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Abstract
Objectives—To identify the regulatory sequences driving Gata1 expression in conventional
dendritic cells (cDC).

Methods—The number and expression levels of Gata1, Gata1-target genes and HS2 (the eosinophil-
specific enhancer)-driven GFP reporter of cDCs from mice lacking HS1 (the erythroid/
megakaryocytic-specific enhancer, Gata1low mutation) and wild-type littermates as well as the
response to lipopolysaccharide of ex-vivo generated wild-type and Gata1low DCs was investigated.

Results—cDC maturation was associated with bell-shaped changes in Gata1 expression that peaked
in cDCs precursors from blood. The Gata1low mutation did not affect Gata1 expression in cDC
precursors and these cells expressed the HS2-driven reporter, indicating that Gata1 expression is
HS2-driven in these cells. By contrast, the Gata1low mutation reduced Gata1 expression in mature
cDCs and these cells did not express GFP, indicating that mature cDCs express Gata1 driven by HS1.
In blood, the number of cDC precursors expressing CD40/CD80 was reduced in Gata1low mice while
CD40pos/CD80pos cDC precursors from wild-type mice expressed the HS2-GFP reporter, suggesting
that Gata1 expression in these cells is both HS1- and HS2-driven. In addition, the antigen and
accessory molecules presentation process induced by lipopolysaccharide in ex-vivo generated wild-
type DC was associated with increased acetylated histone 4 occupancy of HS1 while ex-vivo
generated Gata1low cDCs failed to respond to lipopolysaccharide, suggesting that HS1 activation is
required for cDC maturation.

Conclusion—These results identify a dynamic pattern of Gata1 regulation that switches from a
HS1 to a HS2-dependent phase during the maturation of cDCs associated with the antigen-
presentation process in the blood.
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Introduction
Dendritic cells (DCs) are hematopoietic cells specialized in the activation of naive T cells
during the immune response [1]. The expression of the lymphoid marker B220 (CD45RA)
distinguishes two DC populations: B220neg or conventional DCs (cDCs) and B220pos or
plasmacytoid DCs (pDCs) [2,3]. These two populations have different functions: cDCs are
directly involved in the process of antigen presentation to T cells while activated pDCs are
mainly responsible to produce inflammatory cytokines [Interleukin-12 (IL-12), Tumor
Necrosis Factor-α (TNFα) and interferons (IFN)] that stimulate T cell functions [4,5].

cDCs are generated both by common myeloid progenitors present in marrow and spleen and
by common lymphoid progenitors present in lympho nodes [2,6,7]. cDC precursors acquire
the ability to present antigens during their maturation in the blood, a process associated with
upregulation of the expression of the CD11c integrin [8]. CD11clow cDC precursors egress
from marrow and spleen into the blood to take up and process antigens [7-9]. Still in the blood,
antigen-loaded CD11clow cDC precursors mature in response to inflammatory stimuli, such as
lipopolysaccharide (LPS), into CD11chigh cDCs [8,11,12] and home to lymphoid organs
[13], including the spleen, to present the processed antigens to T cells [1]. During their
maturation, cDCs also acquire the ability to express accessory molecules on their surface that
either modulate the T cell response (CD80 and CD86) [14-16], or self-signal to cDCs to
complete their maturation (CD40) [17,18].

Gata1 is a transcription factor necessary for proper development of hematopoietic cells of many
lineages including erythroid, megakaryocytic, eosinophilic and mast cells [19]. Recently, it
was found that Gata1 is also expressed in all DC sub-types [20] and in their precursors [21].
The observations that DC maturation is strictly regulated by the transcription factor PU.1
[22] and that Gata1 directly inhibits the trascriptional activity of this protein [19,23] suggested
that Gata1 indirectly inhibits DCs generation through regulation of PU.1 activity. However,
tamoxifen-induced ablation of Gata1 expression reduces in vivo the numbers of DC precursors
detectable in all the tissues investigated and in vitro the ability of cDC precursors to generate
DCs in response to GM-CSF [20]. These results suggest that in addition to negative regulation
of PU.1 activity, Gata1 promotes DC maturation directly by activating the expression of DC
specific genes. In agreement with this hypothesis, functional Gata1 consensus sequences have
been identified in the regulatory regions of Ifnγ [24], the HIV co-receptor CCR5 [25], DC-
SCRIPT [26], decoy receptor D6 [27] and vitamin D receptor [28] genes. In addition, cDCs
from tamoxifen-treated conditional knockouts produce low levels of IFN-γ upon LPS
stimulation [20], identifying IFN-γ as one of the genes directly regulated by Gata1 in DCs. The
full spectrum of Gata1 functions in DCs is, however, far from been completely understood.

