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SUMMARY

Mast cells serve as a first-line defense of innate immunity. Interleukin-6 (IL-6)
induced by bacterial lipopolysaccharide (LPS) in mast cells plays a crucial role in
antibacterial protection. The zinc finger transcription factor GATA2 coopera-
tively functions with the ETS family transcription factor PU.1 in multiple mast
cell activities. However, the regulatory landscape directed by GATA2 and PU.1
under inflammation remains elusive. We herein showed that a large proportion
of GATA2-binding peaks were closely located with PU.1-binding peaks in distal
cis-regulatory regions of inflammatory cytokine genes in mast cells. Notably,
GATA2 and PU.1 played crucial roles in promoting LPS-mediated inflammatory
cytokine production. Genetic ablation of GATA2-PU.1-clustered binding sites at
the 116 -39 kb region revealed its central role in LPS-induced Il6 expression in
mast cells. We demonstrate a novel collaborative activity of GATA2 and PU.1 in
cytokine induction upon inflammatory stimuli via the GATA2-PU.1 overlapping
sites in the distal cis-regulatory regions.

INTRODUCTION

Mast cells are tissue-resident immune cells located in mucosal and subcutaneous tissues throughout the body.
Numerous studies have established that mast cells function as critical effector cells in allergic inflammation
(Bischoff, 2007; Mukai et al., 2016). Allergen—immunoglobulin E (IgE) complexes bind to the high-affinity IgE
receptor (FceRl) on the mast cell surface, which promotes immediate allergic reactions via the release of inflam-
matory mediators, including histamine, serotonin, and mast-cell-specific proteases. These mast-cell-derived
products promote tissue inflammation by recruiting other inflammatory cells, such as monocytes, neutrophils,
and T cells (Cardamone et al., 2016). Mast cells also constitute the first line of defense against microbial path-
ogens. Mast cells have been reported to play essential roles in resistance to bacterial infections by producing
inflammatory cytokines and promoting the recruitment of various immune cells (Abraham and St John, 2010;
Rodewald and Feyerabend, 2012). A recent report demonstrated that mast-cell-deficient mice exhibited
impaired bacterial clearance and delayed healing of infectious skin wounds (Zimmermann et al., 2019). Sub-
sequent closer immunological analyses demonstrated that the antibacterial defense and wound healing
largely depended on interleukin-6 (IL-6) secretion from the infiltrating mast cells, which supports the impor-
tance of mast-cell-derived IL-6 in the antimicrobial immune response (Zimmermann et al., 2019).

The proinflammatory cytokine IL-6 was initially characterized as an inducer of B-cell growth and antibody
production (Hirano et al., 1985; reviewed in Kishimoto, 2010), and it plays a critical role in the defense
against pathogenic microorganisms. IL-6-deficient mice exhibit increased susceptibility to multiple infec-
tious diseases (Kopf et al., 1994; Ladel et al., 1997; Dienz et al., 2012). In humans, IL-6 aberrations underlie
the etiology of various inflammatory disorders, e.g., rheumatoid arthritis and cytokine release syndrome
(Tanaka et al., 2014). Neutralizing anti-IL-6 or anti-IL-6 receptor (IL-6R) monoclonal antibodies are used
globally to treat these inflammatory diseases. However, these therapeutic agents are often associated
with an increased incidence of serious infections as unwanted adverse effects, presumably due to compro-
mised immune responses (Rose-John et al., 2017).

Mechanisms that regulate IL-6 expression have also been intensively investigated because modulation of
IL-6 expression has potential therapeutic utility (Medzhitov and Horng, 2009; Glass and Saijo, 2010; Smale,
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2010). The expression of /6 and other cytokine genes is strongly induced by microbial products, including
lipopolysaccharide (LPS), which are sensed by Toll-like receptors (TLRs) in the innate immune system (Bar-
ton and Medzhitov, 2003). LPS is the principal constituent of the Gram-negative bacterial outer membrane
and activates TLR4 on mast cells to promote the translocation of nuclear factor-kappa B (NF-«B) to the
nucleus and accelerate cytokine production without degranulation (Supajatura et al., 2001; Krystel-Whitte-
more et al., 2016). Considering the crucial function of mast-cell-derived IL-6 in host immune defense, eluci-
dation of the regulatory mechanism controlling ll6 gene expression in mast cells will crucially advance our
understanding of the innate immune system.

The zinc finger transcription factor GATA2 plays an essential role in hematopoietic development via phys-
ical and genetic interactions with numerous other nuclear proteins (Doré and Crispino, 2011; Wu et al,,
2014), including the E-twenty-six (ETS)-domain transcription factor PU.1(encoded by the SpiT gene), which
governs the differentiation of myeloid lineage cells. GATA2 and PU.1 are expressed in mast cells and play
roles in their differentiation and function (Li et al., 2015; Ohmori et al., 2015; Walsh et al., 2002). Many
studies have shown that GATA factors and PU.1 reciprocally inhibit their respective activities via multiple
mechanisms (Rekhtman et al., 1999; Zhang et al., 1999, 2000; Nerlov et al., 2000; Arinobu et al., 2007; Burda
etal., 2016). However, recent studies demonstrated that these factors cooperatively activate the expression
of several genes in mast cells, including I17rl1, which encodes a transmembrane receptor for IL33, and
Ms4a2, which encodes the B-chain of the high-affinity IgE receptor (FceRl) (Baba et al., 2012; Ohmori
et al., 2019). We recently demonstrated that the LPS-mediated induction of multiple peritoneal cytokines
was under an intense regulatory influence of GATA2 (Takai et al., 2021). Heterozygous GATA2 mutant mice
showed attenuated inflammatory responses with reduced levels of multiple cytokines (Takai et al., 2021).
These results suggest that GATA2 collaborates with PU.1 in the regulatory processes of inflammation-
related genes in immune cells.

The present study delineated genome-wide GATA2 and PU.1 binding profiles upon LPS stimulation
using ChIP-seq analysis in a murine mast cell line, MEDMC-BRC6. We found that a large proportion of
GATA2-binding peaks closely localized with PU.1-binding peaks. These GATA2-PU.1 overlapping
peaks were preferentially located in cis-regulatory regions of multiple cytokine gene loci irrespective
of the LPS stimulus. We demonstrated that the 5’ 39 kb distal regulatory element in the 116 locus carried
GATA2-PU.1-clustered binding sites and played a crucial role in stimulation-induced [16 expression in
mast cells.

RESULTS
GATA2 constitutively binds to the enhancers of various cytokine loci

We aimed to elucidate where and how GATA2 bound to chromatin and controlled gene expression dur-
ing inflammatory processes. To this end, we conducted ChIP-seq analysis to address GATA2-binding
sites in mast cells upon inflammatory stimuli. We used the murine mast cell line MEDMC-BRC6
(BRC6). BRC6 cells were generated from C57BL/6-derived ES cells cultured on OP9 feeder cells supple-
mented with stem cell factor (SCF) and IL-3 cytokines (Hiroyama et al., 2008). BRC6 cells express FceRl
and SCF receptor (c-Kit) and thereby respond to IgE/antigen stimulation and SCF signaling as normal
mast cells (Shibagaki et al., 2017). Furthermore, BRC6 cells produce numerous inflammatory cytokines
upon LPS stimulation (Shibagaki et al., 2017). We prepared GATA2-ChlPed samples under basal and
LPS-stimulated conditions 2 h post-LPS treatment to observe LPS-induced epigenomic and transcrip-
tional changes (Figure 1A). We profiled H3K27 acetylation (H3K27ac) in the same crosslinked samples
to identify active enhancers (Rada-lglesias et al.,, 2011). The total GATA2 peaks amounted to 3,258,
commonly detected in untreated and LPS-treated BRC6 cells (Figure 1B). There were 646 GATA2 peaks
associated with H3K27ac accumulation; thus, 20% of the total GATA2 peaks (646/3258) resided in the
H3K27ac-positive enhancer regions (Figure 1B).

