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ABSTRACT GATA factors GATA1 and GATA2 and ETS factor PU.1 are known to
function antagonistically during hematopoietic development. In mouse mast cells,
however, these factors are coexpressed and activate the expression of the Ms4a2
gene encoding the � chain of the high-affinity IgE receptor (Fc�RI). The present
study showed that these factors cooperatively regulate Ms4a2 gene expression
through distinct mechanisms. Although GATA2 and PU.1 contributed almost equally
to Ms4a2 gene expression, gene ablation experiments revealed that simultaneous
knockdown of both factors showed neither a synergistic nor an additive effect. A
chromatin immunoprecipitation analysis showed that they shared DNA binding to
the �10.4-kbp region downstream of the Ms4a2 gene with chromatin looping factor
LDB1, whereas the proximal �60-bp region was exclusively bound by GATA2 in a
mast cell-specific manner. Ablation of PU.1 significantly reduced the level of GATA2
binding to both the �10.4-kbp and �60-bp regions. Surprisingly, the deletion of the
�10.4-kbp region by genome editing completely abolished the Ms4a2 gene expres-
sion as well as the cell surface expression of Fc�RI. These results suggest that PU.1
and LDB1 play central roles in the formation of active chromatin structure whereas
GATA2 directly activates the Ms4a2 promoter.
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The zinc finger transcription factors GATA1 and GATA2 and the ETS family transcrip-
tion factor PU.1 play essential roles in hematopoietic development. GATA1 is known

as a master regulator of erythropoiesis throughout life (1–4), whereas GATA2 plays
indispensable roles in the proliferation and survival of immature hematopoietic pro-
genitors (5, 6). PU.1 is encoded by the SPI1 and Spi1 genes in humans and mice,
respectively, and is necessary for the generation of myeloid and B cells (7, 8). Numerous
studies have shown that GATA factors and PU.1 cross-inhibit their respective activities
through multiple routes, including repressing the expression, blocking the DNA bind-
ing activity, and inhibiting the recruitment of transcriptional coactivators (9–15). These
studies provided evidence that the GATA factors and PU.1 are reciprocally expressed,
regulate distinct sets of target genes, and thereby function antagonistically during
hematopoietic development.

Compared to this functional antagonism, however, much less is known about the
cooperative interplay between the GATA factors and PU.1, despite the fact that they are
coexpressed in some myeloid cell lineages, such as eosinophils, basophils, and mast
cells (MCs). Only a few studies have described cooperative or synergistic, rather than
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antagonistic, gene regulation by the GATA factors and PU.1 in these lineages. For
instance, GATA1 and PU.1 synergistically activate the major basic protein P2 promoter
in eosinophils (16), and in mast cells and basophils, GATA2 and PU.1 cooperatively
activate the human ST2 gene promoter (17). However, the molecular basis underlying
the functional cooperation has not been well elucidated.

We previously examined mast cell-specific gene expression in bone marrow-derived
mast cells (BMMCs) prepared from GATA1 (18) or GATA2 (19) conditional knockout (KO)
mice. Our data suggested that GATA1 and GATA2 performed overlapping roles by
regulating common target genes whereas GATA2 played more important roles than
GATA1 in the target gene regulation (18, 19). The � chain of the high-affinity IgE
receptor (Fc�RI�), encoded by the Ms4a2 gene, is a representative target gene regu-
lated by the GATA factors. We showed that the cell surface expression of Fc�RI was
reduced and the Fc�RI� mRNA level significantly decreased by GATA2 ablation (19).
Although these phenotypes were not observed in GATA1 knockout BMMCs, a chroma-
tin immunoprecipitation (ChIP) assay showed that both GATA1 and GATA2 bound to
the Ms4a2 promoter (18). The involvement of the GATA factors in the regulation of the
human MS4A2 and mouse Ms4a2 genes has been reported in previous studies as well
(20–22). Interestingly, a recent study showed that Ms4a2 gene expression is also
affected by small interfering RNA (siRNA)-mediated knockdown (KD) of PU.1 in mouse
BMMCs (23). Thus, it is speculated that the mouse Ms4a2 gene might be regulated
cooperatively by the GATA factors and PU.1 in mast cells.

LIM domain-binding protein 1 (LDB1) is a ubiquitously expressed and highly con-
served nuclear protein that was originally identified as a partner for the LIM home-
odomain or the LIM-only proteins (24; reviewed in reference 25). In erythroid cells, LDB1
interacts with a LIM-only protein (LMO2), GATA1, and SCL/TAL (26), and this protein
complex plays a critical role in the formation of the enhancer-promoter loop formation
of the �-globin and Myb genes (27–29). More recently, LDB1 was shown to be required
for the self-activation of the Spi1 gene in myeloid cells (30), while its role in mast cells
has been unclear.

Fc�RI� is a component of Fc�RI that plays a key role in the IgE-mediated immune
response in mast cells. Whereas Fc�RI� specifically binds to IgE, the � and � subunits
of Fc�RI amplify and transduce intracellular signaling, respectively (31, 32). The MS4A2
and Ms4a2 genes are located on chromosomes 11 and 19 in humans and mice, respectively.
The expression of the MS4A2/Ms4a2 gene is restricted in mast cells and basophils. In
mice, it is required for the trafficking and localization of Fc�RI to the cell membrane (33,
34). Human Fc�RI� can promote glycosylation of immature Fc�RI� protein and stabilize
the cell surface expression of the Fc�RI complex (35). Previous studies have shown that
single nucleotide polymorphisms (SNPs) in the human MS4A2 gene are associated with
an increased risk of asthma (36) and allergic rhinitis (37). More recently, some SNPs in
the MS4A2 gene were found to be associated with hypersensitivity to nonsteroidal
anti-inflammatory drugs (38, 39). Despite its functional and clinical importance, tran-
scriptional regulation of the MS4A2/Ms4a2 gene remains poorly understood.