Gata1 promotes maturation of hematopoietic cells in a concentration-dependent manner [19].
Dynamic changes in the chromatin organization of the Gata1 locus ensure that cells in each
hematopoietic lineage express Gata1 at the appropriate level [29-35]. In mice, the Gata1 locus
includes at least two promoters [36] and several DNase hypersensitive sites. The rate of Gata1
transcription in different lineages is exquisitely determined by the interaction of specific
enhancers with their transcriptional activators/repressors. This interaction has been identified
thanks to the generation of a series of mice carring delitions of putative enhancer sequences
identified by DNase hypersensitive site (HS) determinations (hypomorphic mutations) and/or
reporter genes driven by these sequences. Although the regulation of the Gata1low locus is
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probably more complex than currently thought, at least three enhancers have been fully
characterized so far: HS1 [37] (also known as HS-3.5 and G1HE), an enhancer that drives
Gata1 expression in megakaryocytes, erythroid cells [29,38,39] and mast cells [40]; HS2 and
a palyndromic GATA motive adjacent to the proximal promoter, that drives Gata1 expression
in eosinophils [33,41] and HS4/5 (also known as HS+3.5). Deletion of HS2 induce a severe
lethal phenotype in mice and the few animals that survive develop a transplantable leukemia
[34,42,43]. Deletion of HS1 (Gata1low mutation) [29], instead, reduces Gata1 expression in
megakaryocytes, erythroid cells and mast cells and induces a complex phenotype that includes
thrombocytopenia and development of myelofibrosis, a trait similar to that expressed by
patients affected by the Philadelphia chromosome-negative myeloproliferative neoplasm
primary myelofibrosis [29,38,40,44,45]. The regulatory regions of the gene that control its
expression in DCs have not been identified as yet.

In this study, we have used Gata1low mice as a tool to identify the regulatory regions that drive
Gata1 expression in cDCs and to identify additional functions for this gene in these cells. First,
the frequency and gene expression profiling of cDC precursors and the frequency of mature
cDCs in marrow, blood and spleen from Gata1low and wild-type littermates were compared.
These determinations were complemented by analyses of the expression of a reporter gene
under the control of regulatory sequences of Gata1 (spared by the Gata1low mutation) that
contain the HS2 enhancer (-2.7KbGata1GFP) in cDCs from wild-type and Gata1low littermates.
The levels of the accessory molecules CD86 and CD40 expressed by blood cDCs precursors
from wild-type and Gata1low mice was then compared. Lastly, the ability of Gata1low and wild-
type bone marrow cells to generate cDCs ex vivo in response to GM-CSF, alone or in
combination with IL-4, and of these ex vivo derived DCs to express Gata1 (and other Gata1
target genes) and to present antigens and accessory molecules in response to lipopolysaccharide
(LPS) was compared. These experiments were associated with determinations by chromatin
immunoprecipitation assay (ChIP) of acetylated histone H4 occupancy of the HS1 and HS2
sites of Gata1 in ex vivo generated wild-type cDC upon LPS stimulation.

Materials and Methods
Mice

A Gata1low colony backcrossed for 6 generations was maintained in the CD1 background under
good animal care practice conditions in the animal facilities of Istituto Superiore Sanità [44].
The Gata1low mutation does not contain the neo cassette [40]. Age (4-6 month) and sex matched
CD1 mice wild-type at the Gata1 locus were used as controls (Charles River, Calco, Italy).
Transgenic -2.7kbGata1GFP mice were a gift of Prof. David Scadden (Harvard Medical School,
Boston, MA) [46] and are wild-type at the endogenous Gata1 locus.
Hemizygous -2.7kbGata1GFP∷Gata1+/y and -2.7kbGata1GFP∷Gata1low/y males were obtained by
crossing -2.7kbGata1GFP∷Gata1+/y males with Gata1low/low females. All experiments were
approved by the institutional animal care ethical committee.

Flow cytometry and cell purification
Mononuclear cells from blood, bone marrow and spleen were suspended in Hank's Buffered
Salt Solution (HBSS) (Sigma-Aldrich, St Louis, MO) and incubated with anti-B220,
conjugated with either Fluorescein isothiocyanate (FITC) or Pacific Blue, anti-CD11b-
phycoerythrin cyanine dye 7 (Pe-Cy7), anti-CD11c-Allophycocyanin (APC), anti-CD40-
phycoerythrin (PE), anti-CD80-PE and anti-CD86-PE (1 μg, each) and endotoxin-free OVA
(Sigma-Aldrich) conjugated with amine-reactive Alexa Fluor 405 (AF405) (Molecular Probes,
Eugene, OR) according to the manufacturer's instructions in the presence of anti-CD16/CD32
(FcγRIII/II) to block non-specific binding. All the antibodies were from PharMingen (San
Diego, CA). Non-specific signals and dead cells were excluded, respectively, by fluorochrome-
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conjugated isotype controls and propidium iodide staining (5μg/mL; Sigma-Aldrich). Cell
fluorescence was analyzed with the FACS Aria (Becton Dickinson, San Jose, CA, USA) and
FlowJo (Ashland, OR, USA) software. Details on the gating used to identify cDC populations
are shown in Supplementary Figure 1.

Generation of bone marrow-derived dendritic cells and induction of CD40 expression after
OVA-AF405 uptake and LPS stimulation

