both WT and Jag1KO mice was seen (Fig. 2A). In Jag1KO mice, GM-
CSF effect on DC presence in PB (Fig. 2B), BM (Fig. 2C) and LNs (Fig. 2D) was similar to
the effect of CFA. There were no difference in the absolute cell number between WT and
Jag1 KO BM.

To clarify the role of Jag1 in DC differentiation, we used an adoptive transfer of BM cells
from congenic CD45.1+WT mice to lethally irradiated Jag1 KO or WT CD45.2+ mice. Jag1
deletion was induced by the poly(I:C) injections. Three weeks later mice were irradiated and
congenic BM cells were transferred. Six weeks after the transfer, recipient mice were
injected with CFA and evaluated 8 days later. Jag1 KO and WT mice were equally
reconstituted with donor’s BM (Fig. S3). However, Jag1 KO mice had a significantly higher
presence of donor’s DCs in BM (Fig. 2E, Fig. S3) than WT mice. Thus, taken together these
results indicated that Jag1 in BM inhibited DC differentiation.

Dll1 and Jag1 have opposite effect on wingless (Wnt) signaling in HPCs
What could be the mechanism of Jag1 negatively regulating the DC differentiation?
Activation of the canonical Wnt pathway in HPC positively regulates DC differentiation;
and the Dll1 effect on DC differentiation could be mediated via activation of Wnt signaling
(17). Canonical Wnt pathway is activated by Wnt proteins binding to Frizzled (Fzd)
receptors and co-receptors, which leads to stabilization and translocation of β-catenin to the
nuclei to form co-activators with T cell factor (TCF)/lymphoid enhancer factor (LEF) to
regulate the target genes (24–26). We asked whether Wnt signaling is involved in Jag1-
mediated effects on DC differentiation. Enriched BM HPCs were incubated for 18 h on a
monolayer of NIH3T3 fibroblasts overexpressing Dll1, Jag1, or the corresponding control
vectors (11). Jag1-cells did not significantly increase expression of any Fzd receptors but
inhibited the expression of number of them (Fig. 3A). This was in contrast to the effect of
Dll1, which dramatically up-regulated members of Fzd family (17). The down-regulation of
several Fzd receptors was confirmed by Western blotting (Fig. 3B). The inhibition of Wnt
signaling was determined by down-regulation of β-catenin (Fig. 3C), Wnt-target genes (Fig.
3D) and TCF/LEF reporter activity (Fig. 3E). To avoid a possible confounding effect of
fibroblasts, we used an experimental system where Notch signaling was activated by Notch
ligands directly immobilized on plastic in the presence of recombinant Wnt3a. Dll1 and Jag1
activated the Notch pathway as was measured by the activity of CBF-1 reporter and
expression of hes5 (Fig. 3F, G), suggesting that both ligands are able to activate the
conventional Notch signaling. Jag1 inhibited the expression of fzd10 and Wnt-target genes
(Fig. 3G), decreased the amount of Fzd6 and Fzd10 protein (Fig. 3H), and down-regulated
the activity of TCF/LEF reporter (Fig. 3I). In contrast, Dll1 induced up-regulation of Wnt
signaling (Fig. 3G–I).

We asked whether Jag1 can neutralize activating effect of Dll1 on Wnt signaling. Dll1-IgG
and Jag1-IgG were mixed at a 1:1 ratio and immobilized on plastic. As a control, Dll1-IgG
were mixed at a 1:1 ratio with control IgG. Jag1 did not inhibit Dll1-inducible up-regulation
of hes5 expression indicating that mix of these two ligands did not affect Notch signaling
(Fig. 4A). In contrast, the presence of Jag1 dramatically reduced the expression of fzd6 and
fzd10, as well as wisp1 and wisp2 induced by Dll1 (Fig. 4A). Jag1 also decreased the
activity of the TCF/LEF reporter induced by Dll1 (Fig. 4B). Thus, Jag1 was able to
neutralize up-regulation of Wnt pathway caused by Dll1.