Since Fc�RI� is a key molecule for mast cell-specific cellular function, clarifying the
molecular mechanisms underlying the Ms4a2 gene regulation might facilitate our
understanding of mast cell-specific gene regulation. We are particularly interested in
how the antagonistic transcription factors (GATA factors and PU.1) cooperatively
regulate a common target gene in mast cells. Thus, the present study explored the roles
of GATA factors and PU.1 in the regulation of the Ms4a2 gene.

RESULTS
Ablation of PU.1 and GATA2 affected Ms4a2 mRNA expression to the same

extent. In this study, we prepared BMMCs from Spi1flox/flox::Rosa26-CreERT2 (Spi1f/f::
CreERT2) and Gata2flox/flox::Rosa26CreERT2 (Gata2f/f::CreERT2) mutant mice that had been
treated with 4-hydroxytamoxifen (4-OHT) to induce Cre-loxP-mediated recombination
(PU.1-KO and GATA2-KO BMMCs, respectively). Consistent with a previous report
describing PU.1 KD BMMCs (23), fluorescence-activated cell sorter (FACS) analysis
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revealed a decrease in Fc�RI� expression that was observed from day 3 on and that did
not affect c-Kit expression (Fig. 1A). In contrast, cell surface expression of both c-Kit and
Fc�RI� was significantly reduced on the GATA2-KO BMMCs (19), as previously reported
(Fig. 1A). Notably, the level of Fc�RI� expression on the PU.1-KO BMMCs remained low
after day 6 (Fig. 1B), indicating that PU.1 partially affected the expression of Fc�RI.

FIG 1 Ablation of PU.1 and GATA2 affected the Fc�RI� mRNA expression to the same extent. (A) Representative
FACS data for BMMCs prepared from Spi1f/f::CreERT2 and Gata2f/f::CreERT2 mice after 4-OHT treatment. Data are
representative of results from five independent experiments. Samples prepared after 0, 3, 6, 9, and 12 days of
4-OHT treatment are indicated by (-), Day3, Day6, Day9, and Day12, respectively. FITC, fluorescein isothiocyanate.
(B) MFI of Fc�RI� expression on BMMCs prepared from Spi1f/f::CreERT2 mice after 4-OHT treatment. The data were
analyzed by one-way ANOVA with Tukey’s post hoc test. n � 5. (C and D) The results of qRT-PCR of the indicated
genes in the BMMCs prepared from Spi1f/f::CreERT2 (C) or Gata2f/f::CreERT2 (D) mice after 0, 3, 6, 9, and 12 days
of 4-OHT treatment. n � 5. (E) A Western blot analysis and densitometry graphs of Fc�RI�, Fc�RI�, and �-tubulin
expression. Cytoplasmic extracts were isolated from Spi1f/f::CreERT2 BMMCs treated with 4-OHT for 0, 3, and
6 days [(-), D3, and D6, respectively]. �-Tubulin was used as a loading control. Densitometry analysis was
performed on the Fc�RI� and Fc�RI� blots, and the relative intensities were plotted on the bar graph (right
panel). n � 5. For panels C, D, and E, the data were analyzed by one-way ANOVA with Dunnett’s post hoc test
and compared to the data for 4-OHT(-). *, P � 0.05; **, P � 0.01; n.s., not significant.
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We then examined the mRNA levels of Fc�RI� and Fc�RI� encoded by the Fcer1a
and Ms4a2 genes, respectively, in the PU.1-KO or GATA2-KO BMMCs by quantitative
reverse transcription-PCR (qRT-PCR) (Fig. 1C). Despite the level of Fc�RI� protein
expression on the cell surface being decreased (Fig. 1A), the Fc�RI� mRNA levels were
increased in the PU.1-KO BMMCs (Fig. 1C). In contrast, the Fc�RI� mRNA levels were
decreased and correlated with the Fc�RI� expression levels in the FACS analysis. In the
GATA2-KO BMMCs, the mRNA levels of both Fc�RI� and Fc�RI� were decreased (Fig.
1C). On day 3 of 4-OHT treatment, the PU.1 and GATA2 mRNA levels were significantly
reduced in the corresponding knockout BMMCs, suggesting that Cre-loxP-mediated
recombination had been completed (Fig. 1D). The GATA2 mRNA level was increased in
the PU.1-KO BMMCs and vice versa (Fig. 1D), suggesting that GATA2 and PU.1 each
cross-inhibit the expression of the other in BMMCs. The time course expression profile
of GATA2 mRNA was similar to that of Fc�RI� in the PU.1-KO BMMCs, suggesting that
expression of Fc�RI� might be dependent on GATA2. Western blotting showed that the
Fc�RI� protein level had also been decreased by PU.1 deletion starting from day 3 of
4-OHT treatment (Fig. 1E). Despite the Fc�RI� mRNA levels having increased following
PU.1 deletion (Fig. 1C), the Fc�RI� protein levels were not increased and even showed
a trend toward a decrease in the cell lysate (Fig. 1E). Although the molecular basis for
the result is unknown, the loss of Fc�RI� from the cell surface might have been caused
by both the decreased Fc�RI� protein levels in the cells and the impaired Fc�RI�-
mediated intracellular trafficking of the Fc�RI complex.