We previously reported that a cohort of peritoneal cytokines was decreased in LPS-treated GataZ2 hetero-
zygous mutant mice (Takai et al., 2021). Notably, many of the gene loci of these cytokines, including 114, 1113,
and Tnf, were enriched in the 646 GATA2 binding enhancer peaks. The Integrated Genomics Viewer (IGV)
track data showed that these cytokine gene loci were associated with GATA2 binding regardless of LPS
treatment (Figure 2). Consistently, H3K27ac also constitutively accumulated at these loci irrespective of
LPS stimulation (Figure 2). These results indicated that GATA2 was constitutively bound to the cis-regula-
tory regions of various cytokine gene loci regardless of the inflammatory stimulus.
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Figure 1. ChIP-Seq profiles of GATA2, PU.1, and H3K27ac in BRC6 mast cells

(A) BRC6 cells with and without LPS stimulation (1 pg/mL for 2 h) were subjected to ChIP-seq analysis using GATA2, PU.1,
and H3K27ac antibodies.

(B) Venn diagram generated by Pybedtools depicting GATA2, PU.1, and H3K27ac peaks commonly detected in the
untreated and LPS-treated BRC6 cells.

(C) Motif analysis in the GATA2 and H3K27ac overlapping peaks (646 peaks). The top 3 ranked transcription factor family
motifs are shown with their p values. Note that ETS and RUNX motifs are enriched near the GATA2-binding peaks. Motif
enrichment was calculated with HOMER software applying cumulative hypergeometric distribution adjusted for multiple
testing with the Benjamini-Hochberg method (see STAR Methods).

More than half of the GATA2-binding peaks are overlapped with the PU.1-binding peaks in
BRC6 mast cells

Motif analysis of the 646 GATA2 peaks showed enrichment of GATA transcription factors followed by ETS
domain transcription factors and runt domain transcription factors (RUNX) (Figure 1C). Because the ETS
family transcription factor PU.1 functions with GATA2 in mast cells in several contexts (Ohmori et al.,
2019; Baba et al., 2012), we delineated the genome-wide binding profile of PU.1 using ChIP-seq in the
same LPS-treated and untreated BRC6 cell samples. We identified 25,258 PU.1-binding peaks that
commonly arose in the untreated and LPS-treated cells (Figure 1B). Among them, 4,440 peaks were asso-
ciated with H3K27ac accumulation (Figure 1B). We searched for overlap between the 646 GATA2 and 4,440
PU.1 enhancer peaks (H3K27ac") using Pybedtools (https://daler.github.io/pybedtools/) and identified 368
GATA2-PU.1-overlapping peaks (Figure 1B). This result indicates that more than half of the GATA2 peaks
overlapped with PU.1 peaks in the H3K27ac™ active cis-regulatory regions in BRCé mast cells. We referred
to the other 278 peaks that bound only GATA2 as GATA2-only peaks (Figure 1B). The 4,072 peaks to which
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Figure 2. GATA2 and PU.1 concomitantly bind to the distal regulatory regions of inflammatory cytokine genes
Representative Integrative Genomics Viewer (IGV) track data showing the loci that carry GATA2-PU1 overlapping peaks in
BRC6 cells (asterisks). GATA2 and PU.1 bind to 114, 1113, Tnf, and Ms4a2 loci regardless of LPS treatment. Note that
H3K27ac densely accumulates around the GATA2-PU1 peaks. The numbers of reads in RPM (reads per million mapped
reads) are shown on the y axis.

only PU.1 bound were designated as PU.1-only peaks (Figure 1B). We subjected these distinct classes of
peaks to subsequent bioinformatics analysis.

The genes carrying GATA2-PU.1 peaks enrich ontologies related to the immune response

To gain insight into the biological significance of genes carrying the three classes of peaks (i.e., GATA2-
only, GATA2-PU.1, and PU.1-only peaks), we performed ontology pathway analyses using GREAT
(Genomic Regions Enrichment of Annotations Tool) (http://great.stanford.edu/public/html/). We found
that genes containing GATA2/PU.1 peaks were predominantly enriched in inflammation-related ontol-
ogies, such as the immune response and cytokine production (highlighted in Figure 3B). The representative
inflammatory cytokine loci, including 114, 116, 1113, and Tnf, carried GATA2-PU.1 peaks and exhibited
H3K27ac accumulation regardless of LPS treatment (Figures 2 and 4). Ms4a2, which is cooperatively regu-
lated by GATA2 and PU.1, harbored a GATA2-PU.1 peak at the 3’ 10.4 kb region as previously reported
(Ohmorietal., 2019) (Figure 2). The GATA2-only peaks were enriched in several ontologies, including defin-
itive hematopoiesis, myeloid cell differentiation, and positive regulation of mast cell activation, which was
anticipated from the known hematopoietic function of GATA2 (Figure 3A). The PU.1-only peaks were en-
riched in ontologies related to noncoding-RNA- and ribosomal-RNA-related processes with low probabil-
ity (Figure 3C). Notably, these three classes of peaks showed distinct patterns of genomic distributions. The
GATA2-PU1 peaks were predominantly located distally (5 ~ 500 kb) from the transcription start sites (TSS),
whereas the proximal promoter regions harbored a relatively low number of GATA2-PU1 peaks (Figure 3E).
The GATA2-only peaks were evenly distributed from the promoter to the distal regions (<500 kb) (Fig-
ure 3D). The PU.1-only peaks primarily resided in the promoter regions (<5 kb) (Figure 3F). These results
indicate that the GATA2-PU.1 peaks tend to be located in the distal flanking region (5-500 kb), and genes
associated with the GATA2-PU.1 peaks are likely involved in immune-system-related biological pathways.
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Figure 3. Distinct gene ontology (GO) biological terms associated with the GATA2-only peaks, GATA2-PU.1
peaks, and PU.1-only peaks

Terms including immune system processes and immune response are predominantly enriched in the GATA2-PU.1 peaks
(highlighted in yellow) (B). GATA2-only-peaks-enriched ontologies included definitive hematopoiesis, myeloid cell
differentiation, and positive regulation of mast cell activation (A). The PU.1-only-peaks-enriched ontologies related to
ncRNA- and rRNA-related processes with low probability (C). Genomic distribution of the GATA2-only (D), GATA2-PU.1
(E), and PU.1-only (F) peaks in BRC6 cells.

(E) The GATA2-PU1 peaks were predominantly located in the distal regions (5 ~ 500 kb) from the transcription start sites
(TSS).

(D) The GATA2-only sites tended to be evenly distributed from promoter-proximal to the distal regions (>500 kb).