Incubation of HPC on BMS generated from Jag1 KO mice resulted in increased expression
of Wnt–targeted genes (Fig. 4C). HPCs isolated from BM of CFA-treated Jag1 KO mice
(described in Fig. 1) had a significantly higher expression of Wnt target genes and fzd10 as
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well as β-cat and Fzd10 proteins than the HPCs from control mice (Fig. 4D). These results
were confirmed in experiments in vitro using BMS with Jag1 down-regulated with specific
siRNA (Fig. 4E). Thus, Jag1 in contrast to Dll1 substantially reduced Wnt signaling in HPC
via down-regulation of Fzd receptors.

Jag1 negatively regulate DC differentiation via down-regulation of Wnt signaling
Next, we investigated the mechanism of Jag1 mediated regulation of DC differentiation.
Consistent with previous observations (11, 15, 16, 27), Dll1 promoted DC differentiation
from HPCs (Fig. 5A). Addition of Jag1 to Dll1 completely abrogated this effect (Fig. 5A).
We evaluated the effect of activation of Wnt pathway downstream of Fzd receptors on the
DC differentiation. Wnt pathway was activated by overexpression of a constitutively active
β-cat mutant (28) (Fig. 5B) or by inhibition of the GSK-3β kinase, which is critically
important for activation of Wnt signaling, using specific inhibitor SB216763(29) (Fig. 5C).
In both cases activation of Wnt pathway abrogated the inhibitory effect of Jag1 on DC
differentiation (Fig. 5B, C) and restored the proportion of DCs to the control level. It also
restored the ability of cells differentiated in the presence of Jag1 to stimulate allogeneic T
cells, the function attributed to DCs (Fig. 5D).

Next, we investigated the consequences of down-regulation of Wnt signaling for DC
differentiation, using mice with a conditional knockout of the β-cat gene. β-catfl/fl mice were
crossed with Mx1-Cre mice and β-cat deletion was achieved by repeated injections of
poly(I:C) (Fig. 5E). These mice were further referred as β-cat KO. BM cells from β-cat KO
mice and Cre− WT littermates were adoptively transferred into lethally irradiated congeneic
CD45.1 mice. Four weeks after the transfer, the mice were treated with GM-CSF HGT or
with a control vector, as described in Fig. 2C, and analyzed on day 4. No differences in DC
differentiation between recipients of WT and β-cat KO BM cells were seen in mice treated
with the control vector. GM-CSF HGT caused significant increase in the presence of WT
donors’ DCs in BM, which was consistent with the recent report (30). In contrast, no
increase was observed in recipients of β-cat KO BM (Fig. 5F). MΩ differentiation was not
impaired in the β-cat KO BM (Fig. 5F).

To evaluate DC differentiation from their precursors, BM Gr-1+CD11b+ IMC were isolated
from WT and β-cat KO mice (CD45.2+) and transferred to sub-lethally irradiated CD45.1+

recipients. Donor’s cells were evaluated 4 days later. The proportion and absolute number of
splenic cDCs (MHCII+CD11chi) but not MΦs, generated from β-cat KO IMCs was
significantly lower than that from WT IMCs (Fig. 5G). The differentiation of CD8α− cDC
subset was also significantly impaired, which was consistent with previous observations that
the development of splenic CD8α− cDCs was dramatically blocked in CBF-1 KO mice (31).
The culture of enriched HPCs from β-cat KO mice with GM-CSF and IL-4 produced smaller
proportion of CD11c+CD11b+F4/80− DCs than that of WT HPC (Fig. 5H). Treatment of
mice with selective Wnt inhibitor ICG-001 (32) reduced the proportion of DCs in BM of
Jag1 KO mice treated with CFA but not in control mice (Fig. S4). Thus, these data support
the hypothesis that Jag1 regulates DC differentiation in emergency hematopoiesis via
inhibition of Wnt signaling.