Simultaneous KD of GATA2 and PU.1 failed to further decrease the expression
of Fc�RI on MEDMC-BRC6 mast cells. We noted that Fc�RI� mRNA expression was not
completely eliminated by conditional knockout of either GATA2 or PU.1 (Fig. 1C) and
considered the possibility that the Fc�RI� mRNA level would be further decreased by
a reduction in both factors. To simultaneously reduce the levels of GATA2 and PU.1, we
introduced siRNAs targeting GATA2 and PU.1 into MEDMC-BRC6 (BRC6) mast cells (40).
The mRNA levels of the transcription factors (GATA1, GATA2, and PU.1) of the BMMCs
and BRC6 cells were similar, whereas those of mast cell markers (Fc�RI�, Fc�RI�, and
c-Kit) were lower in BRC6 cells than in BMMCs (Fig. 2A). The results of a FACS analysis
performed using the PU.1-KD or GATA2-KD BRC6 cells were consistent with those of
analyses of the corresponding KO BMMCs, although the reduction in the level of c-Kit
expression was less significant in the GATA2-KD BRC6 cells than in the GATA2-KO
BMMCs (Fig. 2B). Unexpectedly, the simultaneous KD of PU.1 and GATA2 in BRC6 cells
did not further decrease the Fc�RI� level compared to that in the cells transfected with
either PU.1 or GATA2 siRNA (Fig. 2B and C). To evaluate the contribution of GATA1 to
Fc�RI expression, we introduced GATA1 siRNA into BRC6 cells in combination with
GATA2 and/or PU.1 siRNAs (Fig. 2B). Expression of Fc�RI or c-Kit was left largely
unaffected by the introduction of GATA1 siRNA on the PU.1-KD cell (Fig. 2B). In contrast,
the combinatorial introduction of GATA1 and GATA2 siRNAs severely reduced the
expression levels of both markers (Fig. 2B). These results suggest that GATA1 compen-
sates for the reduction in GATA2 and that its effect is independent of PU.1. Consistent
with the observation in BMMCs, the Fc�RI� mRNA level was increased in the PU.1-KD
cells (Fig. 2D) despite the cell surface expression of Fc�RI being decreased. Both the
Fc�RI� and Fc�RI� mRNA levels were markedly downregulated in the GATA1/GATA2
double-KD and GATA1/GATA2/PU.1 triple-KD cells (Fig. 2D). Consistent with the obser-
vation in BMMCs, GATA2 mRNA levels were increased in the PU.1-KD cells (Fig. 2E). In
contrast, the increase in the level of GATA1 mRNA in the PU.1-KD cells was small and
not statistically significant (Fig. 2E). The PU.1 mRNA level was not affected by the KD of
a single GATA factor but was significantly upregulated in the GATA1/GATA2 double-KD
cells (Fig. 2E). Notably, despite the high level of PU.1, the Fc�RI� mRNA level was
significantly reduced in the GATA1/GATA2 double-KD cells (Fig. 2D). These data indi-
cate that PU.1 is not able to activate the Ms4a2 gene expression in the absence of these
GATA factors.

Genomic occupation of PU.1 and GATA2 showed partially overlapping but
distinct profiles at the Ms4a2 locus. To determine the cis-acting region required for
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FIG 2 GATA1 and GATA2 coordinately regulate the expression of the Ms4a2 gene. (A) Results of qRT-PCR analysis of the indicated
genes in BMMCs and BRC6 cells. n � 4. (B) Representative FACS data for BRC6 cells cotransfected with the indicated siRNAs and
pMAX enhanced GFP (eGFP) plasmid DNA. Data are representative of results from four independent experiments. ctr, control. (C)
MFI of Fc�RI� expression on BRC6 cells cotransfected with the indicated siRNAs and pMAX eGFP plasmid DNA. n � 4. (D and E)
qRT-PCR of Fc�RI subunits (Fc�RI� and Fc�RI�) (D) and transcription factors (GATA1, GATA2, and PU.1) (E) in BRC6 cells
cotransfected with the indicated siRNAs and pMAX eGFP plasmid DNA. The samples were prepared from the GFP-positive cell

(Continued on next page)
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Ms4a2 gene expression, we utilized publicly available ChIP sequencing (ChIP-seq) data
from a previous study of BMMCs (41) for binding of several transcription factors,
including GATA2 and PU.1, and for acetylation of H3K27 (H3K27ac), a marker of active
enhancers and promoters (42, 43) (Fig. 3A). On the basis of these data, we prepared
primers that amplify several genomic regions showing binding peaks of GATA2 or PU.1
and performed a ChIP-quantitative PCR (ChIP-qPCR) analysis in wild-type (wt) BMMCs
(Fig. 3B). The �10.4-kbp and �60-bp regions were bound by GATA2, whereas the
�11.8-kbp and �11.1-kbp peaks of the ChIP-seq data showed only weak binding by
GATA2 in the ChIP-qPCR analysis. The PU.1 binding peaks were observed at the
�10.4-kbp and �12-kbp regions. Although the intensity of the PU.1 binding was lower
at the �10.4-kbp peak than at the �12-kbp peak, the peaks were clearly observed
compared to those at the neighboring regions (Fig. 3A).

In order to determine whether or not the GATA2 and PU.1 binding profiles are
specific to mast cells, ChIP-qPCR analysis was performed using BRC6, murine erythro-
leukemia (MEL), and murine myeloid 32Dcl3 cells (Fig. 4). The GATA2 mRNA and protein

FIG 2 Legend (Continued)
populations. For panels B and C, GFP-positive cells were analyzed. For panels C, D, and E, the data were analyzed by one-way
ANOVA with Dunnett’s post hoc test and compared to those from the ctr siRNA transfected cells and additionally compared as
indicated. *, P � 0.05; **, P � 0.01; n.s., not significant.

FIG 3 Genomic occupation of PU.1 and GATA2 showed partially overlapping but distinct profiles at the Ms4a2 locus. (A)
Publicly available ChIP-seq data of the histone modification marks and the binding of mast cell-related transcription factors
at the Ms4a2 locus in BMMCs (41). The peaks are visualized with IGV software. The numbers in the upper left of each track
indicate track heights. The transcription start site (TSS) of the Ms4a2 gene and the distance (in kilobase pairs) of each
binding peak relative to the TSS are shown. Ex1 indicates exon1. The panel indicated with an asterisk presents an expanded
view of the PU.1 binding at the �11.1-, �10.4-, and �10.2-kbp regions. The value was set to 50. (B) Binding of GATA2 and
PU.1 to the Ms4a2 locus was examined by quantitative ChIP (qChIP) assays. Chromatin fragments were prepared from
wild-type (wt) BMMCs. The values of PCR amplicons determined using immunoprecipitated (IP) chromatin relative to those
of the input samples are shown. The results were obtained from four independent assays. The �15.5-kbp region was
amplified as a negative-control region for GATA2 and PU.1 binding.
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levels were lower in MEL cells than in the other cell lines, whereas PU.1 was detectable
in all cell lines examined (Fig. 4A to C). The absence of the Fc�RI� mRNA and protein
expression in non-mast cell lines MEL and 32Dcl3 was confirmed (Fig. 4A to C). The
ChIP-qPCR analysis revealed that the levels of GATA2 binding in BRC6 cells were similar
to those in BMMCs (Fig. 3B; Fig. 4D). There was no detectable binding of GATA2
throughout the Ms4a2 locus in MEL cells (Fig. 4D). In 32Dcl cells, GATA2 binding to the
�10.4-kbp region was observed, whereas binding to exon 1 (ex1) and the �60-bp
region was not detected. The PU.1 binding to the �10.4-kbp and �12-kbp regions was
similarly observed in all cell lines, regardless of the level of Ms4a2 gene expression (Fig.
4D). These data indicate that GATA2, but not PU.1, binds to the proximal �60-bp region
specifically in mast cells.