(F) The PU.1-only sites were mainly located in the promoter-proximal region (<5 kb). All GO analyses were conducted
using the Genomic Regions Enrichment of Annotations Tool (GREAT) online software (see STAR Methods).
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Figure 4. GATA2-, PU.1-, and H3K27ac-binding peaks in the mouse 1l6 locus encompassing the 5' 80 kb to 3’ 35 kb
distal flanking sequences

Note the robust GATA2- and PU.1-binding peaks at the 5’ 39 kb region in BRCé cells and BMMCs with and without LPS
stimulation (dotted rectangles). GATA2, PU.1, and H3K27ac ChIP-seq data and ATAC-seq data in the untreated BMMCs
were obtained from the NCBI Sequence Read Archive (SRA) database (see STAR Methods).

GATA2-PU.1 peaks at the 5' 39 kb region in the 116 locus exhibit active histone marks

IL-6 secreted from infiltrating mast cells plays a role in the antimicrobial innate immune response (Zimmer-
mann et al., 2019). Therefore, we focused on the regulatory mechanism of /16 gene expression in mast cells.
A series of analyses demonstrated that several transcription factors, including IRF, AP-1, C/EBP, SP1, and
NF-kB, responded to many types of stimuli and activated Il6 gene expression via regulatory sequences in
the proximal promoter region (reviewed in Medzhitov and Horng, 2009). Meanwhile, evolutionarily
conserved putative cis-regulatory elements are broadly distributed from approximately 165 kb upstream
to 35 kb downstream of the human IL6 gene (Samuel et al., 2008). Indeed, we demonstrated that 176 kb
human IL6 BAC (bacterial artificial chromosome) (5’ 90 kb and 3’ 86 kb to promoter)-driven luciferase trans-
genic mice faithfully recapitulated the endogenous mouse 16 gene expression pattern in multiple tissues
in vivo, which suggests that a comprehensive set of cis-regulatory regions are contained in the 176 kb hu-
man IL6 BAC (Hayashi et al., 2015). To examine novel distal regulatory elements, we searched for GATA2-
PU.1 peaks in a broad range of up- and downstream regions of the mouse 1/6 locus. We found that several
robust GATA2-PU.1 peaks were distributed around the promoter and the 5’ distal flanking regions of the
mouse /l6 locus in BRCé cells, which occurred regardless of LPS treatment (Figure 4). These GATA2-PU.1
peaks were also detected in unstimulated bone-marrow-derived mast cells (BMMCs) in ChlIP-seq data
from the public database (Figure 4). The most prominent GATA2-PU.1 peak was located at the 5’ 39 kb re-
gion (see the dotted rectangle in Figure 4). H3K27ac signals also accumulated around the -39 kb peak in
BRC6 cells and BMMCs, suggesting its potent enhancer activity. The assay for transposase-accessible chro-
matin (ATAC)-seq results in the BMMCs showed increased chromatin accessibility around the -39 kb region
(bottom row in Figure 4). These results suggest that the GATA2-PU.1 peak at the 116-39 kb region functions
as an enhancer element in mast cells.

GATA2 and PU.1 robustly bind to the -39 kb region of 1l6 in mast cells

To validate the ChlP-seq results, we conducted quantitative ChIP analysis (ChIP-gPCR) in BRC6 cells and
BMMCs using real-time PCR with primer pairs amplifying the 116 -39 kb, -19 kb, promoter, and first intron
regions, which showed GATA2 and/or PU.1 peaks (Figure 4). We detected the most robust GATA2

6 iScience 25, 104942, September 16, 2022

iScience



iScience

04 |7 :lgG
W :Ab
0.3
E 5
BRC6 £ 0.2 E
s 5
=01 =®
0.0 = = == =
-39kb -19kb Prom. 1stint. Ms4a2 -39kb -19kb Prom. 1stint. Ms4a2
+10.4 kb +10.4 kb
116 locus /6 locus
0.4 1.6
0.3 1.2
s s
BMMCs 2 02 £ o8
s s
X 01 X 04
0.0 = L = = 0.0 55
-39kb -19kb Prom. 1stint. Ms4a2 -39kb -19kb Prom. 1stint. Ms4a2
+10.4 kb +10.4 kb
/6 locus /6 locus
0.4 1.6
0.3
E -
= S
MEL = 02 5
S -
o o
= 04 i =
0.0 = = == !;
-39kb -19kb Prom. 1stint. Ms4a2 -39kb -19kb Prom. 1stint. Ms4a2
+10.4 kb +10.4 kb
16 locus /6 locus

Figure 5. Quantitative chromatin immunoprecipitation (ChIP-qPCR) analysis of GATA2 and PU.1 binding at the
116 locus in BRC6, BMMCs, and MEL cells

Note that GATA2 and PU.1 robustly bind to the -39 kb region in BMMCs and BRC6 cells but not in MEL cells. MEL cells
showed only marginal GATA2 and PU.1 binding at the -39 kb region. GATA2 and PU.1 are both bound to the positive
locus, i.e., the +10.4 kb region in the Ms4aZ2 locus in the BMMCs, BRC6, and MEL cells, as reported (Ohmori et al., 2019).

occupancy at the -39 kb region, followed by the promoter, and the first intron regions in BRC6 cells and
BMMCs, which confirmed the ChlP-seq results (Figure 5). Consistent with this GATA2 binding pattern,
we detected prominent PU.1 accumulation at the -39 kb, the promoter, and first intron regions in BRC6 cells
and BMMCs. ChIP-gPCR analysis showed that GATA2 and PU.1 binding at the -19 kb region was weaker
than that at the other regions, which suggests lower regulatory activity. In contrast, mouse erythroleukemia
(MEL) cells showed weak GATA2 and PU.1 binding at the -39 kb region, whereas PU.1 bound to the pro-
moter and the first intron regions of the 16 locus to some extent in MEL cells (Figure 5). These results sug-
gest that the 116 -39 kb region, where GATA2 and PU.1 robustly bind, functions as a potent enhancer
element for mouse 116 expression in mast cells.

GATA2 and PU.1 participate in LPS-mediated 1l6 induction

We examined whether and how GATA2 and PU.1 contributed to 16 mRNA expression using siRNA knock-
down, which reduced GATA2 and PU.T mRNA expression to 15% and 17%, respectively, in BRCé6 cells (Fig-
ure 6A-a and -b). siGATAZ2 knockdown expectedly diminished basal expression of Tpsb2 (tryptase beta-2),
a known GATA2 target gene in BMMCs (Figure S1) (Ohneda et al., 2019). Ms4a2, a direct target of both
GATA2 and PU.1, was also significantly decreased by GATA2 and/or PU. T knockdown (Figure S1). LPS treat-
ment (1 pg/mL) induced ll6 mRNA expression up to 6.5-fold 2 h after LPS treatment relative to the non-
treated control level in BRCé cells (Figure 6A-c). siGATAZ knockdown reduced LPS-induced ll6 expression
by 50% compared with the control siRNA (p = 0.014) (Figure 6A-c). In contrast, siPU.1 knockdown rarely
reduced LPS-induced /6 expression (Figure 6A-c). Simultaneous GATAZ2 and PU.T knockdown conferred
a similar level of 116 reduction as GATAZ single knockdown (Figure 6A-c). 1113, which is a known target
gene of GATA2, showed a similar trend of a significant reduction by siGATA2 (Figure 6A-d) (Li et al.,
2015). Notably, siPU.T increased 1113 expression, which suggests a negative regulatory influence of PU.1
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Figure 6. GATA2 and PU.1 participate in cytokine gene regulation in BRC6 cells and peritoneal mast cells
siRNA knockdown diminished GATA2 and PU.T mRNA expression to 15% and 17%, respectively, in BRC6 cells (A-a
and -b). siGATAZ knockdown reduced LPS-induced /6 and 1113 expression in the BRCé cells (A-c and -d). Gata2-, Spil-,
or both-deficient peritoneal mast cells (PMCs) were developed from Gata2'™/ % and/or Spil*/o* mice carrying the
Rosa26-CreERT2 allele (B-a and -b). The LPS-induced 16 mRNA level was decreased in the Gata2-, Spil-,or both-
deficient PMCs. For Panels (A) and (B), data are presented as the mean + SD and were analyzed by one-way ANOVA
with Dunnett's post-hoc test.

