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The bone marrow (BM) microenvironment comprises multiple stem cell niches derived from
BM mesenchymal stem cells (MSCs). Previous in vitro analyses have suggested that transcrip-
tion factor GATA2 plays an important role in adipocyte differentiation of BM-MSCs and in
hematopoietic support, but the role of GATA2 in vivo remains unknown. We evaluated GATA2
effects in BM-MSCs in vivo. Expression profiling analysis of Gata2-knockout Ter119−CD45−

mesenchymal stromal cells obtained from compact bone from tamoxifen-treated Gata2 condi-
tional knockout mice (Gata2f/f/ER-Cre mice) revealed upregulation of 110 genes and
downregulation of 141 genes by a factor of 2. Moreover, gene ontology analysis revealed sig-
nificant enrichment of genes involved in cell adhesion and chemotaxis. We did not find any
phenotypic changes when Gata2 was deleted with BM-MSC-related gene promoters, such as
Nestin, Prx1, and Lepr, except for a significant decrease in the colony number of Gata2f/f/Prx1-Cre
mice. There was a significant decrease in the percentage of the common myeloid progenitor
fraction when Gata2 was deleted in all BM cells, except hematopoietic cells after normal BM
cells were transplanted into irradiated Gata2f/f/ER-Cre mice with Gata2 subsequently knocked
out by tamoxifen administration. In conclusion, GATA2 could affect the function of BM-
MSCs in vivo, presumably by regulating the expression of extracellular signals. © 2017 ISEH
– Society for Hematology and Stem Cells. Published by Elsevier Inc. All rights reserved.

Bone marrow mesenchymal stem cells (BM-MSCs) are self-
renewing precursor cells that reside in the BM cavity and
differentiate into bone, fat, cartilage, and stromal cells of the
BM, thereby forming a microenvironment that supports he-
matopoietic stem cells (HSCs) [1]. HSCs are maintained in
a quiescent state in the BM microenvironment. In response
to certain stimuli, HSCs leave the niche and begin to mobi-
lize and circulate [2,3]. Although numerous extracellular factors
and transcription factors have been reported to be involved
in this process [1], how the function of BM-MSCs is regu-
lated remains largely unknown.

GATA2, a transcription factor critically required in the
genesis and/or function of HSCs [4–7], is expressed in various

hematopoietic and nonhematopoietic tissues, including HSCs,
multipotent hematopoietic progenitors, erythroid precur-
sors, megakaryocytes, eosinophils, mast cells, endothelial cells,
and specific neurons [5,6,8–10]. GATA2 also is expressed in
BM-MSCs and plays a central role in the control of adipo-
genesis [7,10–12]. In addition to regulating BM-MSC
differentiation into adipocytes, GATA2 has been reported to
play an important role in hematopoietic support, as demon-
strated in in vitro co-culture analysis [12]. In conjunction with
the evidence that GATA2 expression is decreased in BM-
MSCs from patients with aplastic anemia, which is
characterized by decreased HSCs and fatty marrow replace-
ment [7], GATA2 may be important in maintaining the BM
microenvironment in vivo and contributing to the patho-
physiology of hematological disorder. However, in previous
studies, BM-MSCs were first established by in vitro culture
from whole BM samples and were subsequently subjected
to molecular analysis [7,12]. Therefore, evidence regarding
the role of GATA2 in the function of BM-MSCs in vivo is
lacking. We designed this study to address that gap by as-
sessing the role of GATA2 in BM-MSCs in vivo.
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Methods

Mice
Mice harboring a Gata2 exon 5 flanked by loxP sites [13] (Gata2-
floxed mice, designated Gata2f; from Dr. Camper) were crossed with
mice expressing a tamoxifen-inducible Cre recombinase con-
trolled by the Rosa26 promoter [14] (ER-Cre mice; The Jackson
Laboratory, Bar Harbor, ME, USA), a tamoxifen-inducible Cre
recombinase controlled by Nestin promoter (Nes-ER-Cre mice; The
Jackson Laboratory), a Cre recombinase controlled by Prx1 pro-
moter (Prx1-Cre mice; The Jackson Laboratory), and a Cre
recombinase controlled by Lepr promoter (Lepr-Cre mice;
The Jackson Laboratory) to generate Gata2f/f/ER-Cre,
Gata2f/f/Nes-ER-Cre, Gata2f/f/Prx1-Cre, and Gata2f/f/Lepr-Cre mice,
respectively. To generate conditional Gata2 knockouts in vivo, both
Gata2f/f/ER-Cre and Gata2f/f/Nes-ER-Cre mice were injected in-
traperitoneally with 1 mg of tamoxifen (Sigma-Aldrich, St. Louis,
MO, USA) on days 1–3 and 8–10; mice were used 20–22 days after
the first injection as described previously [15]. Polymerase chain
reaction (PCR) genotyping using amplified mouse tail genomic DNA
was performed to assess the frequency of Gata2 exon 5 excision.
Genotyping primer sequences are listed in Table 1.

