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Transcription factors GATA2 and MITF regulate anaphylaxis
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CTMC, Connective tissue mast cell.

GATA2, GATA binding protein 2.

FceRl, high-affinity receptor for the Fc region of IgE.
HDC, Histidine decarboxylase.

IgE, Immunoglobulin E.

Hdc E, Hdc enhancer.

MITF, Microphthalmia-associated transcription factor.
TSS, Transcription start site.
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Thetranscription factors GATA2 and MITF regulate Hdc gene
expression in mast cellsand arerequired for |gE/mast cell-mediated
anaphylaxis
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Background: Histamineisa critical mediator of |gE/mast cell-mediated
anaphylaxis. Histamine is synthesized by decarboxylating the amino acid
histidine, a reaction catalyzed by the Hdc-gene encoded enzyme histidine
decar boxylase. However, regulation of the Hdc gene in mast cellsis poorly

under stood.

Objective: We sought to investigate the in vivo regulation of |gE/mast cell
mediated anaphylaxis by transcription factors GATA2 and MITF and the
mechanisms by which GATA2 and MITF regulate Hdc gene expression in mouse

and human mast cells.

Methods: mice deficient in the transcription factors Gata2, Ahr, Ahrr, or Bhihe40
wer e assessed for anaphylactic reactions. Chromatin immunoprecipitation
sequencing analysisidentified putative Hdc enhancers. L uciferase reporter
transcription assay confirmed enhancer activities of putative enhancersin the
Hdc gene. The shRNA knock down approach was used to deter mine therole of

MITF in regulating mouse and human HDC gene expression.

Results: Connective tissue mast cell (CTM C)-specific Gata2 deficient mice failed
to develop IgE/mast cell-mediated anaphylaxis. GATAZ2 induced the expression

of Mitf, Ahr, Ahrr and Bhlhe40 in mast cdls. MITF, but not AHR, AHRR or
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BHLHEA40, wasrequired for anaphylaxis. MITF bound to an enhancer located
8.8 kb upstream of the transcription start site of the Hdc gene and directed
enhancer activity. MITF overexpression largely restored Hdc gene expression in
the Gata2 deficient-mast cells. In human mast cell lineLAD2, MITF was

required for the HDC gene expression and histamine synthesis.

Conclusion: The transcription factors GATA2 and MITF regulate Hdc gene

expression in mast cellsand arerequired for |gE/mast cell-mediated anaphylaxis.
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K ey messages:

® GATAZ2 is required for connective tissue mast cédfedentiation

® GATA2 and MITF regulate IgE-mediated anaphylaxisivo

® MITF regulatesHdc gene expression by directly activatingtéaic enhancer

Capsule summary

Our study demonstrates that the transcription facBATA2 and MITF play an
essential role in IgE/mast cell-mediated anaphglaxainly by regulatingddc gene in

mast cells.

Key words. mast cell, CTMC, GATA2, MITF, Hdc, enhancer, anaphylaxis, histamine

synthesis
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Abbreviations used:

4HT: 4 hydroxytamoxifen;

AHR: Aryl hydrocarbon receptor;

AHRR: Aryl-hydrocarbon receptoepressor;
BHLHEA4O0: Basic helix-loop-helix family ember E40;
BMMCs: Bone marrow-derived mastlis;

ChIP-seq: Chromatin immunoprecipitatiofsencing;
CTMC: connective tissue mast cell;

FACS: Huorescence activated cell sorting;

GATA2: GATA binding protein 2;

H3K4mel: Monomethylation of lysine residue 4 on histone 3;

H3K27Ac: Acetylation of lysine residue 27 on histone 3;
HDC: Histidine decarboxylase;

MMCP1: Mouse mast cell protease 1;

MITF: Microphthalmia-associated transcription facto
PCA: Passive cutaneous anaphylaxis;

PCMCs: Peritoneal Cavity Mast Cells

pre-BMPs: Preébasophil and mast cell progenitors;

PSA: Passive systemic anaphylaxis;

TNP: 2, 4, 6-Trinitrophenyl;

TSS: Transcription start site;



ACCEPTED MANUSCRIPT

97 YFP: Yellow fluorescent protein.
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INTRODUCTION

Anaphylaxis is a serious allergic reaction thatjsd in onset and includes
signs and symptoms that involve the skin, gastestimial track, respiratory system
and cardiovascular systénThe most severe form of anaphylaxis is anaphiglact
shock, which is characterized by hypotension amdoeaise deathAnaphylaxis can
be caused by allergies to foods, insect venomsijaaézhs and other agehtd he
incidence of food-induced anaphylaxis has risesmadlarming rate, especially in
children, in developed countries during the pasess decades and continues toise
*. Understanding the molecular regulation of anagttjt shock is an important step
in developing effective prevention and treatment.

Mast cells are mononuclear protease granule-cantagells that display BRI,
the high affinity receptor for IgE, on the cell fage. FeRI is a heterotetramer
composed of one IgE-bindirgsubunit, one membrane-tetraspanrfirepubunit and a
dimer of disulfide-linked; subunits. Mast cells can be activated by antidey) (
crosslinking of specific IgE that is associatedwiteRI. Mast cell activation by
IgE/FRI crosslinking induces degranulation, with releasmflammatory
mediators including histamine, and secretion ohlge-formed and newly
synthesized cytokines. While cytokines induce gitemflammation, histamine has a
major role in causing IgE-mediated anaphylactickfid Mice genetically deficient
in mast cells or depleted of mast cells by treateth anti-stem cell factor antibody

are unable to develop IgE-mediated anaphylactického Amelioration of peanut
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allergy by treatment with the anti-IgE monoclonatibody omalizumab supports the
importance of IgE/mast cells in mediating humanpéyéactic shock

Histamine is produced by the decarboxylation ofah®no acid histidine, a
reaction catalyzed by enzyme histidine decarboejI&5 TheHdc gene encodes
histidine decarboxylase, the rate-limiting enzyimet is essential for mouse and
human histamine synthe%i" 2 Mice deficient in thé4dc gene fail to synthesize
histamine and have reduced or absent IgE-mediaiphglactic responsEs There
is only limited knowledge of howdc gene expression is regulated. The transcription
factor SP1 binds to a GC box found in both the huarad mouséidc gene
promoter$’ 8 Several promoter elements that negatively regifdt gene
transcription have been reported. For example, #id KLF4 negatively regulate the
Hdc gene by suppressing SP1 in a gastric cancerinefl'*°

GATA binding protein 2 (GATA2) is a member of théAG\ family of
transcription factors. GATA2 has been shown toriitecal for survival and
proliferation of hematopoietic stem célt€® granulocyte-monocyte progenitor
differentiatiorf>, and basophil and mast cell differentiafib®> Recently, we
demonstrated that GATA2 plays a critical role igukatingHdc gene expression in
mast cell&®. However, the in vivo role of GATA2 in regulatifgE/mast cell-
mediated anaphylaxis is not clear. Microphthalngae&iated transcription factor
(MITF) plays a critical role in mast cell differeation. A MITF null mutation results

in loss of cKIT expression and severely impairstnaadi differentiation in C57BL/6



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

mice?” 2 although this mutation does not affect mastdiéiérentiation in WB mice
because of overproduction of the cKIT ligand stesih factor in this straiff. We
reported that MITF is sufficient to induce the diféntiation of common
basophil/mast cell progenitor pre-BMPs into madis@nd is required to maintain
mast cell identity’. However, it is unknown whether MITF regulates Hue gene in
either mouse or human mast cells. Furthermoremaghanisms by which GATA2
and MITF regulate theldc gene have not been investigated.

In this study, we have investigated the in viveesobf GATA2 and MITF in
IgE/mast cell-mediated anaphylaxis. We determihatl GATAZ2 is required for
CTMC differentiation and for maintaining the exies of genes required for
anaphylaxis in vivo. MITF, but not other GATA2-dejient transcription factors, is
critical for regulating IgE/mast cell-mediated ahglaxis. We observed that MITF
binds the -8.84dc enhancer and is important for activities of its@mter. Our results
indicate that the transcription factors GATA2 antlTM control IgE/mast cell-

mediated anaphylaxis mainly by regulatiidc gene expression in mast cells.
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METHODS

Mice

Mouse information is described in detail in the MEJDS section of this article's
Online Repository at www.jacionline.org.All animatperiments were conducted
according to protocols approved by the NationaliSewlealth Institutional Animal

Care and Use Committee (Denver, CO).

