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Abstract 29 

Background: Binding IgE to a cognate allergen causes aggregation of FcεRI in mast cells, 30 

resulting in activation of receptor associated Src family tyrosine kinases (SFK), including 31 

Lyn and Syk. Protein tyrosine phosphatase, receptor type C (PTPRC), also known as CD45, 32 

has emerged as a positive regulator of FcεRI signaling by dephosphorylation of the inhibitory 33 

tyrosine of Lyn. 34 

Objective: Sirt6, a NAD
+
-dependent deacetylase, exhibits an anti-inflammatory property. It 35 

remains to be determined, however, whether Sirt6 attenuates mast cell-associated diseases, 36 

including anaphylaxis. 37 

Methods: FcεRI signaling and mast cell degranulation were measured after IgE crosslinking 38 

in murine bone marrow derived mast cells (BMMCs) and human cord blood derived mast 39 

cells. To investigate the function of Sirt6 in mast cell activation in vivo, we used mast cell 40 

dependent animal models of passive systemic anaphylaxis (PSA) and passive cutaneous 41 

anaphylaxis (PCA). 42 

Results: Sirt6–deficient BMMCs augmented IgE-FcεRI-mediated signaling and degranulation 43 

compared to wild-type BMMCs. Reconstitution of mast cell–deficient Kit
W-sh/W-sh

 mice with 44 

BMMCs received from Sirt6 KO mice developed more severe PSA and PCA compared with 45 

mice engrafted with wild-type BMMCs. Similarly, genetic overexpression or pharmacologic 46 

activation of Sirt6 suppressed mast cell degranulation and blunted responses to PCA. 47 

Mechanistically, Sirt6 deficiency increased PTPRC transcription via acetylating histone H3, 48 

leading to enhanced aggregation of FcεRI in BMMCs. Finally, we recapitulated the Sirt6 49 

regulation of PTPRC and FcεRI signaling in human mast cells. 50 

Conclusion: Sirt6 acts as a negative regulator of FcεRI signaling cascade in mast cells by 51 
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suppressing PTPRC transcription. Activation of Sirt6 may therefore represent a promising 52 

and novel therapeutic strategy for anaphylaxis. 53 

 54 

Clinical implications 55 

Activating Sirt6 could be a novel therapeutic or prophylactic for mast cell-associated diseases. 56 

  57 

Capsule summary 58 

Sirt6 deficiency augments IgE/Ag-mediated FcεRI cross-linking by upregulating the 59 

expression of PTPRC, resulting in mast cell hyperactivation and exacerbated anaphylaxis. 60 

  61 
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Introduction 71 

Anaphylaxis is a life-threatening reaction that affects the respiratory, cardiovascular, 72 

cutaneous, and gastrointestinal systems. This allergic reaction is typically precipitated when 73 

immunoglobulin E (IgE)-bound mast cells come into contact with allergens.
1
 Mast cells 74 

constitutively express high levels of Fcε receptor I (FcεRI), a high-affinity IgE receptor, on 75 

the cell surface. FcεRI comprises a tetrameric complex consisting of IgE-binding chain 76 

FcεRIα, FcεRIβ, and FcεRIγ homodimer.
2
 Binding FcεRI-bound IgE to the cognate antigen 77 

(Ag) induces an aggregation of FcεRI, resulting in phosphorylation of immunoreceptor 78 

tyrosine-based activation motif (ITAM) in the receptor by the Src-family tyrosine kinase Lyn, 79 

as well as subsequent recruitment and activation of Syk tyrosine kinase.
3
 Activated Syk 80 

triggers a signaling cascade through phospholipase Cγ (PLCγ) and calcium mobilization, 81 

which ultimately leads to the exocytosis of preformed vasoactive mediators, cytokines, and 82 

enzymes.
4
 83 

FcεRI-mediated signaling is regulated by several transmembrane adaptor proteins.
5
 For 84 

example, protein tyrosine phosphatase, receptor type C (PTPRC, also known as CD45) 85 

positively regulates FcεRI signaling by dephosphorylating the inhibitory tyrosine residue in 86 

Lyn, thereby enhancing the recruitment of Lyn to FcεRI.
6
 Accordingly, PTPRC knockout 87 