Bone marrow cells from wild-type and Gata1low mice (5×105 cells/mL) were cultured in a
humidified incubator at 37 °C for 7 days in Iscove's modified Dulbecco medium (IMDM)
(Gibco Life Technologies Italia, Milan, Italy) containing 10% heat-inactivated fetal calf serum
(FCS; Sigma-Aldrich), 100 U/mL penicillin, 100 μg/mL streptomycin (Sigma-Aldrich) and
recombinant murine granulocyte-macrophage colony-stimulating factor (GM-CSF, 20 ng/
mL), as described [20]. The cultures were replenished with fresh medium and GM-CSF at day
3 and cells collected after 7 days for antigen cell surface and ChIP analysis after LPS stimulation
(see below). Alternatively, DCs were generated after 6 days of culture in the presence of GM-
CSF and interleukin-4 (IL-4) (10 ng/mL each) (PromoCell, Heidelberg, Germany), as
described [35,47]. On day 6, loosely adherent cells (>75% DCs as determined by CD11b/
CD11c staining) were harvested, suspended at a concentration of 105 cells/mL and cultured
(0.5 mL/well of 24-well plates) for 18 hrs at 37 °C in IMDM supplemented with 10% FCS
(Becton–Dickinson, Falcon, Oxford, UK) and either LPS (0.5 μg/mL) (Sigma-Aldrich) or
medium. After 18 hr, the wells were supplemented with either OVA-AF405 (100μg/mL) or an
equivalent volume of IMDM. One hour later, the cells were harvested, washed in cold HBSS
containing 0.01% Bovine Serum Albumin (BSA), and incubated with anti-CD11b-PE-Cy7,
anti-CD11c-APC and anti-CD40-PE for flow cytometrical analysis.

RNA isolation and RT-PCR analysis
Total RNA was extracted from prospectively isolated cells (the purified cells were ≅90-95%
pure upon re-analyses, data not shown) and ex-vivo expanded DCs with TRIzol (Gibco BRL,
Paisley, United Kingdom) and reverse transcribed with 2.5 μM random hexamers using the
superscript kit (InVitrogen, Milan, Italy). Gene expression was quantified by TaqMan Kits (cat
no. Gata-1: Mm00484678_m1, CD40: Mm00441891_m1, CD86: Mm00444543_m1, Applied
Biosystems, Foster City, CA) or custom prepared oligonucleotides (Pu.1, Ciclin D6, p27Kip1,
Bcl2, CD40, CD86 and Ifnγ). Glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA was
concurrently amplified as a control (cat no. 99999915_g1, Applied Biosystems). The
amplification reactions were performed in an ABI PRISM 7300 Sequence Detection System
(Applied Biosystems) and the cycle threshold (Ct) calculated with the Sequence Detection
System (SDS) software. Expression levels were expressed as 2-ΔCt, using GAPDH as calibrator
(ΔCt = target gene Ct − GAPDH Ct).

Chromatin Immunoprecipitation analysis (ChIP)
Chromatin was prepared from ex-vivo expanded DCs stimulated or mock-stimulated with LPS
(500 ng/mL) for 18 hr as described [47]. ChIP was performed with anti- Glutathione-S-
Transferase (anti-GST) Tag (05-311), Anti-acetyl-Histone H4 (AcH4, 06-866) and Anti-
trimethyl-Histone H3 (Lys27) (K27Me3H3, 07-449) antibodies (Millipore, Billerica, MA,
USA). Quantitative PCR was performed on immunoprecipitated samples and respective input
controls using primers for the Gata1 binding region in the Ifnγ promoter [20], and the HS1 and
HS2 regions of Gata1 [48]. The relative fold enrichment was calculated as
log-2[(CT sample − CD sample input) − (CT GST − CT GST input)]. The primers used to amplify the
Ifnγ promoter region are described in [20]. The primers used to amplify HS1 were: forward
CCAAGGAAGAGAGGACATTAGC and reverse GCATAGATAAGGGAAT CAGCGG;
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and the primers used to amplify HS2 were: forward AGACTTATCTGCTGCCCCAG and
reverse GCAGTCTGGGGTACTAGGC.

Statistical analysis
Statistical analysis was performed by unpaired T test using Origin 3.5 software for Windows
(Microcal Software, Northampton, MA).

Results
The hypomorphic Gata1low mutation increases the frequency of cDCs in marrow and spleen

In Gata1low mice, the frequency of cDC precursors (B220-, CD11b+, CD11clow) was
significantly greater (2-5-fold) than in normal marrow and spleen while the increase in
frequency observed in blood was not statistically significant. In addition, the frequency of
mature cDCs (B220-, CD11b+, CD11chigh) in the spleen from Gata1low mice also was 2-5-fold
greater than normal (Figure 1A).

Since the phenotype of Gata1low mice includes hyperplasia of the spleen, increased number of
white cells in the blood and reduced cellularity of the marrow [44], changes in cell frequency
do not indicate changes in absolute cDC numbers. Therefore, the total number of cDCs in each
tissue was calculated by multiplying the number of nucleated cells observed in the different
tissues (Supplementary Table I) by the frequency of the different cDC populations obtained
by FACS (Figure 1B). This calculation indicates that the spleens from Gata1low mice contain
significantly greater absolute numbers of precursor and mature cDCs than those from wild-
type mice (Figure 1C). Therefore, the presence of the hypomorphic Gata1low mutation
increases the absolute numbers of cDCs in mice.

To identify whether the presence of the hypomorphic Gata1low mutation affects the expression
of Gata1 in cDCs, the levels of Gata1 expressed by cDCs prospectively isolated from different
tissues of wild-type and Gata1low littermates were compared by quantitative RT-PCR (Figure
1D). Gata1 was expressed by all the DC populations analyzed. In wild-type mice, cDCs
expressed Gata1 at levels 1-2 log lower than those expressed by megakaryocytes and erythroid
cells. The highest levels of expression were detected in cDC precursors purified from blood
and spleen. The presence of the Gata1low mutation did not affect the levels of Gata1 expressed
by the cDC precursors from marrow and spleen but significantly reduced the levels of Gata1
expressed by blood cDCs (by more than 1-log) and by mature splenic cDCs (by 50%).
Therefore, the expression of Gata1 increases during the early phase of cDC maturation reaching
its peak in cDC precursors in the blood. The observation that the Gata1low mutation reduces
Gata1 expression in cDC precursors from the blood and in mature cDCs from the spleen
indicates that Gata1 expression in both cells is driven by HS1.