Molecular mechanism of opposing effects of Dll1 and Jag1 on Wnt signaling
Histone deacetylase (HDAC) is a major component of the constitutive CSL/CBF-1 repressor
complex. We explored the possible role of HDAC in the regulation of fzd expression by
Jag1. HDAC inhibitor trichostatin-A (TSA) completely abrogated the Jag1-inducible
inhibition of fzd6 and fzd10 expression (Fig. 6A) and restored the expression of the Wnt-
target genes (Fig. 6B). We made a luciferase reporter construct by cloning the fzd10
promoter region into a PGL3 enhancer vector. 32D myeloid progenitor cells were
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transfected with this vector and placed on fibroblasts, overexpressing different Notch
ligands. Dll1 significantly up-regulated the reporter (Fig. 6C), whereas Jag1 inhibited it (Fig.
6D). The TSA slightly up-regulated the fzd10 reporter in the cells cultured on Dll1, but
completely restored its activity in 32D cells cultured on Jag1 (Fig. 6C,D). To clarify these
findings, ChIP assays were performed in 32D cells using antibody specific for acetylated
histone H3 and primers specific for fzd10 promoter. Dll1 up-regulated the association of
acetylated H3 with the promoter, but it was significantly inhibited by Jag1 (Fig. 6E). The
opposite effect was observed when chromatin was precipitated with HDAC1 antibody (Fig.
6F). Thus, in contrast to Dll1, Jag1 did not cause the displacement of HDAC1 from the
fzd10 promoter, which could result on silencing of the gene expression.

Since both Jag1 and Dll1 induced CBF-1 activation, we asked whether these ligands
differently regulated the physical interaction between HDAC1 and CBF-1. HPCs were
cultured on immobilized Dll1 or Jag1 in the presence of GM-CSF for 4 h. Cell lysates were
precipitated with CBF-1 antibody and then probed with HDAC1 antibody. The amount of
HDAC1 co-precipitated with the CBF-1 in HPC incubated on Dll1 was substantially lower
than in HPC cultured on Jag1 (Fig. 6G). To test if HDAC1 association with the fzd10
promoter depends on the presence of CBF-1, HPCs were transfected with CBF-1 siRNA
(Fig. 6H, inset). The down-regulation of CBF-1 completely abrogated the Jag1-inducible
HDAC1 association with the fzd10 promoter (Fig. 6H), indicating that HDAC1 interacts
with the fzd10 promoter in complex with CSL. HDAC1 was knocked down in 32D cells by
using siRNA (Fig.6I, inset). This did not affect the Dll1-inducible up-regulation of the
expression of fzd10 and Wnt-target genes. However, the Jag1-inducible down-regulation of
these genes was abrogated (Fig. 6I).

Discussion
This study suggests the novel mechanism of regulation of DC differentiation in BM, which
depends on the expression of the Notch ligand, Jag1. Under steady state conditions Jag1 was
dispensable for DC differentiation. However, it was important in the conditions of forced
myelopoiesis. Among several models of emergency myelopoiesis, we used two:
inflammation-related - caused by the injection of CFA; and induced by the administration of
GM-CSF. Although both treatments caused an equal increase of IMCs in WT and Jag1KO
mice, the presence of DCs in blood and BM was significantly higher in Jag1KO than in WT
mice. These data were consistent with previous observations that Notch signaling had no
effect on long-term, repopulating HSC self-renewal when assessed during homeostasis (33);
but had a strong effect on the differentiation and enhanced generation of myeloid
progenitors during stress hematopoiesis (34). The fact that the effect of Jag1 deletion on
DCs was confined largely to BM could be explained by the fact that Jag1 expression is
predominant in BMS but not in SPS (11). Jag1 was also previously shown to be the main
Notch ligand that is expressed in the HSC niche in BM (35). It appears that Jag1 may play
an important role in the inhibition of DC differentiation from the precursors inside BM.
When DC precursors leave BM, they undergo a terminal differentiation in tissues where the
expression of Jag1 is substantially reduced.