PU.1 facilitates GATA2 binding to the �10.4-kbp and �60-bp regions and
functions cooperatively with LDB1. On the basis of our ChIP-qPCR data, we consid-
ered that PU.1 might regulate the Ms4a2 gene by facilitating GATA2 binding to the
proximal �60-bp region. As predicted, ChIP-qPCR analysis of BMMCs from Spi1f/f::
CreERT2 mice revealed that the GATA2 binding to the �60-bp region decreased over
time with 4-OHT treatment (Fig. 5A). Interestingly, the GATA2 binding to the �10.4-kbp
region was even more sharply reduced by the PU.1 ablation on day 3 of 4-OHT
treatment (Fig. 5A), concurrent with the reduction in the levels of Fc�RI� mRNA
(Fig. 1C). These data suggest that the �10.4-kbp region, bound by both GATA2 and
PU.1, plays a key role in Ms4a2 gene expression.

Suspecting that this region might reside in close proximity to the proximal �60-bp
region as a consequence of chromatin looping, we next investigated the contribution
of LDB1. Since this factor has been shown to facilitate chromatin loop formation of the
genes regulated by the GATA factors or PU.1 (27–30), we speculate that the �10.4-kbp
and �60-bp regions were bound by LDB1. As expected, ChIP-qPCR analysis revealed
that the �10.4-kbp and �60-bp regions were bound by LDB1 in BMMCs and that PU.1
ablation significantly reduced the binding activity (Fig. 5B). Furthermore, KD experi-
ments showed that introduction of LDB1 siRNA into BRC6 cells significantly reduced the
Fc�RI� mRNA level (Fig. 5C). Interestingly, simultaneous KD of LDB1 and PU.1 further
decreased the Fc�RI� mRNA level (Fig. 5C). A FACS analysis showed that the introduc-
tion of LDB1 siRNA by itself reduced the Fc�RI expression and that combinatorial
reductions in LDB1 and GATA2 or PU.1 further reduced the mean fluorescent intensity
(MFI) of Fc�RI (Fig. 5D). These results suggest that PU.1 and LDB1 cooperatively regulate
Ms4a2 gene expression by binding to the �10.4-kbp region.

The deletion of the �10.4-kbp region completely abrogated expression of the
Ms4a2 gene in BRC6 mast cells. In order to determine the requirement of the
�10.4-kbp region for the Ms4a2 gene expression, we performed CRISR/Cas9-mediated
targeted deletion of the �10.4-kbp region in BRC6 cells. A sequence examination
revealed that this region contains 3 and 2 consensus binding sequences for PU.1 and
GATA2, respectively (Fig. 6A). To delete the �10.4-kbp region, 4 single guide RNAs
(sgRNAs) (sgRNA 1 to 4) were set at the �11.8/�10.2-kbp region (Fig. 6B). Following the
introduction of the sgRNAs and selections, deletion of the target region was examined
by quantitative PCR amplification of the �11.1-, �10.4-, and �10.2-kbp regions using
genomic DNA (Fig. 6B and C). The data were normalized with the quantitative PCR
amplification of the �60-bp region, which was not affected by the genome editing. It
was revealed that 7 and 8 clones were heterozygous and homozygous deletion
mutants, respectively. Among the homozygotes, three clones were obtained from the
introduction of sgRNAs 1 and 4, four clones were obtained from the introduction
sgRNAs 1 and 3, and one was obtained from the introduction of sgRNAs 2 and 3
(Fig. 6C).

We next examined the mRNA levels of PU.1, GATA2, and Fc�RI� by qRT-PCR analysis
(Fig. 7A and B). Including the wt clones that did not show genomic deletion in the
�11.8/�10.2-kbp region, the CRISPR/Cas9-mediated genome editing per se did not
affect the PU.1 or GATA2 mRNA levels (Fig. 7A). Remarkably, the Fc�RI� mRNA was
significantly reduced in level and undetectable in the heterozygous and homozygous
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FIG 4 mRNA and protein expression of GATA2, PU.1, and Fc�RI� in non-mast cell lines MEL and 32Dcl3. (A) Results
of qRT-PCR analyses of the indicated genes in BRC6 cells, MEL cells (a murine erythroleukemia cell line), and 32Dcl3
cells (a murine myeloid cell line). n � 4. (B) Expression of GATA2, PU.1, Fc�RI�, and lamin B1 (control) proteins was
analyzed by Western blotting. The arrowheads indicate the positions of marker protein. (C) Densitometry analysis
was performed on the GATA2 and PU.1 blots shown in panel B, and the intensities of the GATA2 and PU.1 bands
relative to those of lamin B1 were measured using the Image J software program (NIH, USA). For panel B, the data
are representative of results from four independent experiments. (D) Binding of GATA2 and PU.1 to the Ms4a2 locus
was examined by ChIP-qPCR assays. Chromatin fragments were prepared from BRC6, MEL, and 32Dcl3 cells. The
values determined for PCR amplicons using immunoprecipitated chromatin relative to those of the input samples
are shown. The results were obtained from four independent assays.
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clones, respectively (Fig. 7B), suggesting that the Fc�RI� mRNA level is dependent on
the gene dosage of the �10.4-kbp region. Consistent with these results, a FACS analysis
showed a significant reduction in the Fc�RI expression level in the homozygous clones
(Fig. 7C), and the MFI of Fc�RI� was significantly reduced in the heterozygous clones
(Fig. 7D). As observed in the PU.1 KO BMMCs (Fig. 5A), the ChIP-qPCR analysis revealed
that deletion of the �10.4-kbp region significantly reduced the GATA2 binding activity
with respect to the �60-bp region (Fig. 7E). Furthermore, the level of PU.1 binding to
the �12-kbp region was significantly reduced by the deletion of the �10.4-kbp region
(Fig. 7E). These results indicate that the �10.4-kbp region regulates the binding of
GATA2 and PU.1 to the �60-bp and �12-kbp regions, respectively, and plays central
roles in Ms4a2 expression.