To further characterize the effects induced by the Gata1low mutation of cDC maturation, the
levels of genes involved in the control of maturation (Pu.1), proliferation (cyclin D6 and
p27Kip1), apoptosis (Bcl2) or encoding maturation (CD40 and CD86) and known Gata1-target
(IFNγ) proteins expressed by cDC precursors purified from the bone marrow, blood and spleen
of wild-type and Gata1low littermates were compared (Figure 2). In wild-type mice, the levels
of expression of Pu.1 and of genes encoding proteins that controls the cell cycle (Cyclin D6
and p27Kip1) and cDC specific antigens (CD40 and CD86) increased in cDC populations
purified from marrow, blood and spleen, suggesting that these cells are progressively more
mature. By contrast, not only expression of Gata1 (Figure 1D) but also that of the anti-apoptotic
Bcl2 gene (and of Ifnγ) was bell-shaped and reached its maximal (or in the case of Ifnγ its
minimal) levels in cDC precursors purified from the blood (Figure 2). The presence of the
Gata1low mutation significantly reduced the levels of Pu.1 (in blood and spleen) and of Ciclin
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D6 and Ifnγ (in marrow and spleen) expressed by cDCs. The reduced levels of Ifnγ expressed
by Gata1low cDCs are consistent with the hypothesis that Gata1 is required for appropriate
expression of this gene in cDCs [20] while the reduced levels of Pu.1 and Ciclin D6 suggest
Gata1low cDCs may experience longer cell cycles and remain more immature than the
corresponding cells from wild-type mice.

A reporter GFP gene driven by the HS2 enhancer is expressed in immature cDCs from blood,
marrow and spleen

The regulatory regions that control Gata1 expression in DCs were further defined by analyzing
the expression of a reporter gene driven by HS2, the enhancer not deleted by the Gata1low

mutation in different cDC populations from the tissues of -2.7kb-Gata1GFP∷:Gata1+/y

and -2.7kb-Gata1GFP∷:Gata1low/y male mice (Figure 3).

In -2.7kb-Gata1GFP∷Gata1+/y mice, several (22-37%) cDC precursors from blood, bone marrow
and spleen expressed high reporter levels (Figure 3B). The highest levels of GFP-fluorescence
were expressed by cDC precursors from the blood (the mean fluorescence intensity was 298
vs 130 and 128 in blood cDCs vs marrow and spleen cDCs). By contrast, the reporter was not
expressed by mature CD11chigh cDCs from the spleen of these animals.
In -2.7kb-Gata1GFP∷Gata1low/y mice, the frequency of mature splenic cDCs and of cDC
precursors from the marrow and spleen expressing the reporter was similar to that observed
in -2.7kb-Gata1GFP∷Gata1+/y mice (≅20%). However, in these Gata1GFP∷Gata1low/y mice, very
few (≅4%) cDC precursors in the blood expressed the reporter (Figure 3C).

To confirm that the levels of reporter expression reflected those of the endogenous Gata1 gene,
the levels of Gata1 expressed by GFP-positive and GFP-negative cCD precursors prospectively
isolated from the blood of -2.7kb-Gata1GFP∷Gata1+/y and -2.7kb-Gata1GFP∷Gata1low/y mice were
compared (Figure 4). Robust differences (almost 2 logs) in Gata1 expression were detected
among the GFP-positive and GFP-negative cDC precursors purified from the blood
of -2.7kb-Gata1GFP∷Gata1+/y mice. This result indicates that the high levels of Gata1 expressed
by blood cDC precursors (Figure 1D) are restricted to a subpopulation of cells that are capable
of activating the HS2 enhancer. By contrast, although CD11cpos expressing slightly different
low levels of GFP were detectable in the blood of -2.7kb-Gata1GFP∷Gata1low/y mice, the two
populations expressed comparable levels of Gata1. This last result indicates that the HS2
enhancer is active in these cells but is insufficient to activate high levels of expression on its
own.

These results complement those on the expression of the endogenous gene presented in Figure
1D. The reporter gene driven by HS2 was maximally expressed in those DC populations in
which the presence of the Gata1low mutation did not affect Gata1 expression (i.e. cDC
precursors from marrow and spleen), confirming that expression of Gata1 in these cells is likely
predominantly driven by HS2. On the other hand, the reporter was barely expressed by mature
splenic cDCs, in agreement with the observation that the presence of the Gata1low mutation
greatly reduced Gata1 expression in this cell population (Figure 1D). This leads to the
conclusion that expression of Gata1 in mature cDCs is driven by HS1. In contrast, although a
significant number of CD11cpos cells from the blood expressed the reporter, the presence of
the Gata1low mutation greatly reduced the levels of Gata1 (Figure 1D) and those of the reporter
(Figures 3C and 4) expressed by this population. This indicates that the control of Gata1
expression is switching from a HS2-dependent to a HS1-dependent status in these cells.