The main focus of this study was on the mechanism of the opposite effect of Jag1 and Dll1
on DC differentiation. Both are ligands for the same receptors and both are able to activate
Notch signaling. One of the possible explanations is the different strength of the Notch
signaling, mediated by Jag1 and Dlll. It was shown that Jag1 had the weakest ability to
activate Notch1; whereas, Dll4 was the strongest Notch1 activator, followed by Dll1 and
Jag2 (12). The different effect of Jag1 and Dlll was also associated with the Lunatic-Fringe–
mediated glycosylation of Notch1. Glycosylation of Notch1 potentiated Notch signaling
through Dlll ligands and Jag2, in contrast to Jag1 (12, 36). Upon glycosylation of Notch,
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Dll4-Notch signaling was enhanced; whereas, Jag1 had a weak signaling capacity (7).
Individual Notch receptors have different transcriptional activity (37). Jagged family
members, in the presence of Fringe, can activate Notch2 (38–40). It was recently shown that
Notch2 enhanced the rate of formation of HSCs; while delaying myeloid differentiation in
BM, during non-homeostatic conditions, including after chemotherapy or during marrow
regeneration after stem cell transplantation. However, both Jag1 and Dll1 activated Notch2
in the HSC-enriched population that inhibited myeloid differentiation and enhanced the
generation of myeloid progenitors during stress hematopoiesis (34). In our study, lack of
Jag1, during emergency hematopoiesis, did not affect the total number of myeloid cells. No
decrease in the presence of IMCs or macrophages was seen. This suggested that deletion of
Jag1 did not result in a modified expansion of progenitor cells, but rather influenced the
specific differentiation of DCs in the compartment with prevalent Jag1 expression (BM).
Jag1 was able to actively neutralize the effect of Dll1 on DC differentiation. These data
argue that the inhibitory effect of Jag1 on DC differentiation was unlikely, due to its
inability to reach the required Notch signal strength threshold to induce DC differentiation.

Our data suggest a novel mechanism of a negative regulation of DC differentiation by Jag1
that involves Wnt signaling. Previous studies have implicated the Wnt pathway in DC
differentiation and activation (17)(28, 41). Dll1 promoted DC differentiation via up-
regulation of the expression of the Fzd family of Wnt receptors and activation of Wnt
signaling (17). This effect was different from the recently reported post-translational
inhibition of β-catenin in stem and colon cancer cells by membrane-bound Notch (42). To
our surprise, Jag1 directly inhibited Wnt signaling in HPCs via the transcriptional down-
regulation of the expression of several Wnt receptors Fzd. Jag1 was able to neutralize the
Dll1-inducible up-regulation of Fzd, despite the fact that Dll1 has a much stronger effect on
Notch signaling.

These data suggest that Wnt signaling could affect the differentiation of DCs. However,
recipients of β-cat KO BM cells, in steady state, had no defects in DC differentiation. This
was consistent with a previous report (43). However, when recipients of β-cat KO BM were
treated with GM-CSF by HGT, they failed to up-regulate DC production in BM; which
suggested that β-cat may play an important role in DC differentiation during emergency
hematopoiesis.