The �12-kbp region is required to achieve the maximum level of Ms4a2 gene
expression. To determine whether or not the �12-kbp region contributes to Ms4a2
gene expression, this region was deleted by CRISR/Cas9-mediated genome editing (Fig.

FIG 5 Conditional ablation of PU.1 in BMMCs resulted in a significant reduction in the level of GATA2 binding to the �60-bp region as
well as in the levels of GATA2 and LDB1 binding to the �10.4-kbp region. (A and B) Genomic binding of GATA2 (A) and LDB1 (B) to the
Ms4a2 locus was examined by ChIP-qPCR assays. Chromatin fragments were prepared from Spi1f/f::CreERT2 BMMCs after 0, 3, and 6 days
of 4-OHT treatment. The values determined for the PCR amplicons using immunoprecipitated chromatin relative to those of the input
sample are shown. The results were obtained from four independent assays. For panel B, Gata2 (G2) �9.5 kbp was amplified as a
positive-control region for LDB1 binding. (C) qRT-PCR of Fc�RI�, LDB1, GATA2, and PU.1 in BRC6 cells cotransfected with the indicated
siRNAs. Cells were cotransfected with pMAX eGFP plasmid DNA, and the samples were prepared from GFP-positive cell populations. n � 5.
(D) MFI of Fc�RI expression in LDB1-KD cells. Samples were prepared from BRC6 cells cotransfected with the indicated siRNAs and pMAX
eGFP plasmid DNA. The MFI of the GFP-positive cells is shown. n � 5. All data were analyzed by one-way ANOVA with Dunnett’s post hoc
test. For panels A and B, data were compared as indicated. For panels C and D, data were compared to those from the ctr siRNA transfected
cells and were additionally compared as indicated. *, P � 0.05; **, P � 0.01; n.s., not significant.
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8A). The average level of Fc�RI� mRNA was significantly lower in the homozygous
clones lacking the �12-kbp region than in the wt clones, although the reduction was
modest (Fig. 8B). There was a trend toward a lower MFI of Fc�RI in the deletion mutants
than in the wt clones, although the difference was not statistically significant in the
FACS analysis (Fig. 8C). These results indicate that the �12-kbp region is required to
achieve maximum Ms4a2 gene expression, although its contribution is less than that of
the �10.4-kbp region.

FIG 6 Scheme for targeted deletion of the �10.4-kbp region in BRC6 cells. (A) Nucleotide sequence of the
�10.4-kbp region of the Ms4a2 gene. The PCR fragments (�10.4 kbp) of the ChIP-qPCR are indicated in bold and
underlined. Putative PU.1 and GATA2 binding sites are indicated in blue and red, respectively. (B) Schematic
diagram of the Ms4a2 gene with indicated positions of the �11.8/�10.2-kbp regions and the TSS. The positions
of exons 1 to 7 and of the neighboring genes (Ms4a6d and Ms4a3) are also indicated. The schematic diagram shows
the deleted regions of the CRISPR-Cas9 genome editing from the combination of guide RNAs (gRNAs) 1 and 4 (i),
1 and 3 (ii), and 2 and 3 (iii). Boxes indicate the positions of the PCR amplicons corresponding to �11.1, �10.4, and
�10.2 kbp in panel C. (C) Determination of the genome-edited BRC6 cells by quantitative PCR. The �11.1-, �10.4-,
and �10.2-kbp regions were amplified by quantitative PCR in the genome-edited BRC6 cells, and the values were
normalized to that of the �60-bp region. The numbers indicate the clones. The estimated genotypes of wild-type,
heterozygote, and homozygote are indicated as wt, het, and hom, respectively. The deletion mutant clones that
resulted from the combinations of gRNAs 1 and 4, 1 and 3, and 2 and 3 are indicated as (i), (ii), and (iii), respectively.
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DISCUSSION

The present study showed that GATA2 and PU.1 cooperatively regulate Ms4a2 gene
expression through distinct mechanisms. We identified the distal cis-regulatory region
that is indispensable for Ms4a2 gene expression using CRISPR-Cas9-mediated genome
editing. The schematic illustrations shown in Fig. 9 represent a summary of the results
(Fig. 9A) and a predicted model (Fig. 9B).

Our data revealed the unique role of PU.1 in promoting the DNA binding activity of
GATA2 and LDB1 at the Ms4a2 locus. Furthermore, LDB1 appeared to be a novel
positive regulator of Ms4a2 gene expression according to KD studies. Interestingly, a
recent study reported that PU.1 plays an essential role in the formation of the chromosome