For transplantation analysis, 2 × 105 BM cells from SJL (Swiss
Jim Lambert) mice (CD45.1+; The Jackson Laboratory) were in-
jected intravenously into lethally irradiated CD45.2+Gata2f/f/ER-Cre
or CD45.2+Gata2f/f mice (two doses of 5 Gy with a 3-hour inter-
val for a total of 10 Gy). The recipient mice were injected
intraperitoneally with 1 mg of tamoxifen on days 29–31 and 36–
38 after transplantation and subsequently analyzed on days 50 and
51. For the analysis, we focused on the CD45.1 donor cell frac-
tion. Before the analysis, all mice were sacrificed under anesthetic
conditions with diethyl ether (Wako, Japan).

All animal studies were approved by the Tohoku University
Animal Welfare Committee.

Isolation of MSCs from mouse BM
To isolate MSCs, BM cells were first excluded from the femurs and
tibias of the mice by flushing. The bones were then crushed with a
pestle and treated with collagenase (Wako, Osaka, Japan), after which
MSCs were separated using the EasySep Mouse Mesenchymal Stem/
Progenitor Cell Enrichment Kit (StemCell Technologies, Vancouver,
British Columbia, Canada) to separate mesenchymal stromal cell
fraction (defined by Ter119−CD45−). BM-MSC fractions, defined
by Ter119−CD45−CD31−Sca-1+, were sorted by BD FACSAria II flow
cytometers (BD Biosciences, Franklin Lakes, NJ, USA).

Separation of hematopoietic cells from mouse BM or spleen
Murine Ter119-positive erythroblasts, B220-positive B lympho-
cytes, T lymphocytes (pan T cells), and Cd11b-positive myeloid cells
were separated with a magnetic-activated cell-sorting system (Miltenyi
Biotec, Auburn, CA, USA) as described previously [16].

Generation of BM-MSCs
To generate mouse MSCs, BM cells were cultured in MesenCult
MSC Basal Medium supplemented with 20% MSC stimulatory
supplements (StemCell Technologies). Established MSCs were char-
acterized based on immunophenotypic analysis and on their ability
to differentiate into adipocytes and osteocytes as described previ-
ously [12].

Quantitative RT-PCR analysis and transcription profiling
Total RNA was converted to cDNA, and quantitative reverse tran-
scriptase (RT)-PCR was subsequently conducted as described
previously [17]. Primer sequences are listed in Table 1.

For transcription profiling, a GeneChip Mouse Gene 2.0 ST Array
(Affymetrix, Santa Clara, CA, USA) was used. Gene Ontology anal-
ysis was conducted using the DAVID Bioinformatics Program (http://
david.abcc.ncifcrf.gov/).

Hematologic analysis
For the complete blood count, peripheral blood from the cervical
vein was analyzed using a hematology analyzer (LC-152; Horiba,
Ltd., Kyoto, Japan).

Flow cytometry
Cells were sorted and analyzed on BD FACSAria II flow cytometers
(BD Biosciences); data were analyzed using FlowJo software
(TreeStar, Ashland, OR, USA). The following reagents (monoclo-
nal antibodies unless otherwise indicated) were used for flow

Table 1. Primers used for the study

Primer Direction Sequence (5’ to 3’)

For genotyping
Gata2-floxed mice Forward TCCGTGGGACCTGTTTCCTTAC

Reverse GCCTGCGTCCTCCAACACCTCTAA
ER-Cre mice
Nes-CreER mice
Prx1-Cre mice
Lepr-Cre mice