In the absence of Notch activation, CBF-1 exists in nuclei as a repressor complex, in
association with the transcriptional co-repressors SMRT, NCoR, CIR, SHARP, KyoT2, and
Skip. Some of these co-repressors (SMRT, CIR, SHARP) are shown to recruit HDACs to
Notch target genes (44, 45). After activation, cleaved ICN displaces these co-repressors and
HDACs, from CBF-1, to form a transcription-activating complex (46). In addition, ICN,
binding to CBF-1, recruits mastermind (MAML) to the complex; which can recruit HDACs
to the activation complex (47, 48). It appears that the interaction of Notch with Dll1 in HPCs
follows this scheme. As a result, expression of fzd and Wnt signaling is dramatically
increased. However, Jag1 fails to displace HDAC1 from co-repressor complexes on fzd
promoters that shut-down fzd expression and inhibited Wnt signaling and terminal DC
differentiation. This effect was not global, since Jag1 activated transcription of hes1 and
hes5 target genes. The detailed mechanism of this process needs to be further elucidated.
However, it is possible that the number of CBF-1 binding sited in different genes can be
important. Our data may help to explain the diversity and context-dependent nature of
Notch-mediated effects and provide a novel model of regulation of the DC differentiation in
various tissue compartments.
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Figure 1. Jag1 negatively regulates DC differentiation on bone marrow stroma and CFA treated
mice
A, B. CD45.1+ HPCs were cultured in the presence of 20ng/ml GM-CSF for 5 days on the
monolayer of CD45.2+ SPS (A) or BMS (B) generated from Jag1 KO (KO) or WT mice.
Cells were labeled with cocktail of indicated antibodies and examined by flow cytometry on
day 5. Only CD45.1+ cells were evaluated. Data are presented as Mean ± SEM from 3
independent experiments. *-statistically significant (p<0.05) and ** (p<0.01) differences
between groups. C. CD45.1+ HPCs were cultured in the presence of 100 ng/ml FLT3L for
10 days on the BM stromal from Jag1 KO or control mice. CD45.1+cells were evaluated by
FACS. Data are presented as Mean ± SEM from 3 independent experiments. D,E. The
kinetic of Gr-1+ CD11b+ IMCs (D) and CD11c+ (E) in PB of WT and Jag1KO mice at
different time points after CFA injection. Mean±SEM from 5 mice per group are shown. F.
The total cell numbers of CD11c+I-A/E+ DCs, in 1 ml PB of WT and Jag1KO mice on day 8
after CFA injection Mean±SEM from 5 mice per group are shown. *-statistically significant
(p<0.05) differences between groups. G. Jag1 KO and control mice were injected with CFA.
The proportions and absolute number of indicated populations of cells in BM of mice on day
8 after CFA injection are shown. Individual data from mice (7 mice per group) are shown.
H. Allogeneic MLR. BM cells from Jag1 KO or WT mice were stimulated with 100 ng/ml
LPS for 16 h and cultured at different ratio with allogeneic (BALB/c) T cells for 5 days. Cell
proliferation was measured in triplicate by [3H]-thymidine uptake in the last 16 h. Data are
presented as Mean ± SEM (n=3 mice per group). I. The proportions of indicated cell
populations in LNs of mice on day 8 after CFA injection. Numbers in each figure indicated
p-value. Individual data from mice (7 mice per group) are shown.
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Figure 2. Jag1 negatively regulates DC differentiation in bone marrow after GM-CSF
stimulation
A, B. The kinetic of IMCs (A) and CD11c+ I-A/E+ DCs (B) in PB of Jag-1 KO and WT
mice after treatment with GM-CSF HGT. Each group included 3–4 mice. *-statistically
significant (p<0.05) differences between the groups. C. The proportion and absolute number
of indicated populations of cells in BM of mice obtained on day 4 after HGT. Mean±SEM
from 5 mice per group are shown. * - statistically significant differences between groups
(p<0.05). D. Absolute number of indicated cell populations in LNs of the same mice as in
Fig. 2C. E. Lethally irradiated CD45.2+ Jag1 KO or WT mice were reconstituted with 106

CD45.1+ donor’s HPCs from WT mice. After 6 weeks, mice were treated with CFA as
described in legend to Fig.1G and the presence in BM of indicated donor’s cells was
evaluated 8 days after CFA injection. Data are presented as Mean ± SEM (n=5 mice per
group). *-statistically significant (p<0.05) differences between the groups.
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Figure 3. Notch ligands differentially regulate Wnt signaling in HPCs
A. Enriched HPCs were incubated on a monolayer of NIH3T3 fibroblasts overexpressing
Jag1, or control MSCV-vectors in medium containing 20 ng/mL GM-CSF. CD45+