(C) The GATA inhibitor, mitoxantrone (MTX), reduced GATA2 mRNA expression levels in an MTX-dose-dependent
manner (0.05 and 0.5 pM) in the P815 mastocytoma-derived cell line. Note that the basal- and LPS-induced expression of
116, Tnf, and 1113 was significantly diminished upon MTX administration. Ve, vehicle. Data in (C) are presented as the
mean + SEM and analyzed by one-way ANOVA with the Tukey—Kramer test. Statistically significant differences for all data
are indicated by p values; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant.

(Figure 6A-d). Simultaneous GATA2 and PU.T knockdown reduced 1113 expression to a similar level as
GATAZ single knockdown, which supports the potent positive regulatory influence of GATA2 on 1113
expression. These results indicated that GATA2 exerted a positive regulatory influence on the LPS-induced
expression of a certain group of cytokines in BRC6 mast cells.
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Figure 7. CRISPR/Cas9-mediated genomic deletions of the 116 -39 kb enhancer reveal principal roles of the
clustered PU.1- and GATA-bound regions in the BRC6 cells

(A) Schematic diagram depicting the targeted deletion of the -39 kb region of the mouse 16 locus.

(B and C) Homozygous deletion of the -39 kb enhancer region significantly diminished basal-and LPS-induced /16 mRNA
expression, whereas the expression levels of GATA2, PU.1, 1113, and Tnf were maintained.

(D) LPS-stimulated 116 expression was decreased to 50% in heterozygous (+/del) and homozygous (del/del) -39 kb
element-deficient RAW264.7 cells. Tnf and Il1b levels were slightly increased in the del/del RAW264.7 cells at 7 h after
stimulation. For panels (C) and (D), statistically significant differences compared with the wild-type control at the same
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Figure 7. Continued

stage are indicated; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant (one-way ANOVA with
Dunnett’s post-hoc test).

(E) Nucleotide sequences of the -39 kb region of the mouse 16 gene. Putative transcription factor binding sites were
predicted by JASPAR (http://jaspar.genereg.net). Positions of CRISPR RNAs (crRNAs) are indicated by circles. Nucleotide
sequences conserved in the 5 30 kb region of human ILé are indicated by asterisks. Nucleotide sequences deleted by the
CRISPR/Cas-9 system are in gray.

We examined these trends in peritoneal-cell-derived mast cells (PMCs), which represent tissue-resident
mast cells and recapitulate the physiological relevance for inflammatory conditions in vivo. We prepared
PMCs from Gata21o/fox or Spj1fiox/fox mice carrying the Rosa26-CreER™ allele that were treated with
4-hydroxytamoxifen (4-OHT) for 24 h to induce Cre-loxP-mediated recombination (Gata2-KO or Spi1-KO
PMCs) (Ohmori et al., 2019). Gata2lo/flox.gpj1floxflox.Rosa26-CreER™ compound double-deficient mice
were also generated to prepare simultaneous Gata2/Spi1-KO PMCs. Gata2-KO PMCs showed a decrease
in Tpsb2 mRNA expression consistent with the results in the sSiGATA2 BMC6 cells (Figure S2). Ms4a2 mRNA
was also significantly decreased in the Gata2-KO, Spi1-KO, and Gata2/Spi1-KO PMCs (Figure S2). ll6 mRNA
expression was significantly induced (more than 100-fold) in WT PMCs after 2 h of LPS treatment (Figure 6B-
). The GATA2 mRNA expression level was slightly increased 2.5-fold 2 h after LPS treatment (Figure 6B-a).
The 4-OHT treatment for 24 h almost completely diminished GATA2 mRNA expression in the Gata2-KO
PMCs (Figure 6B-a). Consistent with this GATAZ2 reduction, the LPS-induced [6 level was decreased to
50% of the levels observed in WT PMCs (Figure 6B-c). PU.T mRNA increased 1.6-fold after LPS treatment
in WT PMCs (Figure 6B-b). PU.T mRNA after LPS treatment decreased to 20% in Spi1-KO PMCs compared
with LPS-treated WT PMCs (Figure 6B-b). Consequently, LPS-induced /6 mRNA expression was slightly but
statistically significantly reduced to 74.4% in Spil-KO PMCs compared with the control (Figure 6B-c).
Gata2- and Spil-double KO more profoundly reduced LPS-induced 16 expression to 28% compared
with the WT control (Figure 6B-c). These results demonstrated that GATA2 and PU.1 collaboratively played
a role in LPS-induced 116 mRNA expression in peritoneal mouse mast cells.

GATAZ2 participates in LPS-induced cytokine gene regulation in the P815 mast cell line

We examined whether GATA2 participated in inflammatory cytokine gene regulation in another type of
mast cell line, murine mastocytoma-derived P815 cells, in which GATA2 regulates a series of mast-cell-affil-
iated genes (Zon et al., 1991; Lunderius et al., 2000). LPS treatment (1 pg/mL for 2 h) induced the mRNA
expression of 116, 1113, and Tnfin P815 cells (Figure 6C). LPS treatment slightly increased GATA2 mRNA
expression by 1.74-fold, as observed in BRC6 cells and PMCs (Figure 6C). To address the loss of GATA2
function, we used an anthraquinone derivative that was identified as a GATA2-specific inhibitor, mitoxan-
trone (MTX) (Yu et al., 2017; Kaneko et al., 2017). MTX significantly reduced GATA2 mRNA expression in a
dose-dependent manner, as previously reported (Figure 6C). MTX treatment reduced the steady-state and
induced expression of 16, Tnf, and 113, suggesting that GATAZ2 participates in LPS-mediated inducible
cytokine gene regulation (Figure 6C). In contrast, the expression of histidine decarboxylase (Hdc), which
is the rate-limiting enzyme for histamine biosynthesis, was scarcely affected by MTX treatment compared
with other cytokines, indicating that MTX does not globally reduce the transcript levels in mast cells (Fig-
ure 6C). These results suggest that GATA2 promotes cytokine induction in response to LPS stimulation in
multiple types of mast cells.