Gata1low dendritic cells express reduced levels of accessory molecules
To identify whether impaired Gata1 expression might alter the maturation of the cDC
precursors in the blood, the levels of surface expression of the accessory molecules CD40 and
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CD86 in DC precursors from the blood of wild-type and Gata1low littermates was compared
by FACS (Figure 5).

The frequency of blood cDC precursors of Gata1low mice expressing CD40 and CD86 was
significantly lower than normal (∼50%, p<0.05; Figure 5A) while no difference in the
frequency of cDCs expressing CD40 and CD86 was observed in spleen, analyzed as controls.
These results suggest that the absence of the HS1 enhancer affects the ability of blood cDC
precursors to express accessory molecules on their surface.

To confirm that HS2 cooperates with HS1 in driving Gata1 expression in cDC precursors from
blood expressing accessory molecules, the expression of CD40 and CD86 was correlate with
the ability of those cells to express the reporter (Figure 5B). In -2.7kb-Gata1GFP∷Gata1+/y mice,
all the cDC precursors expressing GFP (28-32%) also expressed CD40 and CD86. By contrast,
cDC precursors from -2.7kb-Gata1GFP∷Gata1low/y mice expressed neither GFP nor the accessory
molecules.

The presence of the hypomorphic mutation hampers the ability of bone marrow cells to
generate DC ex vivo in response to GM-CSF

In order to further characterize the abnormalities of DC maturation induced by the Gata1low

mutation, the ability of Gata1low and wild-type bone marrow cells to generate DCs in response
to GM-CSF was evaluated (Figure 6). As expected, wild-type bone marrow cells stimulated
with GM-CSF generated ex-vivo a homogeneous population of B220negCD11bpos cells, 50%
of which expressed the CD11c antigen by day 6. This cell population had DC morphology and
contained few (<5%) neutrophils, as indicated by lack of Gr1 expression and absence of
morphologically recognizable neutrophils (Figure 6). By contrast, a great number (36-50%) of
the progeny of bone marrow cells from Gata1low mice expanded ex-vivo under the same
condition were neutrophils (CD11bposGr1pos cells) while the number of DCs generated in these
cultures were greatly reduced (Figure 6). These results confirm that appropriate levels of Gata1
expression are required to generate DC ex-vivo in response to GM-SCF [20].

IL-4 partially rescues the ability of Gata1low bone marrow cells to generate DCs ex-vivo
Since in addition with GM-CSF alone, DC expansion ex-vivo is also sustained by GM-CSF in
combination with IL-4 [35,47,50], the ability of Gata1low bone marrow cells to generate DC
ex vivo in response to GM-CSF and IL-4 was evaluated. After six days of culture, bone marrow
cells from both wild-type and Gata1low mice stimulated with GM-SCF and IL-4 generated
similar numbers of B220neg/CD11cpos/ CD11bpos DCs (11×106 vs 16×106 cDCs in wild-type
and Gata1low cultures, respectively). Therefore, the presence of IL-4 partially rescued the
ability of Gata1low progenitor cells to generate DCs ex vivo. However, the reduced expression
of accessory molecules by Gata1low cDC precursors from blood suggests that these ex-vivo
expanded Gata1low DC may fail to present accessory molecules (and possibly antigens) upon
stimulation. To test this hypothesis, the ability of DCs generated in vitro from the marrow of
wild-type and Gata1low mice to express CD40 upon antigen-priming and LPS stimulation was
compared using ovalbumin (OVA) as antigen (Figure 7). An equivalent number of wild-type
and Gata1low GM-CSF-derived DCs took up OVA (20-30% OVApos cells in both cases).
Although the OVA uptake was not affected by addition of LPS, significantly fewer OVA-
primed Gata1low DCs expressed OVA and CD40 on their surface upon LPS stimulation,
compared to the corresponding wild-type cells (Figure 7). These results confirm the hypothesis
that ex-vivo generated Gata1low DCs have impaired ability to present antigens and accessory
molecules on their surface upon LPS stimulation.

To further characterize the role of Gata1 in the response of DCs to LPS, the levels of Gata1,
Pu.1, CD40, CD86 and Ifnγ expressed by ex-vivo expanded wild-type and Gata1low DCs in the
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presence or not of LPS were compared (Figure 7D). In wild-type DCs, LPS stimulation did
not affect Gata1 expression but induced Pu.1, CD40 and CD86 expression. By contrast, in
Gata1low DCs, LPS stimulation increased Pu.1 expression but reduced Gata1, CD40, CD86
and Ifnγ expression. These results suggest that the failure of Gata1low DCs to present CD40
and CD86 on their surface in response to LPS stimulation (Figure 7B, C) is linked to the
inability of these cells to activate expression of these two genes in response to LPS. In addition,
the observation that the impaired response to LPS of ex vivo expanded Gata1low DCs is
associated with normal levels of Pu.1 mRNA but greatly reduced levels of Gata1 mRNA
confirms the hypothesis that Gata1 exerts a direct positive regulatory function in DC maturation
[20].