hematopoietic cells were isolated using magnetic beads after 18 hrs culture and expression
of fzd gene family were evaluated using qRT-PCR. Relative gene expression was calculated
by normalizing to internal control (cyclophilin). Mean ± SEM of three experiments
performed in triplicates are shown. B,C. The amounts of selected Fzd proteins (B) and β-
catenin protein (C) evaluated by Western blot after 3 day culture. Typical examples of three
performed experiments are shown. D. mRNA level of Wnt-target gene were by measured by
qRT-PCR after 18 h culture. Mean ± SEM of three experiments performed in triplicates are
shown. Please note differences in the scale. E. HPCs were transfected with TCF/LEF
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reporter plasmid and control Renilla plasmid and then cultured on fibroblast cells for 48 h.
Reporter activity was measured using dual-luciferase reporter assay. Three experiments
were performed in duplicates. * - statistically significant differences from corresponding
controls (p<0.05). F–I. The effect of immobilized Notch ligands on Notch signaling in
HPCs. F. Enriched HPCs were transfected with luciferase CBF1 reporter plasmid and
control renilla plasmid. Cells were cultured for 24 hr on plates coated with 7.5 μg/ml control
IgG, Dll1, or Jag1. Luciferase activity was measured in triplicates in dual-luciferase assay.
Results of two experiments are shown. G. Enriched HPCs were cultured on a 24-well plate
coated with 7.5 μg/ml Delta-IgG, Jag-IgG or control IgG protein in the presence of 100 ng/
ml recombinant Wnt3A. Expression of fzd and Wnt-targeted genes evaluated using qRT-
PCR after 24 hrs culture. Fold changes in relative gene expression over the control IgG
levels was calculated. The negative values indicate down-regulation of genes expression.
Mean ± SEM of three experiments performed in triplicates are shown. H. The amount of
selected Fzd proteins was evaluated in Western blotting using indicated antibodies. I. HPCs
were transfected with TCF/LEF reporter plasmid and control Renilla plasmid before
cultured on ligands coated plate. Reporter activity was measured 48 hr later. Mean ± SEM of
three experiments performed in duplicates are shown.
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Figure 4. Jag1 neutralized the effect of Dll1 on Wnt signaling
A. HPCs were cultured for 24 hr on 24-well plates coated with Dll1 or 1:1 mixture of Dll1
with control IgG or Jag1 in the presence of 100 ng/ml Wnt3a. Expression of fzd and Wnt-
targeted genes was measured by qRT-PCR. Mean ± SEM of three experiments performed in
triplicates are shown. * - statistically significant differences between IgG+Dll1 and
Jag1+Dll1 groups (p<0.05). B. Enriched HPCs were transfected with luciferase TCF/LEF
reporter plasmid and control renilla plasmid. Cells then were cultured for 24 hr on plates
coated with control IgG, Dll1 or 1:1 mix of Dll1 with IgG or Dll1 with Jag1 protein.
Luciferase activity was measured in HPCs in triplicates in dual-luciferase assay. Mean ±
SEM of three experiments are shown. * p<0.05. C. CD45.1+ HPC were cultured for 24 h on
the monolayer of Jag1+/+ or Jag1−/− BMS cells in the presence of 20 ng/ml GM-CSF. Total
mRNA was extracted from isolated CD45.1+ cells and expression of Wnt target genes was
evaluated in qPCR. Each experiment was performed in triplicates. Cumulative results from
three experiments are shown as Mean ± SEM. * - p<0.05 between groups. D. mRNA and
whole cell lysate (inset) were isolated from BM HPCs of Jag1KO or control mice treated as
described in legend to Fig. 1G. Expression of fzd and Wnt-targeted genes was evaluated by
qRT-PCR in triplicates. Each group included three mice. Fold increase of gene expression in
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Jag1KO over control mice is shown. All differences were significant (p<0.05). Indicated
proteins were detected by Western blotting (inset). E. BMS prepared from CD45.1+