Forward GGTGTAGAGAAGGCACTTAGCC
Reverse CCGGCAAAACAGGTAGTTATTC

For PCR
Gapdh Forward TGCCCCCATGTTTGTGATG

Reverse TGTGGTCATGAGCCCTTCC
Cd29 Forward ATGAAGCTATCGTGCATGTTGT

Reverse GCAAGGCCAATAAGAACAATTC
Sca-1 Forward AGTCCCATTTGAGACTTCTTGC

Reverse TATTAGGAGGGCAGATGGGTAA
Nes (Nestin) Forward ATGTCCCTTAGTCTGGAAGTGG

Reverse AAGAGAAGCCTGGGAACTTCTT
Prx1 Forward GGATGCTTTTGTTCGAGAAGAT

Reverse GACTTGAGGAGAGAAGCGTTTT
Lepr Forward CCATTACCTAAGAACCCCTTCA

Reverse AGTTGCATTGGACAGTCTGAAA
18S rRNA Forward CGCCGCTAGAGGTGAAATTCT

Reverse CGAACCTCCGACTTTCGTTCT
Itga11 Forward TGCCTTCTTTGGCTACACAGTA

Reverse TACGTCTCCTGTCTTCTGATGG
Itgb2 Forward GCACCAAGTACAAAGTCAGCAG

Reverse AGGAGTCAGGTTCTCCTGGTC
Itgb3 Forward AGTCCAACATCTGTACCACACG

Reverse GGTTCTCCTTCAGGTTACATCG
Adam8 Forward CCCCATGTGAAACAGTATGAAG

Reverse TCCCAAGAGCATAGCTCAGAC
Plek Forward AGACCCCGAGAAAGGAATAAAG

Reverse TTGTTAGAAACCAGCCAGTCAA
Prg3 Forward AGGACTCCCGAGACATTTGATA

Reverse TATAACTGTGGACGGAAGCAAG
Ctsg Forward GGCATTTCTTCTGATCCAGAGT

Reverse GTTGTGGGCCCCTAGAGTAAC
Fabp5 Forward TTAAGGATCTCGAAGGGAAGTG

Reverse CATCTTCCTAAGAGCCAGTCCT
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cytometry: fluorescein isothiocyanate (FITC)-conjugated anti-
CD34 (RAM34; eBioscience, San Diego, CA, USA), FITC-
conjugated anti-Ly-6A/E (Sca-1; D7, eBioscience), allophycocyanin
(APC)-conjugated anti-CD45 (30F-11; eBioscience), APC-conjugated
anti-CD31 (MEC13.3; BioLegend, San Diego, CA, USA), APC-
conjugated anti-Ter119 (TER-119; eBioscience), phycoerythrin (PE)-
conjugated anti-CD117 (c-Kit; 2B8; BD Biosciences), APC-
conjugated anti-CD45.1 (A20; BioLegend), V500-conjugated anti-
Ly-6A/E (Sca-1; D7, BD Biosciences), PE-Cy7-conjugated anti-
CD16/32 (2.4G2; BD Biosciences), PE-CF594-conjugated CD127
(interleukin-7 receptor alpha, IL-7Rα,SB/199, BD Biosciences), bril-
liant violet 421-conjugated anti-CD135 (A2F10; BioLegend),
7-amino-actinomycin D necrotic cell marker (BD Biosciences), and
the Mouse Lineage Antibody Cocktail (anti-CD3ɛ, anti-CD11b, anti-
B220, anti-TER 119, and anti-Gr-1 antibodies; BD Biosciences).
When analyzing MSCs via flow cytometry, Mouse BD Fc Block
(BD Biosciences) was used to block nonspecific binding to FcγRII/
III. Each progenitor fraction was defined as follows [15]: LSK,
lin−c-kithi Sca-1hi; HSC, lin−c-kithi Sca-1hi Flt3− CD34−; multipotent
progenitor (MPP), lin−c-kithi Sca-1hi Flt3− CD34+; lymphoid-
primed multipotent progenitor (LMPP), lin−c-kithi Sca-1hi Flt3+ CD34+;
common myeloid progenitor (CMP), lin−c-kithi Sca-1− FcγRII/IIIint

CD34+; granulocyte/macrophage progenitor (GMP), lin−c-kithi Sca-1−

FcγRII/IIIhi CD34+; megakaryocyte/erythroid progenitor (MEP),
lin−c-kithi Sca-1− FcγRII/III− CD34−; common lymphoid progeni-
tor (CLP), lin−c-kitint Sca-1int IL-7Rα+; and MSC, CD45− CD31−

Ter119− Sca-1+. A representative gating strategy is shown in
Supplementary Figure E1 (online only, available at www.exphem.org).