The -39 kb region of the Il6 locus is essential for basal and induced 116 expression in BRC6 cells
To delineate the role played by the cluster of GATA2- and PU.1-binding peaks at the -39 kb region of the 1/6
locus, we deleted the -39 kb region encompassing 510 bp nucleotide sequences using the CRISPR/Cas-9-
based excision system in BRC6 cells (Figures 7A and 7E). We obtained ten clones with homozygous -39 kb
deletions, which were confirmed using PCR and Sanger sequencing (Figure S3A). Eight out of the ten ho-
mozygous clones were mixed and subjected to subsequent analysis (del/del, hereafter) (Figure S3A). LPS
treatment (1 pg/mL) significantly induced the mRNA expression of 116, 1113, and Tnfat 2 h, which returned to
basal levels at 7 hin WT BRCé cells (Figure 7C). Notably, LPS-induced ll6 mRNA expression was significantly
reduced in the del/del mutant cells at 2 and 7 h, but the expression of other cytokines, including I/13 and
Tnf, was unaffected (Figure 7C). These results indicated that the -39 kb element played an essential role in
I16 MRNA expression in BRC6 mast cells. GATA2 and PU.T mRNA expression levels were slightly increased
at 2 h after LPS treatment, and this expression was not affected in the del/del mutant (Figure 7B).
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Deletion of -39 kb modestly decreases 1l6 expression in macrophages

Macrophages are a major source of IL-6 at inflammatory sites, but GATAZ2 is rarely expressed in peritoneal
macrophages (Takai et al., 2021). To address differences in cytokine gene regulation in mast cells and mac-
rophages, we examined the induced expression profile of 116, Tnf, and Il1b after LPS treatment in the
RAW264.7 murine macrophage cell line. The mRNA expression of 116, Tnf, and Il1b was induced 2 h after
LPS treatment (500 ng/mL). l16 and I/1b expression levels were further increased at 7 h (Figure 7D). These
results indicated that RAW264.7 cells exhibited a relatively slow and prolonged response to LPS compared
with BRC6 cells (compare Figures 7C and 7D). We next examined whether the -39 kb region exerted any
regulatory activity in RAW264.7 macrophages. We deleted the -39 kb element in RAW264.7 cells using
the CRISPR/Cas-9 system and stimulated the cells with LPS (Figures 7D and S3B). The LPS-stimulated //6
expression was decreased to 50% in the del/+ and del/del RAW264.7 cells, which indicated that the -39
kb element played a positive regulatory role in Il6 induction in RAW264.7 cells, but the overall effects
were modest compared with those in BRCé cells (Figure 7D). Tnf and Il1b levels were slightly increased
in the del/del RAW264.7 cells, which was likely potential compensation for the reduced IL6 levels. These
results indicated that the -39 kb element played a regulatory role in RAW264.7 macrophages, which was
modest compared with BRC6 mast cells.

The -39 kb region of 16 is essential for the maintenance of open chromatin structure in BRC6
cells

We next investigated whether the -39 kb region regulated the chromatin configuration in the I/6 locus.
To this end, we performed chromatin immunoprecipitation analyses using an anti-panacetylated histone
H3 antibody. The -39 kb, -19 kb, promoter, and first intron regions of the 16 locus showed an accumu-
lation of acetylated H3 irrespective of LPS treatment in wild-type BRCé cells (Figure 8A left). This result
indicates that the chromatin structure in the 16 locus is already permissive for transcription before LPS
stimulation. In contrast, acetylated H3 binding in the -39 kb del/del cells was significantly reduced in
the 116 locus encompassing 5 39 kb to the first intron region (Figure 8A right). This result indicates
that the -39 kb region is responsible for the open chromatin configuration of a broad region of the 1l6
locus.

DISCUSSION

GATA2 plays an essential role in the differentiation and maintenance of mast cells, but the mechanisms un-
derlying GATA2-mediated regulation of its target genes under inflammatory and infectious stimuli has
been less explored. The present study addressed this question by conducting GATA2 and PU.1 ChIP-
seq analysis in a murine mast cell line after treatment with the mycobacterial product LPS. We identified
a class of enhancers that enriched GATA2- and PU.1-binding peaks in the relatively distal flanking regions
of inflammation-associated genes. This class of enhancers was associated with increased chromatin acces-
sibility with H3K27ac modification regardless of LPS stimulation. Among these enhancers, we found a novel
cis-regulatory element at the 39 kb 5’ region of the Il6 gene that contained clustered GATA2- and PU.1-
binding sites and exhibited essential requirements for basal- and LPS-induced /6 expression in BRCé
mast cells. Our data revealed the vital function of the 116 -39 kb region in maintaining the active chromatin
architecture at the /16 locus in mast cells.

Mast cells participate in the immune defense against bacterial infection, in addition to their known role in
allergies and asthma. For example, mast-cell-derived TNF-a-dependent recruitment of leukocytes with
bactericidal activity is crucial for defense against infection (Echtenacher et al., 1996, Malaviya et al.,
1996). Mast cells exert the innate immune response via various pattern recognition receptors, including
Toll-like receptors (TLRs). Numerous studies have shown that TLR4 stimulation by LPS activates NF-xB
signaling in human and murine mast cells, whereas TLR ligands marginally induce the activity of the acti-
vator protein 1 (AP-1) transcription factor in mast cells (Supajatura et al., 2001; Qiao et al., 2006; Sandig
and Bulfone-Paus, 2012). Functional cis-regulatory elements for these signal-responsive transcription fac-
tors were identified in the immediate upstream region of the human and mouse 116 promoters (Luo and
Zheng., 2016). Deletion of the -39 kb element containing the clustered GATA2- and PU.1-binding sites re-
sulted in a closed chromatin structure of the /6 locus, including the promoter regions in the mast cells.
Given these data, we suggest that GATA2 and PU.1 bound to the -39 kb element promote permissive
chromatin configuration in the broad range of 116 loci and facilitate recruitment of the signal-responsive
transcription factors to the promoter region (Figure 8B). Consistent with our hypothesis, various
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Figure 8. The -39 kb region is essential for the open chromatin configuration of the 116 locus

(A) The -39 kb, -19 kb, promoter, and first intron regions of the 1l6 locus showed accumulation of acetylated histone H3
irrespective of LPS treatment in the wild-type BRC6 cells (left) by ChIP-qPCR analysis. In contrast, the acetylated H3
binding was significantly diminished in the 116 locus in the -39 kb del/del cells (right).

(B) (upper) GATA2 and PU.1 bound to the -39 kb element promote permissive chromatin configuration in the broad range
of the 116 locus, including the promoter region. Signal-responsive transcription factors (e.g., NF-kB and AP-1) bind to the
primed 116 locus and induce robust 116 expression. (lower) Deletion of the -39 kb element diminishes GATA2 and PU.1
binding, thereby reducing the histone lysine acetylation. Consequently, signal-responsive transcription factors fail to
induce 116 expression.

signal-responsive transcription factors, e.g., SMADs, TCFs, and NF-kB, interact preferentially with the
genomic regions that are already primed by the prior binding of other lineage-determining transcription
factors (Choudhuri et al., 2020; Alizada et al., 2021).