FACSanalysisand sorting

Cells prepared from various tissues were staingéil fiviorochrome-labeled
antibodies. Stained cells were acquired by CyANk@@Zzytomation, Glostrup,
Denmark) and analyzed using FlowJo software (Ttae Bshland, OR). Cell sorting
was carried out using a Moflo cytometer (DakoCyttorg. A more detailed
description of cell surface markers used is inafuigethe METHODS section in this

article's Online Repository at www.jacionline.org.

Quantitative RT-PCR (qPCR)

gPCR measurements were performed as describedkith utieder METHODS of the
Online Repository. Primer sequences are listecbieTE1 of the Online Repository.
gPCR analysis was carried out as described inldetdie METHODS section in this

article's Online Repository at www.jacionline.org.

10
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Passive cutaneous anaphylaxis (PCA)

Mice were sensitized with IgE anti-2, 4, 6-Trinpiteenyl (TNP) antibody and
challenged with TNP-BSA (3Q@ /300ul PBS) and 0.5% Evans blue dye via
intravenous injection. Thirty minutes after chaflenthe ears were collected and
incubated in dimethylformamide for 48 hours, aftéich the absorbance of the
dimethylformamide at 620 nm (OD620 nm) was measusee the METHODS in

this article's Online Repository at www.jacionlioe for further details.

Passive systemic anaphylaxis (PSA)

Mice were sensitized with 30y of IgE anti-TNP antibody and challenged withp
of TNP-BSA. Rectal temperatures of the challengererwere measured before
challenge (0 min) and at 5, 10, 15, 20, 25, 3060080, 100 and 120 minutes after
challenge. See the METHODS in this article's OnRegpository at

www.jacionline.org for further details.

Chromatin Immunopr ecipitation Sequencing (Chl P-seq)

DNA fragments associated with histone H3 lysineahomethylation (H3K4me1l) or
H3 lysine 27 acetylation (H3K27ac) were immunoppéaied using respective
specific antibodies obtained from Abcam (Cambridgé). The immunoprecipitated
DNA fragments were repaired, ligated to adapterd,saze selected to libraries,

which were sequenced as reported previdisReads were aligned to the mouse

11
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reference genome and peaks were called comparimgrannoprecipated sample to
its corresponding input sample. ChIP-seq data wistealized using the Integrative
Genomics Viewer (IGVW *3 Data may be accessed at the Gene Expression @snnib
(GEO) database (http://www.ncbi.nim.nih.gov/geo E9%253). See the METHODS

in this article's Online Repository at www.jacigmdiorg for further details.

Statistical analysis

All the error bars in this report represent staddaror of mean (SEM). For ELISA,
gPCR, and luciferase analyses, meaisSEM were derived from data pooled from
two or three independent experiments. Results fraoh independent experiment are
detailed in supplemental figures in this articl®sline Repository at
www.jacionline.org. Differences between paired sl®mpvere analyzed using
Student’s t test. The changes at various time pdiatore and after challenge in PSA

analyses were analyzed using a two-way repeatedureeANOVA.

Other methods including cell culture, histology,|SA measurements, plasmid
construction, adoptive transfer of BMMCs, lucifexasporter assay, retroviral
infection, ChlIP, and cholera toxin treatment of BK&W) are included in the

METHODS in this article's Online Repository at wyagionline.org.

12
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RESULTS
GATAZ2iscritical for CTMC differentiation and IgE/mast cell-mediated
anaphylaxis

GATA2 exerts its functions at multiple developnargtages of hematopoiesis.
Previously, we reported th&ata2 mRNA expression is upregulated in common
basophil and mast cell progenitors (pre-BMBRSBATA2 is required for the
differentiation of pre-BMPs into mast cells and fieaintaining gene expression in
mast cells in vitr®®. However, the in vivo roles of GATA2 in mast ceifferentiation
and maintenance have not been investigated. Tesslthis, we generated CTMC-
specificGata2-deficient mice by crossingata2” mice to CTMC-specifidvicpt5-Cre
mice®. Gata2™ Mcpt5-Cre mice exhibited a nearly complete deficiency of nuadis
in the ear skin, stomach, trachea and peritonedtlycahile having comparable
number of basophils (Fig & andB) and T cells, B cells, DCs, NK cells, neutrophils
and macrophages (see Fig E1 in this article’s @rfRepository at

www.jacionline.org). Thus, we refer @ata2” Mcpt5-Cre mice as CTMC-deficient

mice.

To analyze whether connective tissue mast celteeft mice have compromised
mast cell functions, we performed passive cutanaoaphylaxis (PCA), an assay that
measures cutaneous mast cell degranulation, ags/phissive systemic anaphylaxis
(PSA). We found that CTMC-deficient mice faileddevelop PCA and PSA in

response to antigen (Ag) and Ag-specific IgE cioksig of F&RI (Fig. 1,C andD).

13
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These mice failed to release histamine 5 minuties ahtigen challenge (5% of
controls) (Fig 1E). MMCP-1 is a protease predominantly expresseghibyosal mast
cells®®. To determine whether CTMC-deficient mice retdie ability to produce
MMCP-1, we examined MMCP-1 levels in the serumheaf $ensitized and challenged
mice and found that CTMC-deficient mice produce@odéss MMCP-1 than WT
controls (Fig 1F), suggesting that approximately half of mucosasinealls in

Gata2" Mcpt5-Cre mice are also impaired by the absence of3f@2 gene. These
data demonstrate that GATAZ2 is critical for CTM@elientiation and function in

vivo and suggest that GATA2 also contributes todifierentiation and function of
mucosal mast cells that express MMCPL1.

To distinguish the role of GATA2 in maintaining tegpression of genes that are
required for mediating anaphylaxis from its roleconnective tissue mast cell
differentiation, we acutely deleted tata2 gene in differentiated Bone Marrow-
derived Mast Cells (BMMCs) and tested whetBata2’” BMMCs restore the ability
of CTMC-deficient mice to develop anaphylactic té@us. To preparGata2’
BMMCs, we treated BMMCs cultured from conditior@dta? knockout
(Gata2"Rosa" ™" TgCreErt2"™*™ mice) or littermate control mice
(Gata2"*Rosa" ™" TgCreErt2"™™ mice) with 4 hydroxytamoxifen (4HT) for 11 days
to delete théSata2 gene as described previoudSlyyFP'Gata2 ™ BMMCs and the
control YFPGata2"”* BMMCs were FACS-sorted and transferred into regipi

CTMC-deficient mice. Our results show ti@dta2’” BMMCs failed to restore IgE-

14
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mediated anaphylaxis in CTMC-deficient mice, whei®ata2"’* BMMCs
completely restored the ability of CTMC-deficienicento develop anaphylaxis (Fig
1, G). Our data establish that GATAZ2 is essential inma@ning the expression of

genes that are required for anaphylaxis.

Thetranscription factor MITF, but not AHR, AHRR or BHLHE4O0, regulates
Hdc gene expression and | gE/mast cell-mediated anaphylaxis

Our previous study showed that GATAZ2 is critical Hdc gene expression in
mast cell§’. However, it remained unclear whether GATA2 disectgulates théddc
gene or regulates it indirectly by inducing the regsion oHdc gene-regulating
transcription factors. Mast cells express higheele of Hdc transcript&®. Therefore,
we reasoned that transcription factors that arblyigxpressed in mast cells, but not
in basophils, are more likely to play a role inukging theHdc gene. We analyzed
our published microarray data that profiled gengregsion in mast cells versus
basophil®” and identified 15 transcription factor genes ratexpressed to a much
greater extent in mast cells than in basophilss&hecludeMitf, Ahrr, Ahr, Hicl,
Mecom, Bhihed40, Batf1, Eid2, |d2, Mdfic, Meisl, Mzf1, Pgr, Tal1 and Zfhx3 (Fig. 2,
A). In this study, we selected transcription factoregitf, Ahr, Ahrr and Bhihe40
for further study because MITF has been showndy alcritical role in mast cell
differentiation and because mice deficientmr®’, Ahrr (NIH Knockout Mice

Project) andBhlhe40®® genes are available, which allowed investigatiothefrole of

15
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these genes in mast cell differentiation by bothegdeletion and gene suppression
(shRNA) approaches. Using qPCR, we verified Maf, Ahr, Ahrr andBhlhe40

MRNA were expressed to a much greater extent it cedls than in basophils [fold
difference (mast cells/basophil$jiitf 8.8, Ahr 33.2,Ahrr 17.2 andBhlhe40 19.8]

(Fig. 2,B). Furthermore, expression of these transcriptimidr genes in mast cells is
dependent on GATA2 (percentages of reductioBata2’ BMMCs: Ahr 79.9%,Ahrr
94.5%,Bhlhe40 86.8%, andVitf 60.8%) (Fig 2C).