Colony-forming cell assay of hematopoietic cells
Sorted LSK fractions were seeded into semisolid culture (MethoCult
M3444, StemCell Technologies). After 7 days, the colony-forming
units were counted.

Colony-forming cell assay of MSCs
CD45−Ter119− mesenchymal stromal cells separated from compact
bones were seeded into MesenCult MSC Basal Medium supple-
mented with 20% MSC stimulatory supplements (STEMCELL
Technologies). After 12 days, colonies were stained with Giem-
sa’s Azur Eosin Methylene Blue Solution (MERCK, Darmstadt,
Germany) and counted.

Histology
Mouse bone samples were fixed with 10% formaldehyde (Wako,
Tokyo, Japan), and decalcified with ethylenediaminetetraacetic acid.
Paraffin-embedded sections were stained with hematoxylin & eosin
stain and examined under a microscope.

Statistical analysis
Statistical significance was assessed using a two-sided t test.

Results and discussion

Separation of MSCs from mouse BM
To reveal the phenotype of BM-MSCs, we first separated the
mesenchymal stromal cell fraction defined by Ter119−CD45−

from murine compact bone as reported previously (Fig. 1A)
[18]. RT-PCR analysis demonstrated that MSC-related genes,
such as Cd29 and Sca-1, were expressed abundantly in

mesenchymal stromal cells compared with all BM cells
(Fig. 1B). Recently, additional in vivo BM-MSC markers, in-
cluding Nestin [19], Prx1 [20], and Lepr [21], have been
suggested. Therefore, we evaluated the expression of these
genes and confirmed that all three were expressed abun-
dantly in mesenchymal stromal cells (Fig. 1C).

A previous study suggested that the Sca-1+ BM-MSC
population could provide a supportive environment for he-
matopoiesis through the generation of both osteogenic and
stromal cells [22], whereas another study suggested that
BM-MSCs are heterogeneous in terms of Sca-1+ expression
[23]. In addition, the mesenchymal stromal cells
(Ter119−CD45−) used in our study might have contained
CD31+ endothelial cells. Therefore, we compared the ex-
pressions for in vivo BM-MSC markers between the
Ter119−CD45− and Ter119−CD45−CD31−Sca-1+ fractions.
As shown in Fig. 1D, only a limited number of
Ter119−CD45−CD31−Sca-1+ cells were collected from murine
compact bone (only 1.2% of the Ter119−CD45−CD31− pop-
ulation). Although the expressions for Prx1 and Lepr were
moderately enriched in Ter119−CD45−CD31−Sca1+ frac-
tions, there was no obvious difference in the expression of
Nestin (Fig. 1E), implying the heterogeneous nature of MSC
population. Additional studies have suggested that platelet-
derived growth factor receptor-alpha (PDGFRα) is restricted
to Sca-1+ and CD45− mesenchymal progenitors and can be
marked by LepR [23,24]. However, in our analysis, the
frequency of Ter119−CD45−CD31−Sca-1+PDGFRα+ frac-
tion was too limited (only 10% of Ter119−CD45−CD31−Sca-1+

cells) to conduct the subsequent expression analysis. There-
fore, we used the Ter119−CD45− population for further
comprehensive expression analyses as in this study.