(KO) mast cells do not respond to FcεRI-mediated degranulation and PTPRC KO mice are 88 

resistant to IgE-dependent systemic anaphylaxis.
7
 Thus, FcεRI-mediated signaling is a highly 89 

ordered and sequential molecular event. Today, antihistamines, mast cell stabilizers, and 90 

other anti-allergic drugs are used to treat IgE-mediated allergic diseases. Unfortunately, their 91 

use may also trigger adverse CNS symptoms, including drowsiness and headaches. Small 92 

molecule inhibitors that disrupt the FcεRI-mediated signaling recently exhibited marked 93 

improvement in preclinical models of anaphylaxis.
8, 9

 In this regard, inhibiting mast cell 94 
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activation by targeting proximal FcεRI signaling may be an effective strategy for managing 95 

IgE-mediated diseases.
10

 96 

Li et al.
11

 recently reported that activation of NAD
+
-dependent histone deacetylase 97 

sirtuin 1 (Sirt1) attenuates FcεRI-mediated mast cell activation by inhibiting Syk 98 

phosphorylation. Sirt1-deficient mice exhibited augmented passive cutaneous anaphylaxis 99 

(PCA) in response to Ag challenge. These observations encouraged us to determine whether 100 

other sirtuin family members had similar effects on FcεRI signaling in mast cells and on 101 

anaphylactic reactions in mice. Similar to Sirt1, Sirt6 is located in the nucleus and 102 

deacetylates histone and non-histone proteins. As a histone deacetylase, Sirt6 alters 103 

chromatin structure by catalyzing the deacetylation of histone H3 lysine 9 (H3K9), H3K18, 104 

and H3K56.
12, 13

 As a non-histone protein deacetylase, Sirt6 deacetylates general control 105 

nonrepressed protein 5 (GCN5),
14

 pyruvate kinase M2 (PKM2),
15

 forkhead box protein O1 106 

(FoxO1),
16

 estrogen receptor α (ERα),
17

 and estrogen-related receptor γ (ERRγ).
18

 107 

Sirt6 is by now well-known for its ability to determine macrophage phenotypes and their 108 

associated functions,
19, 20

 suggesting that it has a regulatory role in inflammation conditions. 109 

Indeed, Sirt6 is known to have anti-inflammatory effects in a variety of inflammatory disease 110 

conditions, including allergic airway inflammation,
21

 rheumatoid arthritis,
22

 adipose tissue 111 

inflammation,
23

 and non-alcoholic steatohepatitis.
24

 No study, however, has been performed 112 

to determine the role of Sirt6 in the biology and function of FcεRI in bone marrow–derived 113 

mast cells (BMMCs). To address this lacuna, we investigated the role of Sirt6 in anaphylactic 114 

responses using Sirt6–deficient BMMCs and mice. Sirt6–deficient BMMCs displayed 115 

increased Ag-stimulated IgE-mediated signals and more degranulation than WT BMMCs 116 

after FcεRI stimulation. Additionally, Sirt6 deficiency led to exaggerated IgE-mediated 117 

anaphylactic responses in mouse models of PCA and passive systemic anaphylaxis (PSA). 118 
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Mechanistically, we found that Sirt6 specifically targeted the early phase of FcεRI signaling 119 

via a transcriptional repression of PTPRC. Therefore, our results establish the physiological 120 

functions of Sirt6 as a critical regulator of FcεRI-mediated signaling in mast cells. 121 

  122 
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Methods 123 

 124 

Animals 125 

Myeloid Sirt6 KO mice (Sirt6
flox/flox

; LysM-Cre) were generated as described 126 

previously.
19

 Mast cell–deficient Kit
W-sh/W-sh

 mice of the C57BL/6 background were obtained 127 

from The Jackson Laboratory (Bar Harbor, ME, USA). All animal experiments were 128 

performed in accordance with the US National Institutes of Health’s Guide for the Care and 129 

Use of Laboratory Animals (NIH Publication No. 85-23, revised 2011). The study protocol 130 

was approved by the Institutional Animal Care and Use Committee of Chonbuk National 131 

University (Permit No: CBNU 2017-0124). 132 

 133 

Bone marrow–derived mast cells (BMMCs) 134 

Bone marrow cells were obtained by flushing bone marrow from the femurs and tibias of 135 

mice. Cells were cultured in RPMI 1640 media supplemented with IL-3 and stem cell factor 136 