Mitf null mutant mice on a C57BI/6 background do notedigyy mature mast
cells® % To determine whether the GATA2-dependent trapsion factors MITF,
AHR, AHRR and BHLHEA4O0 regulate thdédc gene, we used a shRNA knockdown
approach. We examinéédc mRNA expression in BMMCs with knocked dowhtf
(shMitf), Ahr (shAhr), Ahrr (shAhrr), or Bhlhe40 mRNA expression (d8hlihe40). We
found thatHdc mRNA expression was significantly diminished (768duction) in
BMMCs with knocked dowMitf mMRNA expression (Fig 3), but not in BMMCs
with knocked dowrAhr, Ahrr or Bhlhe40 mRNA (Fig 3,B). BMMCs with knocked
downMitf mMRNA also synthesized less histamine (68% redurtieiy 3,A).

BMMCs with knocked dowMitf mMRNA, but not with control ShRNA targeting
random sequences or with knocked daoMmn, Ahrr, or Bhlhe40 mRNA, failed to
restore anaphylaxis in CTMC mice (Fig®,

BMMCs are considered to be immature because thetairolow levels of

histaminé™ #2 To determine whether MITF is also required imic mMRNA

16
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expression and histamine synthesis in mature nedist we knocked dowMitf
MRNA expression in mature peritoneal cavity mais ¢CMCs) and found that
PCMCs with knocked dowNlitf mMRNA expressed 65% lebklc mMRNA-and
synthesized 75% less histamine than normal contesit cells (Fig 3D). Knockdown
of Mitf mMRNA expression did not lead to mast cell deattiaavn regulation of
Fcerla mRNA expression (see Fig ES5 in this article’s @alRepository at

www.jacionline.org).

To verify the results obtained using the shRNA latmwn approach, we
examined théddc mRNA in mature PCMCs ofhr”", Ahrr”" or Bhlhe40” mice.
Consistent with the results obtained using shRNAmparable levels didc mMRNA
expression were observed in the mature PCMCs defioen Ahr”, Ahrr™” or
Bhlhe40”" mice and littermate control mice (see Fig E6 is #iticle’s Online
Repository at www.jacionline.org). In agreementhitiese findingsAhr” (see Fig
E7A), Ahrr™” (see Fig E8) andBhlhe40”” mice (see Fig E8) had normal numbers of
mast cells in the ear skin, stomach, trachea antbpeal cavity. These mice also
developed normal PCA (see FigE; Fig E®B and Fig E8) and PSA (see Fig EY
Fig E&C and Fig E€ in this article’s Online Repository at www.jaciord.org).

A recent study comparing mouse and human masgiee# signatures found
considerable similarity in gene expression betweast cells from these two
specie®’. This observation prompted us to investigate wérelhi TF regulates the

Hdc gene in human mast cells. We knocked down huktidir mRNA expression in

17



322 LAD2 human mast cells, which have high level$i@fC mRNA and histamirfé.

323 LAD2 cells with knocked dowMitf mMRNA expressed 69% leBfOC mRNA and
324 synthesized 62% less histamine than negative ddmo? cells (Fig 3,E).

325 Collectively, these results demonstrate that MW, not any of the other GATA2-
326 dependent transcription factors, reguldtels gene expression and histamine

327 synthesis in both mouse and human mast cells das&E/mast cell-mediated
328 anaphylaxis in mice.

329

330 Identification of putative Hdc enhancers

331 Although our experiments established roles for Miii regulating théddc
332 gene and anaphylaxis, they did not provide evidénaeMITF directly regulates the
333 Hdc gene. To address this, we studied MITF bindingldé enhancers. Epigenomic
334 studies demonstrate that monomethylation of lydioa histone 3 (H3K4mel) marks
335 genes that are poised to be transcribed, wheresgaton of lysine 27 on histone 3
336 (H3K27ac) identifies genes that are actively bemgscribed. The combined

337 presence of H3K4mel and H3K27ac modifications ptsdinhancer activity*. To
338 detect these marks genome-wide, we performed H3K4md H3K27ac ChIP-seq
339 analysis of BMMCs. We used BMMCs because they liedape theHdc gene

340 expression in peritoneal mast cells analyzed dyrect vivo. We found two putative
341 Hdc enhancers (defined by both H3K4mel and H3K27aormésmodifications)

342 located -8.8 kb upstream and +0.3 kb downstream fh® transcription start site

18
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(TSS) of theHdc gene (indicated in Fig 4 by red lines). We also note that there are
two H3K4me1l peaks located around the +8.5 kb redtlanvever, H3K27ac peaks in
the locations were insignificant based on our pedlng statistical analysis (Fig 4,
A). Thus, we did not consider these two H3K4me1l pdakher as putativeldc
enhancers.

To determine whether the putatikelc enhancers function iHdc gene
transcription, we constructed a luciferase repaésre in which luciferase expression
is under the control of thddc minimal promoter (-44 to +1 relative to the TS&)Jla
the -8.8 or +0.Hdc enhancer (a schematic diagram is shown in Fijubper
panel). We found that the -8.8dc enhancer dramatically increased the activity of the
Hdc minimal promoter (13.4-fold increase) (FigB},lower panel), whereas the +0.3

Hdc enhancer failed to show significant enhancer agtiv

MITF bindsto the -8.8 Hdc enhancer and drivesits activity

To determine whether MITF binds to the -818c enhancer, we aligned our
H3K4mel and H3K27ac ChlP-seq data from this regiith the published MITF
ChlIP-seq daff and found one statistically significant MITF-bindipeak in the -8.8
Hdc enhancer (Fig %). Our ChIP-gPCR analysis of MITF binding in BMMCs
revealed that among five predicted MITF-bindingsilbocated within the -8.8 and

+0.3Hdc enhancers (Fig B), MITF binding was only detected at two MITF-bindi
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384

sites located in the -818dc enhancer (e.g., MITF-binding sites 3 and 4, a 618-f
enrichment found in the combined binding sitesy &iB).

BMMCs and the CFTL-15 mast cells that we used tyaeHdc enhancer
activity are considered to be immature mast catsabise they contain low amounts
of histamine and express fewer receptors for Igf tmature mast cefls> To
determine whether the binding of MITF to the -Bl@c enhancer increases in mature
mast cells, we measured MITF binding both in BMMREat were induced to mature
and in mature PCMCs. BMMCs were induced to matyreHhmlera toxin treatment as
reported”. We found thaHdc mRNA expression levels and histamine content were
enhanced 8.9- and 4.7-fold, respectively, by cladlexin treatment (Fig 5 andD).
Concomitantly, the binding of MITF to the -8&ic enhancer also increased to levels
similar to those of mature PCMCs [Fold enrichmemitit MITF antibody/IgG):
untreated BMMCs 7.4, cholera toxin-treated BMMC<1dnd PCMCs 11.7] (Fig 5,
E).

To determine whether MITF activates -88c enhancer activity, we prepared
CFTL-15 mast cells with control or knocked dotitf mRNA, followed by
transfection of the -8.Bldc enhancer luciferase reporter gene construct. 18Hdc
enhancer losib0% of its activity in the presence of knocked ddiw 80%)Mitf
MRNA (Fig 6,A). Conversely, overexpression of MITF in a non-neadkline greatly
increased the activity of the -88Ic enhancer (8.2-fold increase) (FigBj,

Mutations in MITF-binding sites 3 and 4, but notTWkbinding site 5, abolished the
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385 MITF/-8.8 Hdc enhancer-driven luciferase reporter gene act{pércentages of
386 reduction: BS3 Mut, 98%BS4 Mut, 92% and BS345 Mut, 92%) (Fig®, Taken
387 together, our results demonstrate that MITF diyeloithds to the -8.8dc enhancer in
388 immature as well as mature mast cells and actith&eenhancer.