FIG 7 Deletion of the �10.4-kbp region completely abrogated Ms4a2 gene expression in BRC6 mast cells. (A and
B) Results of qRT-PCR of the indicated genes in genome-edited BRC6 cells. The samples were prepared from cells
with no transfection (ntf, n � 4), cells without gene deletions (wt, n � 6), heterozygote cells (het, n � 7), and
homozygote cells (hom, n � 8). (C and D) Representative FACS data (dot plot and histograms) (C) and the MFI (D)
of the genome-edited BRC6 cells. For panel C, the samples were prepared from wt (clone 4), het (clone 2), and hom
(clone 48) cells. (E) Genomic binding of GATA2 and PU.1 to the Ms4a2 locus was examined by ChIP-qPCR assays.
Chromatin fragments were prepared from wt and hom clones. The results were obtained from four independent
assays. The values of PCR amplicons determined using immunoprecipitated chromatin relative to those of the input
are shown. The Spi1 3=URE region and Gata2 (G2) �9.5-kbp region were amplified as positive-control regions for
PU.1 and GATA2 binding, respectively. For panels A, B, and D, the data were analyzed by one-way ANOVA with
Dunnett’s post hoc test and compared to the wt data. For panel E, data were compared as indicated. **, P � 0.01;
n.s., not significant.
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architecture during SPI1 gene autoregulation by recruiting LDB1 in human monocytes
(30). Recent Hi-C experiments revealed that eukaryote chromatin is organized into
compartments composed of topologically associating domains (TADs) that are critical
chromosome structural domains in the regulation of long-range gene expression
(47–49). TADs are further divided into smaller chromosomal units, termed SubTADs
(50), that are characterized by enhanced intrachromosomal interactions. The study
showed that PU.1 is required for the initial formation of a subTAD containing the SPI1
gene and that, once these intrachromosomal interactions are established, LDB1 can
maintain the structure in the absence of PU.1. Our data representing murine Ms4a2
gene regulation showed that conditional ablation of PU.1 resulted in a significant
reduction in the level of GATA2 binding to the �60-bp region as well as of GATA2 and
LDB1 binding to the �10.4-kbp region, suggesting the persistent requirement of this
factor for the maintenance of active chromatin architecture at the Ms4a2 locus. Thus,
the molecular basis of the PU.1-mediated chromatin structure formation of the Ms4a2
locus likely overlaps to some degree, but is not identical to, that of SPI1 autoregulation
in human monocytes. To determine the chromosome architecture of the Ms4a2 locus,
chromosome conformation capture (3C) assays and related experiments need to be
performed.

The CRISPR/Cas9 system is a powerful tool for assessing the impact of endogenous

FIG 8 Deletion of the Ms4a2 �12-kbp region affected the Fc�RI� mRNA level moderately. (A) Schematic diagram
of the Ms4a2 and Ms4a3 genes. The Ms4a2 �12-kbp region is located upstream and downstream of the fourth
exon. The arrowheads indicate the positions of sgRNAs 5 and 6 used in CRISPR-Cas9 genome editing. The putative
PU.1 binding sites conserved between human and mouse are underlined. wt, wild type; del, deletion. (B) Results
of qRT-PCR analysis of Fc�RI� mRNA expression in wild-type and Ms4a2 �12-kbp-region-deleted BRC6 cells. The
samples were prepared from undeleted (wt, n � 5) and homozygote (del, n � 7) cells. (C) MFI of Fc�RI and c-Kit
expression by the genome-edited BRC6 cells examined as described for panel B. For panels B and C, *, P � 0.05; n.s.,
not significant. Data were compared to the results determined for the wt.
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enhancers on gene expression (51). The present study showed that deletion of the
�10.4-kbp region almost completely eliminated Ms4a2 gene expression in BRC6 cells.
The impact of deletion on the Fc�RI� mRNA level was greater than that of the �12-kbp
region bound by PU.1 as well as that of the ablation of transcription factors. The
ChIP-seq analysis revealed that the �10.4-kbp region is bound by other transcription
factors, such as SCL, RUNX1, and FLI1 (Fig. 3A). These factors might also contribute to
Ms4a2 gene expression. In addition, this region may be transcribed and may produce
noncoding RNA, which might play a role in Ms4a2 gene regulation. Recent mounting
evidence suggests that transcripts from enhancer regions, designated enhancer RNAs
(eRNAs), affect the enhancer function by facilitating local enhancer-promoter looping
formation (52). In this regard, it would be interesting to determine whether or not the
�10.4-kbp region is transcribed in mast cells.

The GATA factors, especially GATA1, and PU.1 have long been recognized as
transcription factors that are “antagonistic” during hematopoietic development (9–15).
During hematopoietic lineage decisions in multipotent hematopoietic stem and pro-
genitor cells (HSPCs), GATA1 and PU.1 are coexpressed at low levels (53). Therefore,
cross-inhibition of GATA1 and PU.1 has been considered a key molecular event during
the lineage decision with regard to erythromegakaryocytic versus myeloid cells (54, 55).
However, a recent study that tracked GATA1 and PU.1 protein expression at the
single-cell level showed that expression of these factors rarely overlapped in HSPCs
(56). Furthermore, a recent study using a computational method showed that both
GATA1 and PU.1 become activated after the cell fate decision during the early phase of
hematopoietic development (57). Interestingly, even though the GATA factors and PU.1
are coexpressed, we showed that the cross-inhibition of their respective expression
levels was retained in mast cells. Cross-inhibition between the GATA factors and PU.1
might influence the expression of genes that are regulated by either factor individually.
Indeed, we demonstrated that Fc�RI� mRNA expression was dependent on the GATA

FIG 9 Schematic representation of the results. (A) Summary of the results. (B) A chromatin looping model
for the regulation of the Ms4a2 gene in mast cells.
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factors and was increased by reducing the level of PU.1 expression. Importantly,
however, in the case of genes that are regulated by both factors, such as the Ms4a2
gene, the gene expression can be regulated beyond the influence of the cross-
inhibition and is dependent on how these factors act on the gene regulation. Thus,
mast cell-specific genes can be classified into four groups, namely, the GATA factor-
dependent, PU.1-dependent, coregulated, and unregulated gene groups. In the future,
genome-wide gene expression analysis should be conducted to determine the classi-
fication of certain genes.