Expression profiling identified significant downregulation
of adhesion molecules in GATA2-depleted BM-MSCs
To identify GATA2-target genes in BM-MSCs, we con-
ducted comprehensive expression profiling of mesenchymal
stromal cells derived from tamoxifen-treated Gata2f/f and
Gata2f/f/ER-Cre mice, corresponding to control and GATA2-
depleted mesenchymal stromal cells, respectively. Based on
the average of two independent datasets, we demonstrated
that GATA2 knockout activated 110 genes and repressed 141
(>twofold; Fig. 2A; Supplementary Table E1, online only,
available at www.exphem.org). The repressed gene ensem-
ble included adhesion molecules (Itga11, Itgb3), extracellular
matrix (Prg3), and genes involved in hematopoietic progen-
itor mobilization (Mmp9, Elane, Ctsg) [25]. Activated genes
included Fabp5, involved in fatty acid metabolism [26], sug-
gesting that GATA2 knockout might accelerate adipocyte
differentiation in vivo. Gene ontology analysis revealed sig-
nificant enrichment of genes related to cell adhesion
(p = 4.8E−05) and chemotaxis (p = 2.7E−08; Figs. 2B and 2C),
suggesting that GATA2 might have an important function in
the BM microenvironment that supports hematopoiesis. Quan-
titative RT-PCR-based validation analysis confirmed
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Figure 1. Separation of mesenchymal stromal cells and BM-MSCs from CB. (A) Scheme for separating mesenchymal stromal cells from murine CB. (B,
C) RT-PCR analysis to evaluate the expression of BM-MSC-related genes. Separated mesenchymal stromal cells were compared with all BM cells. Gapdh
was used as a housekeeping control gene. (D) Separation strategy for CD45−CD31−Ter119−Sca-1+ fraction by flow cytometry. (E) Quantitative RT-PCR anal-
ysis for MSC-related genes with Sca-1 MSC (CD45−CD31−Ter119−Sca-1+ fraction), mesenchymal stromal cell (CD45− Ter119− fraction), whole CB, and
whole BM. The expression for each gene was normalized to that of 18S ribosomal RNA. CB = Compact bone.
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A

Figure 2. Expression profiling to identify GATA2-regulated gene ensemble in BM-MSCs. (A) Expression profiling in murine mesenchymal stromal cells
separated from tamoxifen-treated Gata2f/f (control) and Gata2f/f/ER-Cre (Gata2 knockout). The heat map depicts the changes (logarithmic scale, average of
two independent analyses) resulting from Gata2 knockout. (B, C) Gene ontology analysis of downregulated (B) and upregulated (C) genes after Gata2 knock-
out. Genes showing a > twofold change were analyzed. (D) Quantitative RT-PCR-based validation for downregulated genes (Gata2, Itgb2l, and Ctsg). Gapdh
was used as a housekeeping control gene.
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Figure 2. (continued)
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downregulation of Gata2, Itgb2l, as well as Ctsg, by Gata2
knockout (Fig. 2D). Recently, expression profiling analysis
based on GATA2-knockdown BM-MSCs established in in
vitro culture was reported [12]. Although similar findings, such
as reduction of adhesion molecules, were observed, the major

difference was that the expression profiling based on GATA2
knockdown in the in vitro BM-MSC culture identified sig-
nificant enrichment of genes related to cell cycle regulation
[12]. We speculate that BM-MSCs in vivo might be more qui-
escent than the established BM-MSCs in vitro, which warrants

A B

C

E

D

Figure 3. Phenotype of Gata2f/f/Nes-ER-Cre mice. To delete GATA2 in Gata2f/f/Nes-ER-Cre mice, tamoxifen (1 µg/body/day) was injected intraperitone-
ally on days 1–3 and 8–10. The mice were analyzed on days 22–23. (A) Recombination analysis of genomic DNA from BM mesenchymal stromal cells.
*Nonspecific band. (B) Hematologic analysis (n = 4, mean ± SD), *p < 0.05. (C) Total BM cell number (n = 3, mean ± SD). (D, E) HSC (D) and progenitor
(E) frequency (n = 4, mean ± SD). (F–H) Colony assay. LSK fractions were separated from the mice, and then 100 cells were seeded in a semisolid culture.
(F) Total colony number. (G) Frequency of each fraction. (H) Representative colony assay. (I) Histology of the BM sample stained with hematoxylin &
eosin stain. (J) Colony-forming cell assay of BM-MSCs. BM-MSCs were separated from compact bones from tamoxifen-treated and untreated Gata2f/f/Nes-ER-Cre
mice (shown as Nes-CreER+ and Nes-CreER−, respectively). NS = Not significant; SD = standard deviation.
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further investigation. Therefore, it would be important to assess
directly the consequences of GATA2 knockout in BM-
MSC in vivo.