389

390 MITFissufficient to fully restoreKit and Fcerla gene expression but only

391 partially restores Hdc gene expression

392 Having established that expression of Mi& gene in mast cells is GATA2-
393 dependent and that MITF directly regulatesiite gene, we investigated

394 whether MITF is sufficient to upregulak#dc gene expression in the absence of the
395 Gata2 gene. To prepam@ata2’” BMMCs that overexpress MITRV(tf* Gata2™”

396 BMMCs), Gata2” x ERT2-Cre BMMCs were retrovirally transduced with

397 recombinant retrovirus for enforced expression 6T Next, Mitf" Gata2""

398 BMMCs were acutely depleted of tfBata2 gene by 4HT treatment for 11 d&ys
399 Our results confirmed that overexpression of MIFBufficient to drive the

400 expression of th&it andFcerla genes (Fig 7A), but only partially restoreHdc

401 gene expressionb3% relative to the wild-type control (Fig B). In contrast,

402 overexpression of GATA2 completely restotddc gene expression (146% of wild-
403 type) (Fig 7,B). Together, these results indicate that GATAZutatgsHdc

404 expression though inducing MITF, and that additidhATA-2 dependent

405 mechanisms are required for full expression ofHHde gene in mast cells.
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DISCUSSION

Our results demonstrate that a GATA2-MITF regulatorcuit controls
IgE/mast cell-mediated anaphylaxis in mast cellevidus studies established that
GATA2 plays a crucial role in mast cell developméhie and others have
demonstrated that GATAZ is essential for the d#fgiation of pre-BMPs into mast
cells and is required for maintaining the molecplargram that defines mast cells in
vitro®® *° In this study, we present evidence that GATA&uired for the
differentiation of CTMCs in vivo. Although CTMC-defent mice failed to release
histamine in response to Ag and Ag-specific IgEsslioking of FeRI, these mice
retained the capacity to secrete mast cell prot®d€P1, albeit in reduced amounts.
Our findings are consistent with evidence that CEMGy a major role in inducing
anaphylaxi¥. Taking advantage of the CTMC-deficient mice imptive transfer
experiments, we demonstrated that GATA2 was esddatimaintaining the ability of
mast cells to mediate anaphylaxis in response tamtAg-specific IgE crosslinking
of FceRI.

Our study sheds light on molecular mechanisms hbgwinanscription factors
regulate IgE/mast cell-mediated anaphylaxis. Weathdrs previously confirmed that
GATA2 is the major transcription factor required faintaining the expression of
many, if not all, mast cell signature geffe. These results indicated that GATA2

initiates a regulatory hierarchy composed of maagdcription factors that
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427 synergistically control expression of mast cellepe genes. Here, we show that
428 GATAZ2 induces the expression of the transcriptactdr-encodinditf, Ahr, Ahrr

429 andBhlhed0 genes. We also found that the expressiofhof Ahrr andBhlhe40

430 depends on MITF (Li et. al. unpublished data), éating that MITF functions at a
431 higher level within the hierarchy than AHR, AHRRdaBHLHE40. Consistent with
432 this model, MITF is critically involved in regulatj the expression ¢idc, as well as
433 additional genes in mast cells (Li et. al. unpui#gis data). Our data obtained with
434  Dboth gene deletion and shRNA approaches demonstattdHR, AHRR and

435 BHLHE4O0 are not required fdidc gene expression. However, we should interpret
436 these findings with caution. We do not rule outplssibility that AHR, AHRR or
437 BHLHE40 redundantly regulate tlitdc gene in mast cells.

438 Enhancers and their associated transcription faeha critical regulators of cell-
439 specific gene expressiﬁqh57. We used active histone marks to localize two ipizsé
440 Hdc gene enhancers. We demonstrate that MITF diréatlys and activates the -8.8
441 kb upstreanHdc enhancer. Because transfection efficiency of mattireary mast
442 cells is inefficient, we transfected CFTL-15 masiiswith theMitf and luciferase
443 reporter genes to analyklc enhancer activity. CFTL-15 mast cells are thought
444  resemble immature mast cells because they com@iminounts of histamine and
445  express fewer receptors for IgE than mature PCMQar results provide evidence
446 that MITF also regulates thiédc gene expression in mature mast cells. MITF binding

447 to the -8.8Hdc enhancer concomitantly was increased when BMMCe Wwetuced to
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467

468

mature to cells with highéddc gene expression. Although the increase in MITF
binding was moderate compared with the increasédmgene expression as BMMCs
matured, we propose that this moderate increaB#Tiir binding might correlate

with greateHdc transcriptional output when the MITF binding ig juto context

with theHdc promoter and other potentidtc enhancers. Furthermore, we
demonstrated thaflitf gene expression is required to maintddt gene expression in
mature mast cells. In contrast to the -8.8 enhatioer+0.3 downstreatdc enhancer
lacks detectable enhancer activity. However, theva importance of this enhancer
in Hdc gene transcription cannot be ruled out by thefduase reporter gene
transcription assay alone.

Although mouse and human mast cells share expreesgimilar genes
programs, direct evidence that MITF plays a critioge in regulatingHdc gene
expression and histamine synthesis in human mistags a solid foundation for
future studies of how the hum&DC gene are transcriptionally regulated. This will
enable a more comprehensive understanding of hstrhine synthesis and release
are controlled.

Although MITF fully restored c-Kit and ERlaexpression, it only restoredidc
gene transcription to an average of 63% of wildetgnounts. This suggests that in
addition to inducing MITF expression, GATAZ is ditly involved in regulating the
Hdc gene. Feed-forward loop transcription circuitsutate gene expression in many

developmental systertis This regulation involves three classes of factbist, a

24



469

470

471

472

473

474

475

476

ar7

478

479

480

481

482

483

484

485

486

487

488

primary transcription factor gene (gene produagutates the expression of a second
transcription factor gene. The primary and seconttanscription factors bind the
regulatory region of a third (target) gene and evafively regulate its transcriptioh
Our data support GATA2, MITF and tli#gc gene form a feed-forward loop. In this
mode of action, it is possible that in additiorirtducing MITF expression, GATA2
maintains the accessibility of tiédc promoter and/or enhancers, and that GATA2
may function by coordinating interactions betweesnpoter and enhancers modules.
It is also possible that GATA2 cooperates with MifbFoptimally transcribe thieldc
gene. Thus, our findings that GATA2 and MITF regelllgE/mast cell-mediated
anaphylaxis mainly by regulating thglc enhancer add new knowledge how
enhancers and their associated transcription mecggulate anaphylaxis.

Genes are typically regulated by a set of transorifactors that bind together to
clustered binding sites within an enhancer retjiGh ®* One of the best-studied
examples is the humdRNB enhancer, which is activated by multiple transaipt
factors in response to intracellular signaling paty$?. Our findings confirm a
central role for MITF in coordinating a clustertcdnscription factor-binding sites
within theHdc enhancer to regulate histamine synthesis. Futucges will address
how Hdc enhancers interact with tidc promoter, as well as how other transcription

factors cooperatively regulate thelc gene.
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Figure Legends

FIG 1. GATAZ is critical for connective tissue mast adifferentiation and IgE/mast
cell-mediated anaphylaxié., Flow analysis of peritoneal cavity mast cells (M
bone marrow basophils (Ba). Total number of celiegn £+ SEM, n=3 micejight
panel). B, Toluidine blue staining of mast cells (magnificati®x40; insert, 3x100).
Mast cells are indicated by arrows. Average nunobbenast cells in ten randomly
selected fields (mean £ SEM, n=3 mid€).PCA analysis, mean + SEM, n = 3 mice;
D, PSA analysis, mean + SEM, n = 6 miEg ELISA analysis of histamine, mean +
SEM, n=3 samples from 3 individual mide.ELISA analysis of MMCP-1 (mean %
SEM, n=3 samples from 3 individual mic€), PSA analysis of th&ata2" Mcpt5-
Cre mice reconstituted BMMCs (mean + SEM, n=5 micéatiStical differences were
analyzed by studenttstest @, B, C, E, F) or by ANOVA D, G). *: p<0.05; **:

p<0.01; ***: p<0.001.