Only a few studies of MS4A2 gene regulation in human mast cells have been
performed. Consistent with our results in mouse BMMCs, it has been reported that
GATA2 binds to the promoter region of the MS4A2 gene in human mast cell line LAD2
(22). A comparison of the genomic sequences in mice and humans revealed that the
consensus sequence for the PU.1 binding at the �12-kbp regions is also conserved
between mice and humans. However, where the gene cassette composed of the mouse
Ms4a2 gene and the 3=-neighboring Ms4a3 and Oosp2 genes is located in the comple-
mentary strand, their human orthologues are positioned in the order OOSP2, MS4A3,
and MS4A2 in the forward direction. Furthermore, the distance between the human
MS4A2 gene and the 3=-neighboring MS4A6A gene (mouse orthologue of Ms4a6d) was
approximately 73.1 kbp, which is much greater than that between the mouse Ms4a2
gene and the 5=-neighboring Ms4a6d gene (approximately 10.7 kbp). These observa-
tions suggest that genomic loci containing the Ms4a2/MS4A2 gene were dynamically
reorganized during mammalian evolution. As anticipated, we were unable to find a
candidate for a counterpart of the �10.4-kbp region of the mouse Ms4a2 gene at the
human MS4A2 locus.

In addition to these differences, previous studies showed a negative regulatory
region of human MS4A2 gene that resides in the fourth intron of its own gene (58). This
region is bound by a myeloid zinc finger protein 1 (MZF-1) and a repressor complex
composed of FHL3, NFY, and HDAC1/2 (58, 59). Notably, the recognition sequence for
MZF-1 is not conserved in the mouse Ms4a2 gene. Taken together, these data suggest
that the molecular basis underlying the Ms4a2/MS4A2 gene regulation is not conserved
between mice and humans at several points.

In summary, we demonstrated that GATA2 and PU.1 regulate Ms4a2 gene expres-
sion through distinct molecular mechanisms. Although the binding of GATA2 and PU.1
to the �10.4-kbp region is not mast cell specific, this region is indispensable for the
Ms4a2 gene expression and likely plays a central role in forming an active chromatin
structure in murine mast cells.

MATERIALS AND METHODS
Mice. Spi1flox/flox mice (60) were purchased from Jackson Laboratories (stock no. 006922). Gata2flox/flox

mice (61) were kindly provided by S. A. Camper (University of Michigan, MI). The z4-hydroxytamoxifen
(4-OHT)-inducible Rosa26CreERT2 mice were kindly provided by Anton Berns (Netherlands Cancer Insti-
tute, Amsterdam, The Netherlands). The Spi1 or Gata2 knockout phenotype was examined in BMMCs
prepared from homozygous male mice expressing CreERT2. In both mutant mice, the genomic region
encoding the DNA binding domain was deleted as a result of Cre-loxP-mediated recombination. The
mice were maintained in an animal facility of Takasaki University of Health and Welfare in accordance
with institutional guidelines.

Cell culture. Bone marrow cells were harvested from the femurs of 8- to 12-week-old mice and
cultured with RPMI 1640 medium (Nacalai Tesque) supplemented with 10% fetal bovine serum (FBS;
Gibco), 1% streptomycin-penicillin (Nacalai Tesque), 10 ng/ml recombinant murine interleukin-3 (IL-3;
Peprotech) and 10 ng/ml recombinant murine (Peprotech). BMMCs were generated as described previ-
ously (44). On cell culture day 30, when almost all (�95%) of the cells were positive for c-Kit and Fc�RI�
as determined by fluorescence-activated cell sorter (FACS) analysis, the BMMCs were treated with 0.5 �M
4-OHT to induce Cre-mediated recombination. MEDMC-BRC6 cells (40) were purchased from RIKEN BRC
(Tsukuba, Japan) and cultured in Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen) containing the
following: 15% fetal bovine serum (FBS), ITS liquid medium supplement (Sigma), 50 mg/ml ascorbic acid
(Sigma), 0.45 mM �-monothioglycerol (Sigma), 3 ng/ml IL-3, 30 ng/ml stem cell factor (SCF), 1% penicillin-
streptomycin solution, and 2 mM L-glutamine (Nacalai Tesque). Murine erythroleukemia (MEL) cells and
32Dcl3 cells (murine myeloid progenitor cell line) were cultured as previously described (44).

Western blotting. Cytoplasmic extracts were prepared as previously described (45). Cytoplasmic
proteins were resolved by 10% SDS-polyacrylamide gel electrophoresis, and Western blot analysis was
performed as previously described using anti-lamin B1 (ab16048; Abcam), anti-�-tubulin (T9026; Sigma-
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Aldrich), anti-GATA2 (B9922A; Perseus Proteomics), anti-PU.1 (C-3; Santa Cruz), anti-Fc�RI� (H-5; Santa
Cruz), and anti-Fc�RI� (MAR-1; Invitrogen). The signal was visualized using Immobilon Western chemi-
luminescent horseradish peroxidase (HRP) substrate (Merck).

Chromatin immunoprecipitation (ChIP) assay. The ChIP assay and quantitative analysis of DNA
purified from the ChIP samples were conducted as described previously (44). The antibodies used for
ChIP assay were anti-PU.1 (C-3; Santa Cruz), anti-GATA2 (B9922A; Perseus Proteomics), anti-LDB1 (N2C3;
GeneTex), normal rabbit IgG (2729S; Cell Signaling Technology) and normal mouse IgG2b (E7Q5L; Cell
Signaling Technology). The DNA purified from ChIP samples was analyzed using an Mx3000P real-time
PCR system (Agilent) with GoTaq qPCR master mix (Promega). The primers used for the ChIP assays are
shown in Table 1.

siRNAs and transfection. The small interfering RNA (siRNA) duplexes for mouse GATA1 (assay
identifiers [ID] RSS303126, RSS303127, and RSS303128), GATA2 (assay ID MSS204584, MSS204585, and
MSS274487), PU.1 (assay ID MSS247676, MSS247678, and MSS277025), and LDB1 (assay ID MSS205922,
MSS205923, and MSS205924) were purchased from Thermo Scientific. Control siRNA (SIC-001) was
purchased from Sigma. MEDMC-BRC6 cells (2.0 � 106) or BMMCs (2.5 � 106) were cotransfected with
1.0 �g of green fluorescent protein (GFP)-encoding plasmid and a pool of two or three different siRNAs
(10 nM each) by electroporation using NEPA21 (Nepa Gene Co., Tokyo, Japan). At 24 h after transfection,
cells were sorted to obtain the GFP-expressing cells using a FACSJazz cell sorter (BD Biosciences).