Deletion of the -39 kb region reduced I16 expression predominantly in mast cells, and the effect was less
significant in the macrophage cell line, which indicates that the -39 kb regulatory region acts preferentially
in mast cells. The -39 kb region harbors two ETS-binding sites and five GATA-binding sites. Our ChIP data
showed that GATAZ2 and PU.1 robustly bound to the -39 kb region, which suggests that the regulatory ac-
tivity of the -39 kb region relies on GATA2 and PU.1. PU.1 is abundantly expressed in macrophages,
whereas GATA2 levels are much lower in macrophages than in mast cells (Takai et al., 2021). GATA2-defi-
cient yolk sac progenitors still give rise to macrophages, which supports that GATAZ is dispensable for
macrophage development (Kaimakis et al., 2016). The lack of a sufficient level of GATA2 may eliminate
the regulatory activity of the -39 kb region in macrophages.
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How the -39 kb region organizes the chromosomal configuration of the broad I16 locus remains obscure.
PU.1 recruits the chromatin looping factor LDB1 to the Spilocus, which confers an active chromatin config-
uration and facilitates autoregulation (Schuetzmann et al., 2018). We also reported that PU.1 bound to the
Ms4a2 gene locus recruits LDB1, which promotes GATA binding and robust Ms4a2 expression (Ohmori
et al., 2019). Therefore, a similar mechanism may operate in the /16 locus. Meanwhile, CCCTC-binding fac-
tor (CTCF) often organizes chromosomal architecture in numerous contexts (Zhu and Wang, 2019). We
recently demonstrated that CTCF binding to a distal regulatory region of the Tpsb2 locus, which encodes
a mast cell tryptase, was facilitated by prior GATA1 binding in the vicinity region (Ohneda et al., 2019).
Whether GATA2 and PU.1 confer a permissive chromatin configuration in the 116 locus via CTCF is an
intriguing question.

GATA transcription factors function as pioneer factors and access their target sites in the context of nucle-
osomes, but other factors require more accessible DNA for binding (Tanaka et al., 2020). Once bound,
pioneer transcription factors promote chromatin accessibility and accelerate subsequent gene transcrip-
tion. Our observation that GATA2 was bound to the enhancers in unstimulated BRCé mast cells suggests
its role as a pioneer factor promoting access of other signal-responsive transcription factors in mast cells.
The present study showed that GATA2 knockdown diminished LPS-induced cytokine gene induction in
BRC6 cells. The Cre-loxP-mediated deletion of GATA2 or PU.1 decreased LPS-induced cytokine expression
in peritoneal mast cells. GATA2 and PU.1 double deletion further suppressed LPS-induced 1/6 induction.
Notably, peritoneal mast cells represent more mature and physiological conditions of tissue mast cells
(Sandig and Bulfone-Paus, 2012). Therefore, these results suggest that GATA2 and PU.1 collaboratively
enhance LPS-induced /6 expression in tissue mast cells. We also found that the binding pattern and affinity
of GATA2 and PU.1 to chromatin were not significantly different irrespective of LPS treatment. These results
indicate that GATA2 and PU.1 create an accessible chromatin state at the inflammatory cytokine gene loci
and augment the immediate responses to LPS-induced inflammatory stimuli in mast cells.

A large-scale genome-wide association study (GWAS) of C-reactive protein (CRP) levels identified a signif-
icant association between serum CRP levels and single-nucleotide polymorphisms (SNPs) in the 5’ regula-
tory region of the human IL6 locus (rs2097677) (Okada et al., 2010). Closer observation showed that the
most significantly associated SNPs resided approximately 30 kb 5’ to the human IL6 gene. We found
that the 3’ end nucleotide sequences in the mouse -39 kb region were partially conserved in the human
IL6 locus -30 kb region, whereas the mouse ortholog of human rs2097677 was not clearly identified (Fig-
ure 7E). The human IL6 promoter polymorphism (174G>C; rs1800795) is associated with numerous inflam-
matory and autoimmune diseases (Tanaka et al., 2014). Additional functional regulatory polymorphisms
that affect IL-6 levels may also exist in distal flanking regions. The mouse -39 kb orthologous region in
the human ILé locus, possibly approximately the 5 30 kb, would be a plausible candidate region that har-
bors disease-related rSNPs.

Ourfindings collectively reveal the partial mechanism underlying how GATA2 contributes to the high levels
of 116 gene transcription and its robust responsiveness to microbial stimulation in mast cells. Due to the
diverse pathophysiological activities of IL-6 in multiple tissue contexts, how mast-cell-derived IL-6 contrib-
utes to host defense and accelerates systemic or local inflammation should be carefully investigated. Given
that IL-6 aberrations underlie inflammation, the pharmacological inhibition of GATA2, as we demonstrated
here, might offer therapeutic protection against various inflammatory diseases.

More detailed studies on the 116 -39 kb region in the mouse model will provide a deeper understanding of
the innate immune system dictated by IL-6 produced from mast cells and may open new therapeutic ave-
nues for infectious and inflammatory diseases.

Limitations of the study

This study demonstrated that GATA2-PU.1 overlapping binding sites tended to be located in the distal cis-
regulatory regions of inflammatory cytokine gene loci in murine mast cells. In particular, the GATA2-PU.1-
clustered binding sites at the 5" 39 kb region of the ll6 locus play a central role in LPS-induced 116 expression
in the mast cells. However, because these results have been demonstrated in the primary mouse mast cells
and mast cell lines, further studies will be needed to clarify whether the 116 5" 39 kb region confers mast-cell-
specific regulatory activity in an in vivo animal model. In addition, deeper molecular insights underlying the
mast-cell-specific regulatory activities of the 116 5" 39 kb region should be clarified.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-GATA2

Mouse monoclonal anti-PU.1 (clone C-3)

Perseus Proteomics

Santa Cruz Biotechnology

Cat#PP-B9922A-0C; RRID: N/A
Cat#sc-390405 X; RRID: N/A

Rabbit polyclonal anti-Histone H3 (acetyl K27) Abcam Cat# ab4729; RRID:AB_2118291
Rabbit polyclonal anti-Histone H3 Abcam Cat# ab1791; RRID: AB_302613
Chemicals, peptides, and recombinant proteins

4-hydroxytamoxifen (4-OHT) Sigma-Aldrich Cat#H7904; CAS:68047-06-3
interleukin-3 Peprotech Cat #213-13; GenPept: P01586
SCF Peprotech Cat #250-03; GenPept: P20826
Lipopolysaccharides, from Escherichia coli O55:B5 Sigma-Aldrich Cat#L.2880; CAS:93572-42-0

Critical commercial assays

NucleoSpin RNA Plus
ReverTra Ace qPCR RT Master Mix

MACHEREY-NAGEL
TOYOBO

Cat#740984
Cat# FSQ-201

THUNDERBIRD Next SYBR qPCR Mix TOYOBO Cat#QPX-201
Dynabeads Protein A Invitrogen REF;10002D
Dynabeads M-280 Sheep anti-Mouse IgG Invitrogen REF;11201D
Deposited data

ChlP-seq raw data (MEDMC-BRC6 cells) This paper PRJDB12807
Experimental models: Cell lines

MEDMC-BRC6 cells RIKEN BioResource Center RCB26%94
P815 cells Tohoku Univ Cell Bank TKG 0168
Raw264.7 cells ATCC TIB-71

MEL cells ATCC HB-132

Experimental models: Organisms/strains

Gata2 Floxed mice/C57BL/6J
Spi1 Floxed mice/C57BL/6J
Rosa26CreER"?/C57BL/6J

Gift from S.A Camper

The Jackson Laboratory

Gift from Anton Berns

Charles et al., 2006
JAX: 006922
Hameyer et al., 2007

Oligonucleotides

qChlP: 116 -39 kb Forward: GATTTGAAGCTGGTGGCATTC
qChlP: 116 -39 kb Reverse: CAGGATAGCAACACCCTCTTC
qChlP: 116 -19 kb Forward:
AGGAGGCACTCTGGGAGTAC

qChlP: 16 -19 kb Reverse:

TCAGTTCACCTTCCCCAGTTG

qChlP: /6 promoter Forward:
AGGGCTAGCCTCAAGGATGAC

qChlP: 16 promoter Reverse:
GTGGGGCTGATTGGAAACCT

qChlP: [I6 1st int Forward:

CTCATTCTGCTCTGGAGCCC

qChlP: [I6 1st int Reverse:
CTCAATAGCTCCGCCAGAGG

This paper
This paper
This paper
This paper
This paper
This paper

This paper

This paper

N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

qChlP: Ms4a2 +10.4 kb Forward: This paper N/A
CTTGGGCTGGTTTTATGTGTTC

qChlIP: Ms4a2 +10.4 kb Reverse: This paper N/A
AGAACCAGGAGAGATAACATTGC

RT-gPCR: Polr2a Forward: CTGGACCCTCAAGCCCATACAT This paper N/A

RT-qPCR: Polr2a Reverse: CGTGGCTCATAGGCTGGTGAT This paper N/A

RT-gPCR: Gata2 Forward: GCACCTGTTGTGCAAATTGT This paper N/A

RT-gPCR: Gata2 Reverse: GCCCCTTTCTTGCTCTTCTT This paper N/A

RT-gPCR: Spi1 Forward: AGAAGCTGATGGCTTGGAGC This paper N/A

RT-gPCR: Spi1 Reverse: GCGAATCTTTTTCTTGCTGCC This paper N/A

RT-gPCR: /l6 Forward: This paper N/A
TACCACTTCACAAGTCGGAGGC

RT-gPCR: 1l6 Reverse: CTGCAAGTGCATCATCGTTGTTC This paper N/A

RT-gPCR: 1113 Forward: This paper N/A
CACTACGGTCTCCAGCCTCC

RT-qPCR: /13 Reverse: CTCATTAGAAGGGGCCGTGG This paper N/A

RT-gPCR: Tnf Forward: This paper N/A
GGTGCCTATGTCTCAGCCTCTT

RT-gPCR: Tnf Reverse: GCCATAGAACTGATGAGAGGGAG This paper N/A

RT-gPCR: Hdc Forward: Takai et al., 2019 N/A
CGTTGCCTACACCTCTGATC

RT-gPCR: Hdc Reverse: Takai et al., 2019 N/A
CCCTGTTGCTTGTCTTCCTC

RT-gPCR: Il1b Forward: This paper N/A
TGGACCTTCCAGGATGAGGACA

RT-gPCR: I1b Reverse: GTTCATCTCGGAGCCTGTAGTG This paper N/A

siRNA targeting sequence: Gata2 #1: Life Technologies Cat#GATA2MSS204584
CCGGAAUCGGAAGAUGUCCAGCAAA

siRNA targeting sequence: Gata2 #2: Life Technologies Cat#GATA2MSS204585
GCCUCUACUACAAGCUGCACAAUGU

siRNA targeting sequence: PU.1 #1: Life Technologies Cat#Sfpi1MSS247676
CCUCCAUCGGAUGACUUGGUUACUU

siRNA targeting sequence: PU.1 #2: Life Technologies Cat#Sfpi1MSS247678
GCACACCAUGUCCACAACAACGAGU

siRNA targeting sequence: PU.1 #3: Life Technologies Cat#Sfpi1MSS277025

GGCGACAUGAAGGACAGCAUCUGGU

crRNA sequence targeting mouse 116 -39 kbp IDT N/A
region (5'): AGATTATAACAAACGATGGT

crRNA sequence targeting mouse /16 -39 kbp IDT N/A
region (3'): GTGGCTGGATTGGCAGAACT

Software and algorithms

GraphPad Prism 8 GraphPad Software N/A

KaleidaGraph Version 4.5 HULINKS Inc. N/A

Excel Microsoft N/A

Integrative Genomics Viewer (IGV) Broad Institute https://software.broadinstitute.org/software/igv/
JASPAR Castro-Mondragon et al., 2022 https://jaspar.genereg.net

Python Python Software Foundation https://www.python.org/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

HOMER (Hypergeometric Optimization of Chris Benner, UCSD http://homer.ucsd.edu/homer/motif/
Motif EnRichment) (v4.11)

Pybedtools 0.9.0 Ryan Dale, NIH https://daler.github.io/pybedtools/
GREAT version 4.0.4 Gill Bejerano, Stanford University http://great.stanford.edu/public/html/index.php
Other

Thermal Cycler Dice Real Time System |lI TAKARA-BIO Cat#TP950

M220 Focused-ultrasonicator Covaris Part Number; 500295

Alt-R trans-activating CRISPR RNA (tracrRNA) IDT Catalog #1072532

Alt-R S.p. Cas9 Nuclease V3 IDT Catalog #1081058

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Takashi Moriguchi (moriguchi@tohoku-mpu.ac.jp).

Materials availability

This study did not generate new unique materials and reagents.

Data and code and availability

® The ChIP-seq data generated in this publication have been deposited at DNA Data Base Japan (DDBJ)
and are accessible as of the date of publication. Accession numbers are listed in the key resources table
(PRJDB12807).

® This paper does not report original code.

® Any additional data generated or analyzed in this study are available upon request from the lead contact,
Takashi Moriguchi (moriguchi@tohoku-mpu.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

The 4-hydroxytamoxifen (4-OHT)-inducible Rosa26CreER™ mice were kindly provided by Anton Berns,
Netherlands Cancer Institute (Hameyer et al., 2007). Gata2'ofox mice (Charles et al., 2006) were kindly pro-
vided by S. A. Camper, University of Michigan. Spi1119* mice (lwasaki et al., 2005) were purchased from
Jackson Laboratories (JAX: 006922). Spi119/* mice harboring loxP sites surrounding Spil exons 4-5 were
bred to Rosa26-CreER™ transgenic mice to obtain Spil 19fo%.:CreER™ mice. Littermate mice genotyped
as Gata2"'*::CreER" or Spi1*/*::CreERT2 mice were subjected to control peritoneal mast cell preparation.
Male and female mice aged approximately 8-12 weeks, crossed with a C57BL/éJ genetic background, were
mainly used for this study. All mice were handled according to the regulations of the Standards for Humane
Care and Use of Laboratory Animals of Takasaki University of Health and Welfare and the Guidelines for the
Proper Conduct of Animal Experiments from the Ministry of Education, Culture, Sports, Science and Tech-
nology (MEXT) of Japan. All animal experiments were approved by the Takasaki University of Health and
Welfare Animal Experiment Committee (registration number: 2006, 2038).

Cell lines

The mouse ES-derived MC-like cell line MEDMC-BRC6, was purchased from RIKEN BioResource Center
(BRC, Tsukuba, Japan) and was cultured as described previously (Hiroyama et al., 2008; Shibagaki et al.,
2017). Briefly, the cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM; SIGMA) containing
the following: 15% fetal bovine serum (FBS), ITS liquid medium supplement (SIGMA), 50 mg/mL ascorbic
acid (SIGMA), 0.45 mM a-monothioglycerol (SIGMA), 3 ng/mL IL-3 (PeproTech), 30 ng/mL stem cell factor
(SCF; PeproTech), 1% penicillin-streptomycin solution (Nacalai Tesque), and 2 mM L-glutamine (Nacalai
Tesque). P815 cells and MEL cells were cultured as previously described (Minegishi et al., 2005; Ohmori
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et al., 2012). Raw264.7 cells were cultured in Dulbecco’s Modified Eagle's Medium (DMEM) with high
glucose supplemented with 10% FBS.