congenic mice were transfected with control or Jag1 siRNA for 24 h. Enriched HPCs from
CD45.2+ mice were cultured on BMS for 48 h. Expression of fzd and Wnt-targeted genes in
CD45.2+ HPCs was measured by qRT-PCR. Inset – protein level in BMS by Western
blotting demonstrating specificity of Jagged-1 knock-down.
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Figure 5. Jag1 negatively regulate DC differentiation via down-regulation of Wnt signaling
A. Enriched HPCs were cultured on 24-well plates coated with a 1:1 mixture of Dll1 and
Jag1 or IgG proteins in the presence of Wnt3a (100 ng/ml) for 5 days in medium with 20 ng/
ml GM-CSF. Mean ± SEM of three experiments are shown. * - statistically significant
differences between IgG + Dll1 and Jag1 + Dll1 groups (p<0.05). B. Enriched HPCs were
transfected with β-catenin-GFP or GFP vector, and then cultured on monolayer of
fibroblasts for 5 days. The percentage of the indicated population of cells was calculated
within gated CD45+GFP+ cells. Mean ± SEM of three experiments are shown. *, p<0.05
between Jag1 and Jag1+β-cat groups. C. Enriched HPCs were cultured on plates coated with
IgG or Jag1-IgG for 4 days. SB216763 (10 nM) was added on day 0. The percentage of the
indicated population of cells were evaluated on day 5. Cumulative results of two performed
experiments. * - statistically significant differences between Jag1 and Jag1+SB216763
groups (p<0.05). D. Allogeneic MLR. Cells from experiments described in panel C were
cultured at different ratios with T cells isolated from allogeneic BALB/c mice for 4 days.
Cell proliferation was measured in triplicate by [3H]-thymidine uptake. Values are the mean
± SEM. E. β-catenin expression in splenocytes from β-catfl/flMx1-Cre+/− knockout (KO) or
control β-catfl/fl Mx1-Cre− (control) mice. F. Lethally irradiated CD45.1+ recipients were
reconstituted with 1.5x106 cells BM from CD45.2+ β-cat KO or WT mice. Four weeks after
the adoptive transfer mice were treated with GM-CSF HGT or control vector and evaluated
4 days later. Data show the number of indicated populations of donors cells presented as
Mean ± SEM (n=5 mice per group). *-statistically significant differences (p<0.05) between
WT and β-cat KO mice; G. 8x106 CD45.2+ Gr-1+ cells were isolated from BM of β-cat KO
or WT mice and transferred i.v. into sub-lethally irradiated CD45.1+ mice. The presence of
indicated population of cells among donors cells were evaluated in spleens 4 days after the
transfer. Mean ± SEM from 4 mice per group are shown. * - statistically significant (p<0.05)
differences from control. H. Differentiation of DCs in the presence of GM-CSF and IL-4 in
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serum free medium for 6 days from 1.5x105 enriched BM HPCs from β-cat KO or WT mice.
Representative FACS profiles from four individual experiments and cumulative results of
the total number of F4/80− CD11c+CD11b+ DCs are shown. **. p<0.01 between groups.
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Figure 6. Jag1 regulates the expression of fzd10 via HDAC
A,B. HPCs were incubated on monolayer of NIH3T3 fibroblasts expressing either Jag-1 or
control vectors for 18 hr, followed by treatment with 10 nM TSA for 12 hr. Expression of
fzd (A) or Wnt-target (B) genes was measured in HPC by qRT-PCR. Mean ± SEM of three
experiments performed in triplicates are shown. *, p<0.05. C, D. 32D cells were transfected
with fzd10-Luc reporter plasmid, followed by incubation with fibroblasts expressing Dll1,
Jag1 or their control vectors for 18 h and then treated with 10 nM TSA for another 12 h.
Renilla plasmid was used as internal control. Luciferase activity was measure using Dual-
reporter assay system. Mean ± SEM of three experiments are shown. *, p<0.05; n.s., not
significant. E, F. ChIP assay in 32D cells cultured on different fibroblasts with antibodies
against acetylated H3 histone (E) or HDAC1 (F). Association of Fzd10 promoter with
acetylated histone 3 or HDAC1 was evaluated by qPCR and presented as the fold increase
over input DNA. Two experiments in triplicates were performed. G. HPCs were cultured on
plates with immobilized Dll1, Jag1, or control IgG for 4 h. Cell lysates were pulled down
with CBF-1 antibody followed by immunoblotting with HDAC1 antibody. The level of
CBF-1 and β-actin was measured in cell lysates. Intensity of HDAC-1 band normalized to
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CBF-1 is shown in the bottom panel. Three experiments with similar results were
performed. H. Enriched HPCs were transfected with control or CBF-1 siRNA and then were
placed on MSCV or Jag1 fibroblasts for 36 h. ChIP assay was performed with HDAC1
antibody. Association of Fzd10 promoter with HDAC1 was evaluated by qPCR and
presented as the fold increase over input DNA. Two experiments in triplicate with the same
results were performed. Different primers sets were used. Their location in promoter region
of Fzd10 is shown in supplementary data. Inset - protein level by western blot demonstrating
down-regulation of CBF-1 in HPCs. I. 32D cells were transfected with control siRNA or
HDAC1 siRNA. 24 h post-transfection cells were incubated with different fibroblasts for
another 18 h. Expression of fzd and Wnt-targeted genes was determined by qRT-PCR. Mean
± SEM of three experiments performed in triplicates are shown. Inset – protein level
demonstrating specificity of down-regulation of HDAC1. *-statistically significant
differences from control siRNA (p<0.05).
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