Dynamic chromatin rearrangements take place upon DCs stimulation with LPS
The observation that LPS-stimulated Gata1low DCs express levels of Gata1 significantly lower
than those expressed by the corresponding wild-type DCs (Figure 7D) suggests that the HS1
enhancer is activated as part of the DC response to LPS. To test this hypothesis, we analyzed
occupancy at the HS1 and HS2 sites of histones that mark active, Anti-acetyl Histone 4 (AcH4)
[51], and inactive, Anti-trimethyl K27 Histone 3 (K27Me3H3) [52], chromatin configurations
by ChIP in GM-CSF-derived wild-type DCs stimulated with LPS or media for 24 hr (Figure
8). The GATA binding site on the Ifnγ promoter was analyzed in parallel, as positive control.
HS1 appeared to be inactive in unstimulated DCs as shown by the enrichment after ChIP for
K27Me3H3 binding. Upon LPS stimulation, K27Me3H3 binding to HS1 was reduced 4-fold
while AcH4 binding increased by 10-fold, as compared to unstimulated DCs. No significant
changes in the histone occupancy was detectable in the HS2 region upon LPS stimulation.
These results suggest that LPS stimulation leads to an active HS1 configuration of the Gata1
gene.

Discussion
The experiments presented in this paper indicate that the expression of Gata1 increases during
the process of DC maturation, peaking in blood cDC precursors (Figure 1 and 4). The increase
in Gata1 expression is associated with a dynamic pattern of gene regulation which sequentially
falls under the control of HS2 and HS1 summarized in Figure 8. cDC precursors from the
marrow and splenic express the reporter driven by HS2 (Figure 3), and the levels of endogenous
Gata1 gene expressed by these cells are not affected by the presence of the Gata1low mutation
(Figure 1). In contrast with results obtained by tamoxifen-induced ablation of Gata1 expression,
the Gata1low mutation does not reduce but increases the number of cDC precursors observed
in marrow and spleen (Figure 1). This result is akin to the accumulation of erythroid progenitors
observed in mice carrying the hypomorphic Gata1low [29] or Gata10.5 [30,32] mutations. We
believe that this accumulation reflect an alteration in the speed with which the DC precursors
mature. In fact, the maturation process may be described as a sequential cellular transition
through a series of progressively more mature compartments. The numbers of the cells within
each compartment (i.e., the size of the compartment) is affected by at least three parameters:
numbers of 1) mitotic and 2) apoptotic events allowed within that compartment and 3) speed
with which the cells mature to next stage. To clarify the mechanism responsible for the
expansion of the cDC compartments observed in Gata1low mice, the levels of expression of
genes that control cell cycle (Cyclin D6 and p27Kip1), apoptosis (Bcl2) or maturation (Gata1
and Pu1) as well as markers of differentiation (Ifnγ, CD40 and CD86) in cDC precursors
isolated from the marrow, blood and spleen of Gata1low and wild-type littermates was
compared (Figure 2). Gata1low cDC precursors expressed normal levels of Bcl2, suggesting
that these cells undergo apoptosis at rates similar to those of wild-type cells. These cells,
however, expressed levels of Ciclin D6 and p27kip1 lower than those expressed by normal cells,
suggesting that they may cycle at rates lower than normal allowing them to translate sufficient
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amounts of Gata1 and Pu1 protein (in spite of reduced Gata1 and Pu1 mRNA levels) to mature
to the next stage. Unfortunately, due to the low numbers of cDCs that can be purified from the
tissues of these animals, it was not possible to directly confirm this hypothesis by protein
analyses.

The Gata1 mutation reduces the levels of Gata1 expressed by blood cDC precursors and
hampers the expression of stimulatory molecules on the surface of these cells (Figure 1, 4 and
5). In addition, cDC precursors from the blood of -2.7kb-Gata1GFP∷Gata1+/y animals that express
the accessory molecules CD86 and CD40 also express the reporter (Figure 5). It is conceivable,
therefore, that Gata1 expression in these cells is driven both by HS2 and HS1 suggesting that
during the process of cDC maturation in the blood the regulation of Gata1 expression shifts
from a HS1-dependent to a HS2 (and/or HS1)-dependent phase.

By contrast, the expression of Gata1 in mature cDCs from the spleen was greatly reduced by
the presence of the Gata1low mutation (Figure 1D), and these cells did not express the reporter
(Figure 3A). These results indicate that expression of Gata1 in these cells is dominantly
controlled by HS1.

Unlike other Gata1-deficient mutants [30,32], Gata1low mice are viable and have a normal life-
span [44] allowing us to observe the association between up-regulation of Gata1 expression
and surface expression of accessory proteins in blood cDC precursors. It is possible that the
two events are linked and that surface expression of accessory molecules is controlled by Gata1.
In support to this hypothesis, DCs generated in vitro from Gata1low mice, although capable to
uptake OVA, had a markedly reduced capacity to present both the antigen and CD40 on the
cell surface in response to LPS. How Gata1 regulates antigen and accessory presentation in
response to LPS is currently not known. Since the regulatory regions of the CD40 and CD86
gene contain Gata1 binding sites, it is possible that Gata1 directly controls their expression.
This hypothesis is supported by the observation that ex-vivo expanded Gata1low DCs express
upon LPS-stimulation levels of CD40 and CD86 mRNA lower than those expressed by the
corresponding LPS-stimulated wild-type cells (Figure 7D). The fact that, with the exception
of significantly reduced levels of CD86 expression in mature cDCs from the spleen (data not
shown), cDC precursors from Gata1low mice expressed levels of CD86 and CD40 mRNA
similar to those expressed by the corresponding wild-type cells (Figure 2) may be explained
with the normal levels of Gata1 protein accumulated by the cells in vivo as a consequence of
longer cell cycle lengths hypothesized before. It is also possible that Gata1 regulates the
expression of a protein(s) that chaperones CD40, CD86 and the antigens to the cell surface.