To determine whether the differentially expressed genes
identified through expression profiling based on mesenchy-
mal stromal cells are abundantly expressed in BM-MSCs,
we conducted quantitative RT-PCR analysis of murine BM-
MSCs [12] as well as several hematopoietic lineages (erythroid
cells, B cells, T cells, myeloid cells). We demonstrated that
Gata2 was more highly expressed in BM-MSCs than in the
hematopoietic lineage cells (Supplementary Figure E2, online
only, available at www.exphem.org). In addition, Itga11,
Itgb2, Itgb3, Adam8, Plek, Prg3, Ctsg, and Fabp5 also
were expressed abundantly in BM-MSCs compared with
hematopoietic cells. However, we also noticed that Itgb2,
Itgb3, Adam8, Plek, Prg3, and Ctsg were highly expressed
in the myeloid cells (Supplementary Figure E2). Among
the candidate genes, Itga11 was almost exclusively ex-
pressed in BM-MSCs (Supplementary Figure E2). Consistent
with our findings, ITGA11 was reported to be a novel can-
didate marker of BM-MSCs [27]. ITGA11 also has been
reported to promote tumor progression by secreting
insulin-like growth factor 2 [28]. Therefore, we speculate

that ITGA11 may play an important role in the support of
HSCs.

Individual BM-MSC-related, gene-specific conditional
Gata2 knockout had no significant impact on
hematopoietic function
Based on the obvious difference in the expression profiling
data (Fig. 2), we further evaluated the consequences for BM-
MSCs of conditional Gata2 knockout in vivo. We deleted
Gata2 with BM-MSC–related promoters (Nestin, Prx1, and
Lepr) [23] based on the Cre-loxP system (Gata2f/f/Nes-ER-Cre,
Gata2f/f/Prx1-Cre, and Gata2f/f/Lepr-Cre mice, aged 8–12
weeks). We used three different promoters (Nestin, Prx1, and
Lepr) to be certain that all BM-MSCs would be affected
(Figs. 3A, 4A, and 5A). First, we evaluated the hemato-
logic profile, BM cell counts, and progenitor frequency,
demonstrating that there was no significant difference
(Figs. 3B–3D, 4B–4D, and 5B–5D). We further investi-
gated whether each Gata2 knockout could affect the colony-
forming capacity, demonstrating that there was no significant
difference in the colony number in Gata2f/f/Nes-ER-Cre and
Gata2f/f/Lepr-Cre mice (Figs. 3E–3I, and 5E–5I). Converse-
ly, we found a significant decrease in the colony number of

F G

H

I J

Figure 3. (continued)
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Gata2f/f/Prx1-Cre mice (Figs. 4E–4I). Because it has been re-
ported that a Prx1-positive cell fraction partially overlapped
with PDGFRα+Sca-1+ cells, but the cells did not express either
Nestin or Lepr [20,23], we speculate that Prx1-positive cells
might contain a functional BM-MSC fraction. Another study
suggested that the Lepr-positive fraction could be the main
source of SCF (stem cell factor) and CXCL12, important
support factors for HSCs [29,30], but the cell fraction only

weakly expressed Nestin [31]. Although we could not exclude
the possibility that the HSC function might be intrinsically
compromised by conditional Gata2 knockouts, no significant
difference in HSC frequencies (Figs. 3B–3D, 4B–4D, and
5B–5D) suggests that Nestin, Prx1, and Lepr are not obvi-
ously expressed in HSCs. Therefore, in the case of a significant
decrease in the colony number of Gata2f/f/Prx1-Cre mice
(Fig. 4F), we would favor the possibility that compromised

A B

C D

E

Figure 4. Phenotype of Gata2f/f/Prx1-Cre mice. (A) Recombination analysis of genomic DNA from BM mesenchymal stromal cells. (B) Hematologic anal-
ysis (n = 4, mean ± SD), *p < 0.05. (C) Total BM cell number (n = 3, mean ± SD). (D, E) HSC (D) and progenitor (E) frequency (n = 4, mean ± SD). (F–H)
Colony assay. LSK fractions were separated from the mice, and then 100 cells were seeded in a semisolid culture. (F) Total colony number. (G) Frequency
of each fraction. (H) Representative colony assay. (I) Histology of the BM sample stained with hematoxylin & eosin stain. (J) Colony-forming cell assay of
BM-MSCs. BM-MSCs were separated from compact bones from Gata2f/f/Prx1-Cre and Gata2f/f mice (shown as Prx1-Cre+ and Prx1-Cre−, respectively).
NS = Not significant.
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stromal function by conditional Gata2 knockout might affect
HSC function. In support of the hypothesis, no hematopoi-
etic phenotype was documented in Prx1-knockout mice [32].