(SCF, PeproTech, Cranbury, NJ, USA). After 4–6 weeks in culture, the phenotype of 137 

BMMCs was assessed by using flow cytometry. Cells with purity > 95% were used for 138 

subsequent experiments. 139 

 140 

Passive systemic anaphylaxis (PSA) and passive cutaneous anaphylaxis (PCA) 141 

Myeloid Sirt6 KO mice were backcrossed for at least 8 generations to the C57BL/6 142 

background. For PSA, BMMCs (1 × 10
7
) from WT or KO mice were injected into 5-week 143 

C57BL/6J-Kit
W-sh/W-sh

 mice via tail vein. Four months later, mast cell reconstitution in these 144 

recipients was histologically confirmed by toluidine blue staining of tissues. Mice were 145 

sensitized by intravenous injection with 10 µg of anti-DNP IgE in 100 µl PBS. The following 146 
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day, mice were intravenously challenged with 100 μg of DNP-HSA in 100 µl PBS. Body 147 

temperature was measured with a rectal thermometer (eDAQ, NSW, Australia) after 148 

challenge in every ten min for 90 min. 149 

For PCA, BMMCs (2 × 10
6
) from WT or KO mice were intradermally injected into each 150 

ear of the C57BL/6J-Kit
W-sh/W-sh

 mice. Four months later, mice were sensitized by intradermal 151 

injection with 1 µg of anti-DNP-IgE in 20 μ1 PBS in the right ear and an equal volume of 152 

saline in the left ear. After 24 h, mice were challenged intravenously with DNP-HSA (100 μg 153 

in saline containing 1% Evans blue). 154 

For Sirt6 activation experiments, anti-DNP IgE-sensitized C57/BL6 mice were topically 155 

administered the Sirt6 activator MDL801 (50 mg/kg), 1 h before the DNP-HSA challenge.
25

 156 

 157 

Generation of human cord blood derived mast cells (hCBMCs) 158 

Umbilical cord blood was obtained from normal vaginal and cesarean deliveries. 159 

Informed consent was received prior to the collection of cord blood and the study was 160 

approved by the Institutional Review Board of Chonbuk National University Hospital 161 

(Approval No. CBNUH: 2020-07-039-004). hCBMCs were generated using a modified 162 

version of the method described by Weng et al.
26

  163 

 164 

Statistical analysis 165 

Data are expressed as mean  standard deviation (SD). Statistical comparisons were by 166 

one-way analysis of variance followed by Turkey’s post hoc analysis. P value below 0.05 was 167 

considered significant. 168 

 169 
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Additional methods 170 

Additional details concerning our methods are provided in the Supplementary Methods 171 

section. 172 

  173 
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Results 174 

Sirt6 deficiency promotes Ag-stimulated mast cell degranulation 175 

We first isolated bone marrow cells and cultured them in the presence of IL-3 and SCF 176 

for 4 weeks. Successful generation of the BMMCs was confirmed by measuring the release 177 

of β-hexosaminidase, histamine, LTC4, and PGD2, as well as by analyzing FcεRI signaling 178 

(Fig E1, A-C). Next, we measured sirtuin expression in the BMMCs after anti–DNP-IgE and 179 

subsequent DNP-HSA (Ag) stimulation. Western blotting analysis revealed selective 180 

induction of Sirt6 (Fig E1, D). qPCR analysis confirmed this observation (Fig E1, E). 181 

To explore the physiological role of Sirt6 in anaphylactic reactions, we stimulated WT 182 

and KO BMMCs with Ag. β-hexosaminidase release in both WT and KO BMMCs followed 183 

the typical bell-shaped dose-response curve 
27

 when each was treated with increasing 184 

concentrations of Ag for 30 min (Fig 1, A). Release peaked at 30 min, followed by a mild 185 

decrease at 60 min after IgE/Ag (100 ng/ml) treatment (Fig 1, B). The degranulation response 186 

in KO BMMCs was significantly enhanced compared to that of WT BMMCs across all the 187 

doses and time-points examined. Consistently, the release of vasoactive mediators (histamine, 188 