It is tempting to speculate that the same trigger (i.e. LPS) that stimulates antigen presentation
regulates the switch from the HS2- to the HS1-dependent Gata1 expression in blood cDC
precursors (Figure 9), as supported by the observation that LPS treatment increases the levels
of Gata1 expressed by in vitro generated DCs [20 and Figure 7D]. To test this hypothesis, we
documented by ChIP that the histone occupancy of the HS1 region of Gata1 in ex vivo generated
wild-type DCs shift from an inactive K27Me3H3 occupancy to an active AcH4 occupancy
status upon LPS stimulation (Figure 8), an indication that HS1 may contain LPS-responsive
elements. The sequence of these responsive elements will be identified in a separate study.

The hypothesis that Gata1 expression in cDC precursors from marrow and spleen is driven by
HS1 is based on results of -2.7kb-Gata1GFP reporter gene expression. The regulatory regions of
Gata1 identified so far span over 10 kb upstream of the Gata1 coding region [48]. Experiments
with large BAC transgenic mice are revealing the existence of additional Gata1 regulatory
elements up to 30 Kb upstream of the Gata1 coding region [53 and Yamamoto et al., personal
communication to SP]. It is therefore possible that regulatory regions different from HS1 also
spared by the hypomorphic Gata1low mutation may drive Gata1 expression in cDC precursors.
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Interpretation of results of reporter gene expression experiments such as the -2.7kb-Gata1GFP
reporter used in our study is, in fact, complicated by the possibility of position variegation and/
or trap enhancer/gene sequence effects. Although, knock-in reporter gene approaches have the
potential to resolve this problem, these approaches are impractical with X-linked genes such
as Gata1 because they would be lethal in males and non-informative in heterozygous females
due to the random nature of the lyonization X-inactivation process. However, in view of the
fact that, in spite to these biases, reporter gene expression approaches have in general provided
useful information for the regulation of gene expression in the past (see for example the
advancement that this approach has allowed to our understanding of the regulation of the
globin-gene locus) [54,55], we believe that the HS2-driven GFP expression described in Figure
3, 4 and 5 identifies cDC populations in which HS2 is active.

In conclusion, this study has identified a dynamic regulation of Gata1 expression during DC
development and new functions of Gata1 during maturation of these cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The hypomorphic Gata1low mutation increases the number of precursors and mature
cDCs present in the spleen and decreases Gata1 expression in cDC precursors from the blood and
in mature cDCs in the spleen
A) Representative flow cytometrical analysis for CD11b/CD11c expression and frequency (B)
and absolute number (C) of precursor and mature cDCs (B220-/CD11b+/CD11clow or
CD11chigh, respectively) in blood, bone marrow and spleen from wild-type (blue bars) and
Gata1low (green bars) littermates. The B220 gating is presented in Supplementary Figure 1.
Frequencies observed in 4-9 mice per group are presented as mean (±SD) of results. C)
Absolute numbers were calculated by multiplying the frequency presented in B with the total
cell number (Supplementary Table 1). D) Levels of Gata1 mRNA expressed by cDC