FIG 2. Transcription factors AHR, AHRR, BHLHE40, and MITdeépend on GATA2
for their expression in mast celfs, Microarray analysis of transcription factor
expression profiles in BMMCs versus basophBlsgPCR analysis of mMRNA
expression in BMMCs versus basophils. The numbetisate the fold of difference
in MRNA expression between basophils and BMMCs (me8EM, n=3 samples

from 3 individual mice)C, qPCR analysis of mMRNA expressionGata2”* or Gata2

27



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

" BMMCs (mean + SEM, n=3 samples from 3 individuate).

FIG 3. Transcription factors MITF, but not AHR, AHRR or BHE40, regulatéHdc
gene expression and IgE/mast cell-mediated anayibyf, gPCR analysis afidc
MRNA expression in BMMCs with knocked dowfitf mRNA (shMitf) or with
shRNA control (s&€TRL) (mean £ SEM, n=3 samples from 3 individual mice).
ELISA analysis of the histamine contents in BMMQO#hwknocked dowrMitf mRNA
(shMmitf) or with shRNA control (mean + SEM, n=3 samplesir3 individual mice)
(right panel). B, gPCR analysis dildc mRNA expression in BMMCs with knocked
downAhr mRNA (shAhr), Ahrr mRNA (shAhrr) andBhlhe40 mRNA (siBhlhe40) or
with shRNA control (sShCTRL) (mean + SEM, n=3 sansdi®m 3 individual mice).
C, PSA analysis oBata2” Mcpt5-Cre mice reconstituted with BMMCs with knocked
downMitf mMRNA (n=4 mice) Ahr mRNA (n=3 mice) Ahrr mRNA (n=3 mice),
Bhlhe4d0 mRNA (n=3 mice) or with shRNA control (n=4 mice}a8stical differences
in PSA analysis were analyzed by ANOVA. *: p<0.05; **: p<0.01. D, qPCR analysis
of Hdc gene expressioteft panel) and ELISA analysis of histamine contengft
panel) in PCMCs with knocked dowllitf mRNA (shMitf) or with ShRNA control
(shCTRL) (mean + SEM, n=3 samples from 3 individual mié&)qPCR analysis
HDC gene expressioteft panel) and ELISA analysis of the histamine contemnight
panel) in the human mast cell line LAD2 with knocked doMitf mRNA (shMitf) or

with shRNA control (s8TRL) (mean + SEM, n=3 transduced samples).
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546

547  FIG 4. Identification of putativeHdc enhancersA, BMMCs were used for ChiP-seq
548 (duplicate samples were used for H3K4mel ChIP-sedréplicate samples were

549 used for H3K27ac ChIP-seq). H3K4mel and H3K27ad®&dq data were analyzed
550 with the Integrative Genomics Viewer. Red barsaatk putativeHdc enhancers that
551 show significant H3K4mel and H3K27ac modificatioR®M: reads per million

552 nucleotides; E: enhancer, +0.3 indicates the distance from the beginning of the

553 downstreanHdc enhancer to the TSS of thielc gene, and -8.8 indicates the distance
554  from the beginning of the upstreatitic enhancer to the TSS of thielc gene B,

555 Scheme of the luciferase constructions (upper pamel luciferase reporter analysis
556 of theHdc enhancer activities in the CFTL-15 mast cell fjloever panel). Error bars
557 represent mean + SEM, n=3 transfectaHtcMP: Hdc minimal promoter.

558

559 FIG 5. MITF binds to the -8.8 enhancer in immature andumaimast cells,

560 Enlarged ChIP-seq peak plots of thdc E-8.8 region anéidc E+0.3. The published
561 MITF ChlP-seq data were aligned with our H3K4med B3K27ac ChIP data using
562 the Integrative Genomics Viewer. The black bar bagm¢éhe MITF ChlP-seq peak plot
563 indicates the MITF-binding peak that is statisticalignificant. The red bars indicate
564 the positions of consensus MITF-binding sites (BBsLChIP-gPCR analysis of

565 MITF binding (mean £ SEM, n=2 samples from 2 indegent experiments).

566 BMMCs, anti-MITF antibody or control IgG was usex fmmunoprecipitationC,
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567 gPCR analysis of thddc mRNA expression (mean £ SEM, n=3 samples from 3
568 individual mice; D, ELISA analysis of histamine content (mean £ SEM3 samples
569 from 3 individual micg and E, ChIP-gPCR analysis of MITF binding in untreated
570 BMMCs, cholera toxin treated BMMCs, and PCMCs (m&&8EM, n=3 samples
571 from 3 independent experiments). CT: Cholera Toxin.

572

573 FIG 6. MITF drives the -8.81dc enhancer activityA, Luciferase reporter gene

574 analysis oHdc enhancer activities in CFTL-15 cells with knocldmivn Mitf mRNA
575 or shRNA control (mean = SEM, n=2 transfectars).uciferase reporter gene

576 analysis of theddc enhancer activities in HEK293 cells co-transfeatdttt vector
577 control or the MITF expression construct (mean MSBE=2 transfectantsy.

578 Luciferase reporter gene analysis of the activitiAdc enhancers that have a mutated
579 MITF binding site(s) (mean £ SEM, n=2 transfectants

580

581 FIG 7. MITF is sulfficient to fully restore cKIT and FRI expression but can only
582 partially restoreHdc gene expressioA, Flow analysis of cKIT and E®I expression
583 in Gata2” BMMCs overexpressing MITF, GATA2 or control vec(@TRL). YFP
584 GFF cell populations are shown. Data represent thréegendent experiments with
585  similar resultsB, qPCR analysis of thiddc mMRNA expression iGata2” BMMCs
586 overexpressing MITF, GATA2 or a control vector (Q)RYFP" GFP BMMCs were

587 FACS-sorted for gPCR analysis. Error bars represean + SEM, n=3 samples from
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METHODS

Mice

Gata2™ mice (B6.1296ata2™**/Mmmh)** were purchased from the Mutant Mouse
Regional Resource Center (the mutant mouse regiesalrce center at University of
California-Davis, Davis, CA). Inducibl&ata2 knockout mice

(Gata2” Rosa"™"PTgCreErt2™™ mice) were generated by crossi@gta2” mice to Cre
activity reportetRosa™"™ mice™ [B6.129X1-Gt(ROSA)26Sor ™ EFPICOS 3 the Jackson
Lab, Bar Harbor, ME] and inducible Cre mice [B6.-Cg(CAG-cre/Esr1*)5Amc/Jf’
(the Jackson Lab) as descrilf&dThese mice were backcrossed to the C56BL/6
background for 4 generations. Connective tissué oelisspecificGata2 deficient mice
(Gata2™ Mcpt5-Cre mice) were generated by crossBaga2” mice to connective tissue
mast cell-specific Cre mi€&[Mcpt5-Cre mice, B6Fg(Cmal-cre)/ARoer, provided by Dr.
Axel Roer via Dr. Jim Hagman, Denver, CO]. Theseawere backcrossed to the
C56BL/6 background for 5 generations. Mast cellesfieAhr deficient mice
(Ahr""Cpa3-Cre mice) were generated by crossiig” mice™® (B6-Ahr'™83/J, the
Jackson Lab) to the mast cell-specific Cre Mi¢€pa3-Cre mice, B6Fg(Cpa3-
cre)4Glli/J, the Jackson Lab]\hrr"‘sperm with the FRT flanked Neo and floxsiarr

tmla(KOMP)Wsi

gene Ahrr ) were purchased from the NIH knockout mouse ptojguository
(University of California-Davis, Davis, CA). Our eofacility (National Jewish Health,

Denver, CO) performed in vitro fertilization andngeatedAhrr knockout first mice
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(referred to aghrr” mice).Bhlhe40”” mice (B6.129.CDBhhe40™™" were generated
by Dr. Robert H Lipsk§#and provided by Dr. Mark Mattson of the Nationadtltutes of
Health (Bethesda, Maryland). These mice were 06.429 mixed genetic background
(backcrossed to the C56BL/6 background for one iggioa). All animal experiments
were conducted according to protocols approvedbyNational Jewish Health

Institutional Animal Care and Use Committee.