Reverse transcription-PCR (RT-PCR). Isolation of total RNA was performed using NucleoSpin RNA
(Macherey-Nagel). The reverse transcription reactions were performed using a ReverTra Ace qPCR RT kit
(Toyobo) according to the manufacturer’s instructions. Synthesized cDNAs were analyzed using an
Mx3000P real-time PCR system (Agilent) with GoTaq qPCR master mix (Promega) as previously described
(44). The results were normalized to polymerase (RNA) II (DNA-directed) polypeptide A gene (Polr2a). The
primers used for quantitative reverse transcription-PCR (qRT-PCR) are shown in Table 2.

Fluorescence-activated cell sorter (FACS) analysis. The cells were stained with allophycocyanin
(APC)-conjugated rat anti-mouse CD117 (c-Kit [clone 2B8]; BD Pharmingen) and phycoerythrin (PE)-
conjugated mouse anti-mouse Fc�RI� (clone MAR-1; eBioscience). Flow cytometric analyses were per-
formed using a FACSCanto II flow cytometer (BD Biosciences).

CRISPR/Cas9 genome editing. CRISPR/Cas9-mediated genomic editing was performed using
pSpCas9(BB)-2A-Puro (PX459) V2.0 and pSpCas9(BB)-2A-GFP (PX458). These plasmid DNAs (Addgene
plasmid 48138 and 48139) were a gift from Feng Zhang (46). Single-guide RNAs (sgRNAs) targeting the

TABLE 2 Primer sequences for qRT-PCR analyses

Primer for
qRT-PCR

Sequence (5= to 3=)

Forward Reverse

Polr2a CTGGACCCTCAAGCCCATACAT CGTGGCTCATAGGCTGGTGAT
Spi1 AGAAGCTGATGGCTTGGAGC GCGAATCTTTTTCTTGCTGCC
Gata1 CAGAACCGGCCTCTCATCC TAGTGCATTGGGTGCCTGC
Gata2 GCACCTGTTGTGCAAATTGT GCCCCTTTCTTGCTCTTCTT
Ldb1 CACGCTACTTCCGAAGCATTT TGCTGAAGTGCCACGTCTTT
Fcer1a AGAGCAAACCTGTGTACTTG GTGGACTTTCCATTTCTTCC
Ms4a2 AGGCTATCCATTCTGGGGTG GGCTGCCTCTCACCAGATAC
Kit AGCAATGGCCTCACGAGTTCTA CCAGGAAAAGTTTGGCAGGAT

TABLE 1 Primer sequences for ChIP-qPCR analyses

Primer

Sequence (5= to 3=)

Forward Reverse

Ms4a2
�15.5 kbp ACAGTGCAGAGGAGACGAGT CCAGGCTTTCAGTGCCAGAT
�11.8 kbp ACTGATGCGACCAGCTTCAT GTCGGGGCTATGCTCTTCAG
�11.1 kbp AAGCTTCTGAGGTGCTGAAC GCTGAGACTTGCTTAGGTGATG
�10.8 kbp ACACTGGCTGGACAATAAGC GCAGGCAGACTTGATTTCAGC
�10.4 kbp CTTGGGCTGGTTTTATGTGTTC AGAACCAGGAGAGATAACATTGC
�10.2 kbp AAGACTACCTGGAAGCTTGGTG GGAAGGAAACAGATGCTTGTCC
�4.8 kbp GCTGCTTTGTGGCTTCTTTC GGAAGAGGAAGGGTTTTCACAC
ex1 TGTGGATTTGGGAGAGCAAGA ATCCAGAGCACACCGCATTT
�60 bp ACTGATATCAATCAGCCTGGAGAC GGCAGTTAAGATGGGTTGACTC
�3.5 kbp TGAGGGCCTGTGTTCAAATC ATGTGTGCATGTGTGGACTC
�6.2 kbp TTCCATTTCTGTGGGTTGCC ATAGGGGCAAGCAGAAACAC
�12 kbp ACCCACCCTCTGTTTTCTACTG ACACGAATGCTGGTAAGTGC

Gata2, �9.5 kbp ACATCTGCAGCCGGTAGATAAG CATTATTTGCAGAGTGGAGGGTATTA

Spi1, 3=URE CTGGTGGCAAGAGCGTTTC ACGCCAACAGCCCCATTAC
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�11.8/10.2-kbp and �12-kbp regions of the Ms4a2 gene were designed using CRISPRdirect (https://
crispr.dbcls.jp). The target sequences are shown in Table 3. BRC6 cells were cotransfected with pX459 and
pX458 vectors harboring a target sequence to express sgRNAs and Cas9 protein by electroporation using
NEPA21 (Nepa Gene Co.). At 24 h after electroporation, the cells were cultured with 1.5 �g/ml of
puromycin, and the GFP-positive cells were sorted using a FACSJazz cell sorter into 96-well plates. The
genomic deletion was examined by quantitative PCR using genomic DNA isolated with PBND buffer
(10 mM Tris-HCl [pH 8.3], 50 mM KCl, 0.1 mM MgCl2, 0.1 mg/ml gelatin, 0.45% NP-40, 0.45% Tween 20,
200 �g/ml proteinase K). For homozygous deletion mutants, deletion of the entire �10.4-kbp region was
further confirmed by DNA sequencing.

ChIP-seq data processing. The previously described ChIP-seq data sets (GSE48085) (41) were
aligned to the mouse genome (mm9 assembly). The data (for GATA2, GSM1167578; for PU.1,
GSM1167581; for SCL, GSM1167583; for RUNX1, GSM1167582; for Fli1, GSM1167577; for H3K27Ac,
GSM1329816) were visualized using the Integrative Genomics Viewer (IGV).

Statistical analyses. The data are presented as means � standard deviations (SD). Unless otherwise
specified, comparisons between two groups were performed using an unpaired Student t test. Com-
parisons among multiple groups were performed using one-way analysis of variance (ANOVA) with
Dunnett’s test or Tukey’s post hoc test and KaleidaGraph version 4.5 (Hulinks Inc.). For all analyses,
statistical significance was defined as a P value of �0.05.
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