It has been reported GATA2 plays a role in regulating adi-
pogenesis [12]. Surprisingly, we did not confirm obvious fatty
marrow changes in the pathological analyses (Figs. 3I, 4I,
and 5I). Regarding reconstitution activity, we conducted a func-
tional long-term co-culture assay (LTC-IC). However, we could
not analyze the data, because the number of BM-MSCs ob-
tained from Gata2 conditional knockout mice was too small
to conduct the LTC-IC assay appropriately (data not shown).
Alternatively, we conducted a colony-forming cell assay of
BM-MSCs, which demonstrated no significant difference
(Figs. 3J, 4J, and 5J).

Although we could not exclude the possibility that Gata2
knockout under each promoter might not be complete
(Figs. 3A, 4A, and 5A), generating Gata2 conditional knockout
mice expressing Cre using all three promoters (Nestin, Prx1,
Lepr) might overcome some of the experimental limitations.

Impaired myeloid cell differentiation in the Gata2-knockout
BM microenvironment
Because the phenotypic alterations in BM-MSC-specific
conditional Gata2 knockout mice are somewhat weak

(Figs. 3–5), we transplanted normal BM cells into irradi-
ated Gata2f/f/ER-Cre mice [15], after which Gata2 was
knocked out by tamoxifen administration. In this case, Gata2
would be deleted in all cell types constituting the BM mi-
croenvironment, but not the hematopoietic cells (Fig. 6A).
We confirmed Cre recombination of the Gata2 locus in the
Ter119−CD45− mesenchymal stromal cell fraction after
tamoxifen administration (Fig. 6B). There was no signifi-
cant difference in the percentage of chimerism between the
Gata2f/f and Gata2f/f/ER-Cre groups (Fig. 6C). To achieve com-
plete donor chimerism, we tried to conduct the analysis after
higher radiation dose. However, it turned out that the pro-
cedure was lethal for a significant number of the recipients
(data not shown). Analyses based on the CD45.1+ donor cell
fraction demonstrated that the total BM cell count was de-
creased significantly by Gata2 knockout (Fig. 6D).
Interestingly, we found a significant decrease in the percent-
age of the CMP fraction, whereas that of CLP was marginally
increased (p = 0.081) by Gata2 knockout (Figs. 6E–6F), which
was not observed in conditional Gata2 knockouts (Figs. 3–5).
Because Rosa26 is expressed ubiquitously in mice [33], we
speculate that the Rosa26 promoter might target a wider spec-
trum of the stromal cell population than individual MSC-
related promoters (Nestin, Prx1, and Lepr), leading to
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conferring progenitor phenotypes (Fig. 6F). In addition, no
obvious changes were observed in colony-forming capacity
or BM histology or in the function of BM-MSCs based on
colony-forming assay (Figs. 6G–6K). Regarding a lack of fatty
marrow change by Gata2 knockout (Fig. 6J), we speculate
that a longer follow-up period under conditions promoting
adipogenesis, such as irradiation or a high-fat diet, might be
required to detect the obvious phenotypic changes.

So far, there has been no report demonstrating that GATA2
expression in BM-MSCs functions in the differentiation of
LSKs to CMPs. Conversely, hematopoietic GATA2 expres-
sion was shown to have an important role in myeloid
differentiation, whereas differentiation of T lymphocytes
was suppressed [15]. In addition, low-level Gata2
overexpression promotes myeloid progenitor self-renewal
[34]. Based on the significant enrichment of genes related