METHOD DETAILS
Peritoneal cell-derived mast cell

Peritoneal cell-derived mast cells (PMCs) were generated as described previously (Malbec et al., 2007).
Briefly, mouse peritoneal cells were collected from the peritoneal cavities of 8- to 12-week-old mice and
cultured with Roswell Park Memorial Institute (RPMI) 1640 medium (Nacalai Tesque) supplemented with
10% FBS (GIBCO), 1% streptomycin/penicillin (Nacalai Tesque), 10 ng/mL recombinant murine
interleukin-3 (IL-3; Peprotech) and 10 ng/mL recombinant murine (Peprotech). On cell culture day 14,
when almost all (>95%) cells were positive for c-Kit and FceRla as determined by fluorescence-activated
cell sorting (FACS), the PMCs were treated with 0.5 pM 4-OHT (Sigma H7904) to induce Cre-mediated
recombination. Twenty-four hours after Cre-induction, the PMCs were treated with LPS for 2 hours and sub-
jected to analysis.

RNA extraction and quantitative real-time RT-PCR (RT-qPCR)

Total RNA was prepared with NucleoSpin RNA Plus (TaKaRa) according to the manufacturer’s instructions.
The RNA samples were reverse-transcribed using a ReverTra Ace gPCR RT kit (Toyobo) following the man-
ufacturer’s instructions. For RT-gPCR, cDNA was analyzed by Thermal Cycler Dice Real-Time System IlI
(TAKARA) with THUNDERBIRD Next SYBR gPCR Mix (TOYOBO) according to the manufacturer’s instruc-
tions. The data were normalized to Polr2a expression levels and are shown as the means + the standard
deviations (SD).

Transfection of siRNAs

MEDMC-BRC6 cells were resuspended in OPTI-MEM (Invitrogen), and 100 plL of cell suspension at a density
of 2 x 10 cells/pL was mixed with 2 uM siRNA. The cells and siRNA suspension were added to electropo-
ration cuvettes and electroporated in a NEPA21 Super Electroporator (NEPA GENE). Square electric pulses
were applied at 200 V (pulse length, 5.0 ms).

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay and quantitative analysis of DNA purified from the ChIP samples were conducted as
described previously (Ohmori et al., 2012; Takai et al., 2013). Briefly, cells were cross-linked with 1% form-
aldehyde for 10 min and lysed. The samples were sonicated to shear the DNA using a focused ultrasonica-
tor M220 (Covaris) with duty factor 5%, peak incident power 75 W, and 200 cycles per burst for 300 sec. The
solubilized chromatin fraction was incubated with the primary antibodies overnight, which were prebound
to anti-rabbit IgG-conjugated Dynabeads (for anti-H3K27ac antibody) or anti-mouse 1gG conjugated
Dynabeads (for the rest of the antibodies) (Thermo Fisher Scientific). The primary antibodies used for
the ChIP assay were anti-PU.1 (C-3; Santa Cruz), anti-GATA2 (B9922A; Perseus Proteomics), and anti-
H3K27ac (Cat#ab4729, Abcam). The DNA purified from ChIP samples was decrosslinked, purified, and sub-
jected to analysis using a Thermal Cycler Dice Real-Time System Il (TAKARA) with THUNDERBIRD Next
SYBR gPCR Mix (TOYOBO). The primers used for the ChIP assays are listed in the Key resources table.

Chromatin immunoprecipitation sequencing

For ChIP-Seq analysis, MEDMC-BRC6 cells were treated with LPS (1 pg/mL 2 hours). Precipitated DNA was
decrosslinked, purified with a QlAquick PCR Purification kit (QIAGEN), quantified with a Qubit Fluorometer
(Life Technologies) and used for library preparation. Sequencing libraries were prepared from 1.0 ng of
ChlPed DNA and input samples using a NEBNext Ultra Il DNA Library Prep Kit for lllumina according to
the manufacturer's instructions (New England Biolabs). The size distribution of the prepared samples
was confirmed to be 300-600 bp using an Agilent 4200 TapeStation (Agilent). Prepared samples were quan-
tified by the quantitative MiSeq (gMiSeq) method (Otsuki et al., 2016), followed by high throughput
sequencing using a HiSeq 2500 (lllumina) to generate 101-base single reads.

Bioinformatics analysis

The sequenced reads were mapped to the mouse genome (mm10) using Bowtie2 software (Langmead and
Salzberg, 2012). The mapped tags were visualized by using Integrative Genomics Viewer (Thorvaldsdéttir
et al., 2013). Peak calling was performed using a model-based analysis of ChlP-seq (MACS) version 1.4.2
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(Zhang et al., 2008). DNA motif construction was performed using HOMER (Hypergeometric Optimization
of Motif EnRichment) v4.11 (Heinz et al., 2010; Duttke et al., 2019). Gene ontology analysis was performed
using the Genomic Regions Enrichment of Annotations Tool (GREAT) (MclLean et al., 2010). Consensus
binding sites for transcription factors were predicted by JASPAR (http://jaspar.genereg.net). The data
generated in this publication have been deposited in the DNA Database Japan (DDBJ) and are accessible
through accession number PRIDB12807. The publicly available ChIP-seq data in mouse BMMCs (for ATAC-
seq, SRX2404770; for H3K27ac, SRX1456413; for PU.1, SRX310205; for GATA2, SRX310202) were aligned to
the mouse reference genome (mm10) and visualized using the Integrative Genomics Viewer (IGV).

Preparation of CRISPR-Cas9 ribonucleoprotein (RNP)

Cas? RNP complexes were prepared by following the manufacturer’s protocol. Briefly, Alt-R CRISPR-Cas?
CRISPR RNAs (crRNAs), trans-activating CRISPR RNA (tracrRNA), and Cas? nuclease V3 were purchased
from Integrated DNA Technologies, Inc. The crRNA target sequences were as follows: crRNAT1:
AGATTATAACAAACGATGGT, crRNA2: GTGGCTGGATTGGCAGAACT. The tracrRNA and one of the
crRNAs were mixed and annealed to form a crRNA:tracrRNA duplex (gQRNA). The recombinant Cas?
nuclease V3 was mixed with the gRNA solution to form RNP. RNPs were electroporated into BRC6 cells
immediately after forming the Cas? RNP complexes. We obtained ten clones of homozygous deletion,
which were examinined by quantitative PCR and Sanger sequencing. Eight out of the ten homozygous
clones were mixed and subjected to the subsequent analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are presented as the mean + standard deviation (SD) or mean =+ standard error of the mean
(SEM). Unless otherwise specified, comparisons between two groups were performed using an unpaired
Student'’s ttest and the Mann-Whitney U test as described in the figure legends. Comparisons among mul-
tiple groups were performed using one-way analysis of variance (ANOVA) with Dunnett’s test or Tukey's
post-hoc test as described in the figure legends. For all of the analyses, statistical significance was defined
as a value of *: p < 0.05 or **: p < 0.01. Data management and statistical analysis were performed using
Excel (Microsoft, Redmond, WA), GraphPad Prism 8 software (GraphPad Software, San Diego, CA), or
KaleidaGraph Version 4.5 (HULINKS Inc., Tokyo, Japan).
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