FACS analysisand sorting

For fluorescence activated cell sorting (FACS) wgsialof basophils, mast cells, cells
obtained from the bone marrow and peritoneal cavéye stained with the following
antibodies: basophils and mast cells were stainddAPC-CY7-conjugated anti-c-Kit
(2B8) and PE-CY7-conjugated antigRda (MAR-1) antibodies; peritoneal mast cells
were identified as CD¥3B220 FeR10 ¢c-Kit™; T cells and B cells were stained with PE-
CY5-conjugated anti-Cx3(145-2C11) and PE-CY7-conjugated anti-CD19 (1D3)
antibodies, respectively; dendritic cells (DCs) svstained with APC-conjugated anti-
MHC Class Il (MHC II) (M5/114.15.2) and PE-conjugdtanti-CD11c (N418) antibodies;
neutrophils and macrophages were stained with Pitrgated anti-Gr-1 (RB6-8C5) and
APC-conjugated anti-CD11b (M1/70) antibodies; NKscerere stained with APC-
conjugated anti mouse pan-NK cells (CD49b) (DX5) &k-conjugated anti-NK1.1

(PK136) antibodies. Dead cells were identified tayrsng with propidium iodide (P1)
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and excluded from all FACS plots. Stained cellsensrquired by using CyAN
(DakoCytomation, Glostrup, Denmark) and analyzedgulowJo software (Tree Star,
Ashland, OR). The total number of positive cellswalculated by multiplying the total
number of cells harvested from the bone marroweoitgneal cavities by the percentage
of positive cells. The YFRor YFP'GFP* BMMCs, and basophils (ER1a c-Kit’
CD49b'CD11b") were FACS-sorted using a MoFlo cytometer (Dako@tion,
Glostrup, Denmark). All Abs used for FACS analyansl sorting were purchased from

BD Pharmingen (San Diego, CA) or eBioscience (Seg@ CA).

Cell culture

Bone marrow-derived mast cells (BMMCs) were pregdrg culturing bone marrow

cells from mice in the presence of IL-3 for 4weeksdescribed. Greater than 99% of
BMMCs were mast cells (ERla” c-Kit") as determined by FACS analysis. Peritoneal
Cavity Mast Cells (PCMCs) were cultured from celidlected from the peritoneal cavity
of mice in Iscove’s DMEM (10016CV, Corniff cellgra™, Manassas, VA) plus 10%
FBS,100 units/ml penicillin, 10Qg/ml streptomycin, and 2 mM beta-mercaptoethanol in
the presence of 20 ng/mL IL-3 and 20 ng/mL recombimurine SCF (250-03,
Peprotech, Rocky Hill, NJ). After 4 weeks of cuéipuover 99% of cells were mast cells
(FeeRIa™ c-Kit"). Basophils were prepared as descriefriefly, IL-3 (10 pg) and anti—

IL-3 antibody (5ug; MP2-8F8; BD PharMingen) complex (IL-3C) was igected into
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mice 3 days before bone marrow harvest. HEK293 eafire purchased from American
Type Culture Collection (ATCC, Manassas, VA) anttued in DMEM plus 10% FBS,
100 units/ml penicillin, and 100@g/ml streptomycin at 5% C{and 37 °C. CFTL-15, a
murine IL-3-dependent mast cell Iffewas provided by Dr. Melissa Brown
(Northwestern University, Chicago, IL). CFTL-15 Isalvere cultured in complete RPMI
1640 containing 10% FBS in the presence of 20 ny/mBF™.

The human mast cell line LAD2 was provided by Deald Metcalfe (National
Institutes of Health, Bethesda, M) and cultured in StemPY8-34 SFM (10639011,
Thermo Fisher Scientific, Waltham, MA) plus 2.6%1&Pro-34 Nutrient Supplement
(GIBCO), 2 mM L-Glutamine (25005CI, Cornif{ cellgro™), 100 units/ml penicillin,
and 100ug/ml streptomycin in the presence of 100 ng/ml neicimant human SCF ( 300-

07, Peprotecfi}?

Histology
Tissues fromGata2” Mcpt5-Cre mice or littermate contr@ata2”'*"Mcpt5-Cre mice,

+/+

Ahr™ Cpa3-Cre mice or littermate contrédhr*"*Cpa3-Cre mice Ahrr”” mice or littermate
control Ahrr*"* mice, Bhihe40™ mice or littermate contrdhlhe40™* mice, were fixed in
4% paraformaldehyde, cut intq#n sections and stained with toluidine blue as dlesdr

previously”. Histological images were captured on a Nikon E8@roscope (Nikon,

Melville, NY).
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82 Passive cutaneous anaphylaxis (PCA)

83  Gata2"Mcpt5-Cre mice or littermate contr@ata2"*Mcpt5-Cre mice Ahr™ Cpa3-Cre

+/+ +/+

84  mice or littermate contrahhr*Cpa3-Cre mice Ahrr” mice or littermate contrahhrr
85 mice,Bhlhe40” mice or littermate contrdhlhe40™* mice, were sensitized by IgE anti-2,
86 4, 6-Trinitrophenyl (TNP) antibody (100 ng/ff) (IGEL 2a, ATCC, Manassas, VA)®

87 or PBS (1Qul) via intradermal injection. Twenty-four hoursdatthe sensitized mice

88 were challenged with TNP-BSA (3@@/300ul PBS) (T-5050-100, LGC Biosearch

89 Technologies, Novato, CA) with 0.5% of Evans blye gia intravenous injection. Thirty
90 minutes after challenge, ears were collected acubiated in dimethylformamide for 48
91 hours, which was then measured for absorbanceCan®2(OD620 nn)**.

92

93 Passive systemic anaphylaxis (PSA)

94  Mice were intraperitoneally sensitized with @ of IgE anti-TNP antibody (IGEL 2a,

95 ATCC)*3in 100pl PBS. Twenty-four hours later, the sensitized mieee

96 intraperitoneally challenged with 1@ of TNP-BSA in 10Qul PBS. Rectal temperature
97 of the challenged mice was measured before chaléhgin) and at 5, 10, 15, 20, 25,
98 30, 40, 60, 80, 100 and 120 minutes after challesggescribed®.

99

100 Histamine measur ement



101 Plasma was collected 5 minutes after antigen aingdidéor histamine release

102 measurement. For histamine content measurement, B8/ ACMCs, and human mast
103 cell line LAD2 cells were frozen and thawed thneeets. Histamine in the plasma or cell
104 lysates was measured by using an enzyme immunokgg8gckman Coulter, Fullerton,
105 CA) according to the manufacturer’s instruction.

106

107 Measurement of Mouse Mast Cell Protease 1 (MM CP-1)

108 Serum was collected 4 hours after antigen challekigeise Mast Cell Protease 1

109 (MMCP-1) concentrations in the serum were measwiddan ELISA kit (Penicuik,

110 Scotland) according to the manufacturer’s instarcti

111

112 Lentiviral short hairpin (sh) RNA

113 shRNA targeting genes of interestN&ikf, TRCN0000362536, gtihr TRCN0000226005,
114  shAhrr TRCNO0000445538, and Bhlhe40 TRCN0000226078) were designed and tested
115 by The RNAi Consortium (TRC) at the Broad Institated distributed as Mission®

116 shRNA library by Sigma-Aldrich (Sigma-Aldrich, Stouis, MO). ShRNA targeting

117 random sequences was used as a control (ShRNA CIIRC216-pLKO.5-puro Non-
118 target shRNA control). Lentiviral transduction pelgs were prepared by transfecting
119 HEK293 cells with shRNA plasmid (2g) and packaging plasmids (u§ of p48.9 and

120 0.5pg of pPCMV-VSV-G, Sigma-Aldrich). Lentiviral supernatant was collettnd
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filtered 48 hours after transfection. Lentivirussaadded to BMMCs (1 x £@ells/ml) or
CFTL-15 cells (1 x 1Bcells/ml) in a 12-well plate in the presence afypeene (8ug/ml;
Millipore, Billerica, MA) and centrifuged at 1,35pfor 90 minutes at room temperature.
Transduced cells were then cultured in complete HM{BMMC) or RPMI160 (CFTL-
15) in the presence of 20 ng/ml of IL-3 angd@ml (BMMC) or 4ug/ml (CFTL-15)
puromycin (Sigma-Aldrich) for three days. Ten dafter puromycin selection, cells were

used for experiments.