A B

C D

D

Figure 5. Phenotype of Gata2f/f/Lepr-Cre mice. (A) Recombination analysis of genomic DNA from BM mesenchymal stromal cells. *Nonspecific band.
(B) Hematologic analysis (n = 4, mean ± SD), *p < 0.05. (C) Total BM cell number (n = 3, mean ± SD). (D, E) HSC (D) and progenitor (E) frequency (n = 4,
mean ± SD). (F–H) Colony assay. LSK fractions were separated from the mice, and then 100 cells were seeded in a semisolid culture. (F) Total colony number.
(G) Frequency of each fraction. (H) Representative colony assay. (I) Histology of the BM sample stained with hematoxylin & eosin stain. (J) Colony-
forming cell assay of BM-MSCs. BM-MSCs were separated from compact bones from Gata2f/f/Lepr-Cre and Gata2f/f mice (shown as Lepr-Cre+ and Lepr-Cre−,
respectively). NS = Not significant.
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to cell adhesion and chemotaxis in the GATA2-regulated
gene ensemble in BM-MSCs (Fig. 2; Supplementary
Figure E2), we speculate that BM-MSCs might affect di-
rectly or indirectly the expression of GATA2 in HSCs,
which might lead to the impairment of the potential to
differentiate toward a myeloid lineage. Alternatively, we
identified downregulation of Mmp9, Elane, and Ctsg in
Gata2-knockout BM-MSCs (Fig. 2). Recent research sug-
gested that, upon stimulation with granulocyte-colony
stimulating factor, both ELANE and CTSG were released
into the BM microenvironment, which degraded cell adhe-
sion molecules such as VCAM-1, CXCL12, and CXCL4
[35,36], leading to enhanced mobilization of HSCs [23].
Therefore, we speculate that decreased expression of adhe-
sion molecules (e.g., Itga11 and Itgb3) and chemotactic
factors (e.g., Ctsg) by Gata2 knockout might inhibit the
differentiation of LSKs to CMPs. Whereas the role of adhe-
sion or chemotactic molecules in regulating GATA2 expression
remains poorly understood, Rho GTPase Cdc42, which is
involved in adhesion, migration, and cell cycle regulation
of HSCs, has been reported to regulate the balance between
myelopoiesis and erythropoiesis by affecting the expressions

of hematopoietic transcription factors, including GATA2
[37]. Nevertheless, further investigation is required to address
the molecular mechanisms by which these factors affect
intracellular signaling in HSCs.

In conclusion, we have demonstrated that GATA2 may
affect the function of BM-MSCs in vivo. Our findings may
lead to a better understanding of the pathophysiology of BM
failure syndromes, including aplastic anemia.
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Figure 6. Transplantation of normal BM cells into irradiated Gata2f/f/ER-Cre mice. (A) Study scheme. Normal CD45.1+ BM cells were transplanted into
irradiated Gata2f/f or Gata2f/f/ER-Cre mice (12 weeks old; both CD45.2+). Subsequently, tamoxifen was injected to delete GATA2 in Gata2f/f/ER-Cre mice.
We evaluated the effect of the GATA2-deficient BM microenvironment on normal hematopoietic cells. (B) Recombination analysis of genomic DNA from
BM mesenchymal stromal cells and LSKs from Gata2f/f or Gata2f/f/ER-Cre mice. *Nonspecific band. (C) Chimerism analysis to evaluate the percentage of
CD45.1+ cells among viable lineage-negative BM cells. Gata2f/f/ER-Cre: n = 5; Gata2f/f: n = 6. (D) Total BM cell number after tamoxifen treatment. The
number of CD45.1+ cells was evaluated. Gata2f/f/ER-Cre: n = 5; Gata2f/f: n = 4 (mean ± SD, *p < 0.05). HSC (E) and progenitor (F) frequency after tamoxifen
treatment. Frequencies of LSK and CLP cells were evaluated among lineage-negative CD45.1+ cells, and CMP, GMP, and MEP cells were evaluated among
viable lineage-negative CD45.1+Sca-1−cKit+ cells. Gata2f/f/ER-Cre: n = 5; Gata2f/f: n = 4 (mean ± SD), *p < 0.05. (G–I) Colony assay. LSK fractions were
separated from Gata2f/f or Gata2f/f/ER-Cre mice after transplantation and tamoxifen injection. A total of 200 cells were seeded in a semisolid culture. (G)
Total colony number. (H) Frequency of each fraction. (I) Representative picture of colony assay. (J) Histology of the BM sample stained with hematoxylin
& eosin stain. (K) Colony-forming cell assay of BM-MSCs. BM-MSCs were separated from compact bones from tamoxifen-treated and untreated Gata2f/f/ER-Cre
mice (shown as ER-Cre+ and ER-Cre−, respectively). NS = Not significant.
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Supplementary data

The following is the supplementary data to this article:

Supplementary Table E1. Expression profiling of Gata2-knockout mesenchymal stromal cells.

Supplementary Figure E1. Flow cytometric identification of progenitor cell 524 fractions.
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Supplementary Figure E2. Identification of GATA2-regulated genes abundantly 535 expressed in BM-MSCs.
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