Kozma et al. Page 14

Exp Hematol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



populations (B220-/CD11b+/CD11clow or CD11chigh) prospectively isolated from blood,
marrow and spleen, compared with the levels of Gata1 expressed by megakaryocytes (MK,
CD41+/CD61+) and erythroid cells (Ery, CD119+/CD71+) purified from the marrow of the
same animals. Expression levels are expressed as 2-ΔCt and are presented as mean (±SD) of
results obtained in 3 independent determinations per experimental point. Values statistically
different by unpaired T-test analyses are indicated by * (p<0.05) and ** (p<0.01).
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Figure 2. Levels of expression of genes involved in the control of maturation (Pu.1), proliferation
(Cyclin D6 and p27Kip1), apoptosis (Bcl2) or encoding maturation (CD40 and CD86) and known
Gata1-target (Ifnγ) proteins in CD11clow cDCc purified from the bone marrow (BM), blood (B)
and spleen (S) of wild-type (top panels) and Gata1low (bottom panels) mice
Cells were purified according to gates described in Figure 1. mRNA levels are expressed as
2-ΔCt and presented as mean (±SD) of values observed with cells independently purified from
3 wild-type and 3 Gata1low mice. Statistically significant differences (p<0.05) between values
observed with corresponding wild-type and Gata1low cells and between values observed in BM
vs B and, S or in B vs BM and S within the same animal group are indicated with *, & and ‡,
respectively.
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Figure 3. Conventional dendrititc cell (cDC) precursors from the blood express reduced levels of
a reporter gene driven by the regulatory sequences of Gata1 spared by the Gata1low mutation
A) Organization of the Gata1 locus showing the position of the two promoters, the proximal
(IE) and the distal (IT) promoter [36] and of two DNase hypersensitive sites, HS1 and HS2
[29-34]. The scissors mark the region deleted by the Gata1low mutation while the sequences
-2.7 Kb upstream and 1.5 Kb downstream of the IE promoter that drive expression of the
reporter (-2.7KbGata1GPF) are indicated with a line. B) Flow cytometrical determinations of the
expression of the reporter gene by cDCs (B220-/CD11b+/CD11clow or CD11chigh, see Figure
1) from blood, bone marrow and spleen of -2.7kbGata1GFP∷Gata1+/y and
C) -2.7kbGata1GFP∷Gata1low/y male littermates presented as contour-plots. The top panels
present the levels of GFP expressed by cCDs from the marrow of wild-type and Gata1low mice
not carrying the reporter gene.
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Figure 4. Conventional dendrititc cell (cDC) precursors present in the blood that express the GFP
reporter express high levels of Gata1
Levels of Gata1 mRNA expressed by cDCs (B220-/CD11b+/CD11clow, see Figure 1)
prospectively isolated from the blood of -2.7kbGata1GFP∷Gata1+/y (left panels, red)
and -2.7kbGata1GFP∷Gata1low/y (right panels, blue) mice, according to their levels of GFP
expression. Negative controls are presented as gray histograms. The gating used for the
purification and the reanalysis of the sorted cells for purity are presented in the top and middle
panels, respectively. mRNA levels are expressed as 2-ΔCt. A representative experiment is
presented.
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Figure 5. The hypomorphic Gata1low mutation hampers the ability of conventional dendrititc cells
(cDC) from the blood to express CD40 and CD86 on their surface
A) Frequency of cDCs (B220-/CD11b+/CD11clow or CD11chigh) expressing the accessory
molecules CD40 (red) and CD86 (blue) in blood and spleen of wild-type (light red and blue)
and Gata1low (dark red and blue) littermates. CD40 and CD86 positive cDCs in the marrow
were below detectable levels. Results are presented as mean (±SD) of 3 independent
determinations per experimental point. Values statistically different by unpaired T-test
analyses are indicated by * (p<0.05). B) Four color flow cytometrical analyses for the
expression of the HS2-driven reporter and of CD40 (top panels) or CD86 (bottom panels) by
the cDCs (B220-/CD11b+/CD11clow, see Figure 1) in the blood
from -2.7kbGata1GFP∷Gata1+/y and -2.7kbGata1GFP∷Gata1low/y littermates.
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Figure 6. The presence of the Gata1low mutation hampers the ability of bone marrow cells to
generate DCs ex vivo in response to GM-CSF
Flow cytometrical analyses for the expression of CD11b in combination with B220 (left
panels), CD11c (second panels) or Gr1 (third panels) of cells obtained after 6 days in GM-
CSF-stimulated cultures of bone marrow cells from wild-type (top panels) and Gata1low

(bottom panels) mice. May-Grunwald staining of representative cells is presented on the right.
Representative cells with neutrophil- and DC-like morphology are indicated by arrows and
arrowheads, respectively. Magnification 40×. Similar results were obtained in three additional
experiments.
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Figure 7. Ex-vivo generated Gata1low cDCs have impaired ability to express the antigen and
accessory molecules on the cell surface in response to LPS
A) Levels of OVA uptaken by DCs generated ex vivo from wild-type and Gata1low bone
marrow cells and exposed or not to LPS. B) Representative FACS analysis of surface
expression of OVA and CD40 by ex-vivo generated DCs. The mean (±SD) frequency of double
OVA and CD40 positive cDCs observed in 3 independent experiments is presented in C. Values
statistically different by unpaired T-test analyses are indicated as *(p<0.05). D) Levels of
Gata1, Pu.1, CD40, CD86 and Ifnγ expressed by DCs expanded ex-vivo from bone marrow
cells of wild-type (upper panels) or Gata1low (bottom panels) mice in the presence of GM-CSF
and IL-4 and stimulated (green) or not (yellow) for 24 hr with LPS. Results are presented as
2-ΔΔCt with respect to values observed in −LPS samples and are presented as mean (±SD) of
values observed in 3 independent experiments. Non-stimulated wild-type and Gata1low DCs
expressed comparable levels of all the genes investigated (not shown). Statistically significant
differences (p<0.05) between values observed − and + LPS-stimulation within the same mouse
group are indicated by § while statistically significant differences between values observed
between LPS-stimulated wild-type and Gata1low cells are indicated with *.
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Figure 8. LPS induces AcH4 and reduces K27Me3H3 occupancy at the HS1 region of Gata1 in DCs
expanded ex-vivo from wild-type mice
ChIP was performed with anti-AcH4 and anti-K27Me3H3 antibodies using chromatin prepared
from wild-type DCs expanded in the presence of GM-CSF and pulsed (bottom left panel) or
not (top left panel) with LPS for 18hr. Controls for LPS stimulations were represented by ChIP
analysis of the LPS-inducible GATA binding site of the Ifnγ promoter (top right panel) and
flow cytometrical analysis for CD40 and CD86 surface expression (bottom right panels). AcH4
and K27Me3H3 binding is expressed as relative fold enrichment (RFE) after subtracting anti-
GST antibody binding (negative control).
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Figure 9. A model describing the regulatory regions driving Gata1 expression during the
maturation of DCs
A model is proposed to characterize a dynamic pattern of chromatin configuration in DCs that
sequentially recruits the HS1 and HS2 enhancer to control Gata1 expression. In CD11clow

cells, Gata1 expression is driven by HS2. In blood cDC precursors, Gata1 expression is
controlled by HS2 and HS1 in combination. In mature cDCs from spleen, Gata1 expression is
under the control of HS1.
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