Adoptivetransfer of BMMCs

Gata2”” and controGata2"* BMMCs were prepared as describedriefly, Gata2”
BMMCs were cultured from bone marrow @ta2”" Rosa" ™" TgCreErt2"™ and
Gata2"*BMMCs were cultured from contr@ata2""Rosa’ ™" TgCreErt2"™ mice for 4
weeks. The cultured BMMCs were treated with 25 nllydroxytamoxifen (4HT) for 11
days. YFP BMMCs were FACS-sorted and used as donor BMMC#etida of the
floxed Gata2 gene in the sorted YFBata2"" Rosa’™ P TgCreErt2"*™BMMCs was
determined to be near 100%. Donor BMMCs with kndctewnMitf mRNA, Ahr
MRNA, Ahrr mRNA, Bhihed0 mRNA, or with a shRNA control were prepared by gsin
the shRNA approach. BMMCs from bone marrowGata2"*Mcpt5-Cre mice were
transduced with itf lentivirus, sihr lentivirus, sihrr lentivirus, stBhlhe40

lentivirus, or shRNA control virus. Donor cellsX1& in 200pl PBS) were
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intraperitoneally injected intGata2” Mcpt5-Cre mice. Three days later, the reconstituted

mice were analyzed for PSA.

Quantitative PCR (qPCR)

Total RNA from FACS-sorted basophils, cultured BMBJ®CMCs, or human mast cell
line LAD2 cells was isolated usingRIzol® (Ambion Inc, Austin, TX)cDNA was
synthesized by reverse transcription. Quantitai¢&k (QqPCR) was performed in an ABI
PRISM 7700 Sequence Detection System. Primer seqaexe listed in Table E1.

Relative mRNA amounts were calculated as follonsdaRve mRNA amount =

2[Ct(Samp| e)—Ct(Hprt)]

Chromatin immunopr ecipitation assay

ChIP analysis of MITF recruitment to thiglc enhancers was performed as descfibed
Anti-MITF antibody (C5) was purchased from Thernwestific (Fremont, CA). IgG
control was purchased from Santa Cruz Biotech. Enlithment was calculated using
the following equation: Fold Enrichment¥3(9CHACP] \whereACt(IgG)=Cige)-
[Ctanput-Logz(Input Dilution Factor)] ACt(IP)= Ctipy-[Ctnpury-L0ogz(Input Dilution

Factor)f*®.

Plasmid construction
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TheHdc minimal promoter (-44 to -1 relative to the tramgiion start site (TSS) of the
Hdc gene) was amplified and cloned into a pGL3-basidérase vector (Madison, WI)
via the Bglll and Hindlll restriction sites. The.88enhancer (-8860 to -10092 relative to
the TSS of thédidc gene) and the +0.3 enhancer (+273 to +1762) wanergted by PCR
amplification and cloned into theédc minimal promoter luciferase vector via the Kpnl
and Mlul restriction sites. The MITF binding sitautations were generated by
overlapping PCR. The primers used for plasmid cansbns are listed in Table E1. All

constructed plasmids were verified by sequencing.

Luciferasereporter assay

CFTL-15 cells (5 10°) were electroporated with 3@y of luciferase plasmid and O

of Renilla vector at 450 V and 500 microfarads using a Bio-Bade Pulser.

HEK?293 cells were transfected withudy of luciferase plasmid and Qufy of Renilla

vector plus MITF expression plasmid or control plas using calcium phosphate.
Twenty hours after electroporation or transfectiells were collected, and luciferase
activities were measured by using an InfiniteM100@®roplate reader (Tecan Systems,
Inc., San Jose, CA) and the Dual-Luciferase repagsay system (E1960, Promega).
The transcription activity was normalized as theraf luciferase activity divided by

Renilla activity.
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Retroviral infection

Full-lengthsGata2 andMitf cDNAs were amplified from mouse BMMC mRNA and
cloned into the retroviral expression vector MSQ/Res-Gfp through Bglll and Notl
restriction sites. The retroviral particles prep@araand infection were conducted as
described previousK. In brief, bone marrow cells from the control
(Gata2"*Rosa" ™" TgCreErt2"™ Gata2"'") mice and inducibl&ata2 knockout
(Gata2”"Rosa" ™" TgCreErt2"™ Gata2™) mice were spin infected with 1 mL of
recombinant retrovirus containing tata2, Mitf, or Gfp (CTRL) gene. Infected cells
were cultured in complete IDMEM in the presenc@ig/ml of IL-3 for two days
before they were treated with 25 nM 4HT for 11 dimydelete th&ata2 gene as
describe@*. The treated cells were analyzed by FACS anatysssibjected to FACS

sorting. YFPGFP cells were used for gPCR analysis.

ChlP-seq

DNA fragments associated with H3K4mel or H3K27atdne marks were
immunoprecipitated with anti-H3K4me1l antibody (a@B8Abcam, Cambridge, MA) or
anti-H3K27ac antibody (ab4729, Abcam), respectivdllge immunoprecipitated DNA
fragments were repaired, ligated to adapters, eedsglected with the lon Plus Fragment
Library Kit (#4471252, Thermo Fisher Scientific)cacding to the lon ChiP-Seq Library
Preparation protocol. Libraries were analyzedsfee and quantity using the High

10
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213

214

215

216

217

218

219

220

Sensitivity Bioanalyzer Kit (#5067-4626, AgilentcFaologies, Santa Clara, CA). The
ChIP library was sequenced on an lon Torrent Pr8@miconductor Sequencer. Reads
were aligned to the mouse mm9 reference genomg lisment Suite v4.4.6 for the
H3K4mel samples and v5.0.4 for the H3K27ac samydasy default parameters. Peaks
were identified by comparison with matched inputddsing MACS version
2.0.10.20130306 (tag: beta) for H3K4mel and v20160309 for H3K27ac with a g-
value threshold of 0.001 (macs2 callpeak -t .. -tBAM -g mm -n ... -q 0.001 -B --
SPMRJ** A bedGraph coverage file to display the fold eimmient (FE) of each
immunoprecipated sample with respect to its matameagt DNA was created using
MACS (macs2 bdgcmp -c ..._control_lambda.bdg -treat_pileup.bdg -

o ..._FE.bedgraph -m FE). ChIP-seq data were disglasing Integrative Genomics
Viewer (IGV)*" 8 The ChIP-seq data have been deposited in the Baression
Omnibus (GEO) database (http://www.ncbi.nim.nih/gee, GSE97253). These data will

be released to the public upon acceptance of tarsuscript.

Choleratoxin treatment of BMMCs

BMMCs were not treated or treated with O@@mL cholera toxin (#100B, List
Biological Laboratories Inc., Campbell, Californfay 48 hours according to the
published repoft®. Then, the cells were used for gqPCR analysiddafmRNA

expression and ELISA analysis of histamine content.

11
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Figure Legends

FIG E1. Neutrophils (Neu), Macrophages @), T cells, B cells, Dendritic cells (DCs),
and NK cells are not affected @ata2” Mcpt5-Cre mice. A. Flow analysis of the
indicated cell lineages in the bone marrow (Neutiigpand macrophages) and spleen (T
cells, B cells, Dendritic cells and NK cells). Batdl number of cells (mean + SEM, n=3

mice). FIG E1 related to FIG 1.

FIG E2. Plasma histamine and serum MMCP-1 levels are deetkinGata2” Mcpt5-

Cre miceA. ELISA analysis of plasma histamine level (mearEMStriplicates). The
left, middle, and right panels show three indepahé&perimentsB. ELISA analysis of
serum MMCP-1 level (mean + SEM, triplicates). Ta#,Imiddle, and right panels show

three independent experiments. FIG E2A related®1E; FIG E2B related to FIG 1F.

FIG E3. Transcription factors AHR, AHRR, BHLHE40 and MITiEepend on GATA2 for
their expression in mast cells. gPCR analysis @hiiRNA expression in BMMCs (MC)
versus basophils (B4M), andGata2"* BMMCs versusGata2’” BMMCs (B) (mean +
SEM, triplicates). The left, middle, and right pmneach show three independent

experiments. FIG E3A related to FIG 2B; FIG E3Bated to FIG 2C.

FIG EA4. The transfection factor MITF, but not AHR, AHRRBHLHE40 regulates the

12
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Hdc gene expression. gPCR analysis oftlde mMRNA expression and ELISA analysis
of histamine content in BMMC@&\), PCMCs(C), and human mast cell line LAOD)
with knocked dowrMitf mRNA (SHMitf) or with shRNA control (ShCTRL) (mean +
SEM, triplicates)B. qPCR analysis of thddc mRNA expression in BMMCs with
knocked dowrAhr mRNA (SHAhr), Ahrr mRNA (ShAhrr), andBhlhe4d0 mRNA
(ShBhlhed0) or with shRNA control (ShCTRL) (mean + SEM, tigates). The left,
middle, and right panels each show three indepdredgreriments. FIG E4A related to
FIG 3A; FIG E4B related to FIG 3B; FIG E4C relatedFIG 3D; FIG E4D related to

FIG 3E.

FIG E5. Knockdown ofMitf mRNA expression does not lead to mast cell deattoan
regulation ofFceR1a expressionA. Number of liveShCTRL or ShMitf PCMCs at
different days after puromycin selection (mean M5B=3 samplesB. gPCR analysis
of theFcerla mRNA expression i®hCTRL or ShMitf PCMCs (mean + SEM, n=3

samples). FIG E5 related to FIG 3.

FIG E6. The transfection factors AHR, AHRR and BHLHE40 act required for the

Hdc gene expression in PCMCs. gPCR analysis oHidiemRNA expression in PCMCs

of the indicated mice (mean £ SEM, triplicates)GH6 related to FIG 3.
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FIG E7. Ahr"'Cpa3-Cre mice have normal numbers of mast cells anéldpwpassive
cutaneous anaphylaxis and passive systemic anaghyarmally.A. Flow analysis of
peritoneal cavity mast cells and total number aitpeeal cavity mast cells (mean =
SEM, n=3 mice)l€ft panel). Toluidine blue staining of mast cells (magnifioa x40;
insert, x100). Mast cells are indicated by arrofwgerage number of mast cells in ten
randomly selected fields (x40) (mean £ SEM, n=3ahidght panels). B. PCA analysis,
mean + SEM, n=3 mic€. PSA analysis, mean = SEM, n=3 mice. FIG E7 reladelG

3.

FIG E8. Ahrr” mice have normal numbers of mast cells and devedepive cutaneous
anaphylaxis and passive systemic anaphylaxis ngrmalFlow analysis of peritoneal
cavity mast cells and total number of peritoneaitganast cells (mean + SEM, n=3
mice) (eft panel). Toluidine blue staining of mast cells (magnifioa x40; insert, x100).
Mast cells are indicated by arrows. Average nunabenast cells in ten randomly
selected fields (x40) (mean £ SEM, n = 3 miecg)Ht panels). B. PCA analysis, mean +

SEM, n = 3 miceC. PSA analysis, mean £ SEM, n=3 mice. FIG ES8 rel&eelG 3.

FIG E9. Bhlhe40™ mice have normal numbers of mast cells and devedsgive
cutaneous anaphylaxis and passive systemic anaghyarmally.A. Flow analysis of
peritoneal cavity mast cells and total number oitpeeal cavity mast cells (mean +

14
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SEM, n=3 mice)l€ft panel). Toluidine blue staining of mast cells (magnifioa x40;

insert, x100). Mast cells are indicated by arrofwgerage number of mast cells in ten
randomly selected fields (x40) (mean + SEM, n=3an{dght panels). B. PCA analysis,
mean + SEM, n=3 mic&C. PSA analysis, mean = SEM, n=3 mice. FIG E9 rel&delG

3.

FIG E10. Identification of putativéddc enhancers. Luciferase reporter analysis of the
Hdc enhancer activities in the CFTL-15 mast cell liBeror bars represent mean + SEM,
triplicates. The left, middle, and right panelslkeabow three independent experiments.

HdcMP: Hdc minimal promoter. FIG E10 related to FIG 4B.

FIG E11. MITF binds to the -8.8 enhancér. ChIP-gPCR analysis of MITF binding
(mean + SEM, triplicatespB, gPCR analysis of thddc gene expression in untreated or
cholera toxin (CT) treated BMMCs, and PCMCs (me&&M, triplicates)C. ELISA
analysis of histamine content in untreated or aladiexin (CT) treated BMMCs and
PCMCs (mean = SEM, triplicate$). ChIP-gPCR analysis of MITF binding in untreated
or cholera toxin (CT) treated BMMCs and PCMCs (me&EM, triplicates). The left

and right panelsX) or the left, middle, and right pandé,(C, andD) each show two or
three independent experiments, respectively. FIGAE#&lated to FIG 5B; FIG E11B

related to FIG 5C; FIG E11C related to FIG 5D; HGEGLD related to FIG 5E.
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FIG E12. MITF drives the -8.8 enhancer activify, Luciferase reporter gene analysis of
Hdc enhancer activities in CFTL-15 cells with knocldsivn Mitf mMRNA or shRNA
control (mean + SEM, triplicated}. Luciferase reporter gene analysis of Hue
enhancer activities in HEK293 cells co-transfeatdth vector control or the MITF
expression construct (mean + SEM, triplicat€s)Luciferase reporter gene analysis of
the activity ofHdc enhancers that have a mutated MITF binding si{e¢san £ SEM,
triplicates). The left and right panel,(B, andC) or the upper and lower panél)(each
show two independent experiments. FIG E12A reladddlG 6A; FIG E12B related to

FIG 6B; FIG E12C related to FIG 6C.

FIG E13. MITF partially restore$idc gene expression iBata2 deficient mast cells.
gPCR analysis of theldc mMRNA expression iGata2’” BMMCs overexpressing MITF,
GATA2 or a control vector (CTRL) (mean + SEM, tigates). The left, middle, and right

panels each show three independent experimentsE EBGelated to FIG 7B.
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Table E1

Primer sequences:

Primers for gPCR and ChIP-gPCR

Gene 5' primer 3' primer

Mitf AACCGACAGAAGAAGCTGGA TGATGATCCGATTCACCAGA
Ahr AGCAGCTGTGTCAGATGGTG CTGAGCAGTCCCCTGTAAGC
Ahrr AGAGGAGGACCAGAAGCACA TCTGTGCTCCAGTTCAGGTG
Bhlhe40 CATGAGAACACTCGGGACCT TCTCTTTCAAGTCCACGGCT
Hdc TTCCAGCCTCCTCTGTCTGT GGTATCCAGGCTGCACATTT
Hprt CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAACTTATAGCC
Human HDC TTCTGCCTGTGGATGACAAC TAAGCAGCATCGATGTGGAG
Human HPRT CTCATGGACTAATTATGGACAGGAC GCAGGTCAGCAAAGAATTTATAGCC
HdcE+0.3BS1 ChIP GGGGCCACAGTGTATGAAAC AGGAAAATGTGTCCCACTGC
HdcE+0.3BS2 ChIP GAAGGGTTTCTGGTTGCTCA CTTGTCACACGGCTTCCAC
HdcE-8.8BS3&4 ChIP GCAAAGCCTCAAGGTGGTAA GAAGCTGCCCGAATACTTGT

HdcE-8.8BS5 ChIP

CTGCAAGCTACATTTTCAGCA

TGTGAGAACAAACTGCACTGG

Primers for constructions

Constructs

5' primer

3' primer

pGL3-HdcMP
pGL3-HdcMPE+0.3
pGL3-HdcMPE-8.8
BS3 Mut

BS4 Mut

BS5 Mut

AATAAGATCTGGCTAAAGGAGGGGAATAGG
AATAGCTAGCGTAGATCAGAGTTTTAACAGGTCCCT
AATAGGTACCAACCAATTAGACTCCTCATGCCTT
GTTCTGCTGGAGACAATTAAATACAG
CAGCTGCAGGCGAATTAATGT
AAGCCGTTGGAGAATTAATTGCT

AATAAAGCTTGCATCTCTTATTTAAGGAGTTCCC
AATAARATCTCTTCTTCTTCTTCTTCTTTTTTTTTITTT
AATAACGGTAAGGAACTGATAAACGAGGGGTG

ATTACATCCTGTATTRATTGTCTCCAG
GTGAAAGCAACATTAATTCGCT
ACACAAACCCAAGCAATTAATTCTC
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