LTC4 and PGD2) and proinflammatory cytokines (IL-6 and TNF-α) was higher in KO 189 

BMMCs than in WT BMMCs (Fig 1, C-G). Electron microscopy revealed a more activated 190 

appearance of the KO BMMCs after Ag stimulation compared with the WT BMMCs (Fig 1, 191 

H), supporting the degranulation data. 192 

Because IgE-mediated degranulation is calcium dependent, we analyzed the effect of 193 

Sirt6 deficiency on calcium influx. For this, we compared the extent of phosphorylation of 194 

Lyn, Syk, LAT, and PLCγ, which are upstream signaling molecules that lead to calcium 195 

influx. Compared against WT BMMCs, Ag stimulation caused a greater phosphorylation of 196 

the aforementioned signaling molecules (Fig 2, A). Interestingly, inhibitory phosphorylation 197 
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of Lyn at Y507 was somewhat suppressed in KO BMMCs, suggesting an enhancement of 198 

Lyn signaling by Sirt6 deficiency. Tyrosine kinase Fyn is essential for PI3K/AKT activation 199 

though Gab2 and contributes to IgE-FcεRI-mediated granule translocation in mast cells.
28

 We 200 

therefore investigated the phosphorylation of these proteins, and the results showed an 201 

increase in phosphorylation of Fyn, Gab2, and PI3K/AKT in KO BMMCs. Notably, in KO 202 

BMMCs, we observed the increased phosphorylation of MAPKs, which are required for the 203 

synthesis of lipid mediators and cytokines.
29

 Fluo-4 fluorescence corresponding to 204 

intracellular calcium was assessed using a confocal microscope. KO BMMCs displayed 205 

sustained calcium oscillations upon Ag stimulation while WT BMMCs displayed transient 206 

calcium ossilations (Fig 2, B). The functionality of Sirt6 deficiency was confirmed by an 207 

increased acetylation of H3K9, H3K18, and H3K56 (Fig 2, C). 208 

To ascertain whether the enhanced IgE-mediated BMMCs activation by Sirt6 was a 209 

result of altered mast cell development, BMMCs from WT or KO mice were cultured in 210 

parallel and the maturation of BMMCs was monitored. Overall, there was no distinction 211 

between genotypes in cell surface expression of c-Kit and FcεRI, mRNA levels of matured 212 

mast cell marker genes, and histamine contents (Fig E2, A-D). Together, this data indicates 213 

that Sirt6 is required for downregulating FcεRI signaling and restraining IgE-mediated 214 

degranulation, without affecting mast cell differentiation. 215 

 216 

Genetic re-expression and pharmacological activation of Sirt6 dampen FcεRI-mediated 217 

signaling in KO BMMCs 218 

We performed rescue experiments by re-expressing Sirt6 in KO BMMCs. As expected, 219 

reintroducing Sirt6 calmed the hyperactive degranulation machinery in Sirt6-deficient 220 

BMMCs. Specifically, the release of β-hexosaminidase, histamine, LTC4, and PGD2 were 221 
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significantly inhibited by Sirt6’s re-expression (Fig 3, A, B). The phosphorylation of FcεRI 222 

signaling molecules was comparable with WT counterparts (Fig 3, C). 223 

We employed MDL801, which is a recently identified Sirt6 allosteric activator.
25

 224 

Consistent with our Sirt6 re-expression results, MDL801 treatment suppressed Ag 225 

stimulation-mediated FcεRI signaling and mast cell degranulation in a concentration 226 

dependent manner (Fig 3, D-F), confirming Sirt6’s suppression of mast cell activation. 227 

 228 

Mast cell Sirt6 deficiency exacerbates passive systemic anaphylaxis and passive cutaneous 229 

anaphylaxis 230 

On the basis of in vitro observations, we performed in vivo experiments using mast cell-231 

deficient Kit
W-sh/W-sh

 mice. Kit
W-sh/W-sh

 mice were intravenously injected with BMMCs from 232 

WT or KO mice. To confirm successful BMMCs engraftment in the Kit
W-sh/W-sh

 mice, we 233 

counted the number of mast cells in the glandular stomach, back skin, and lung tissues, and 234 

detected toluidine blue positive mast cells in BMMCs-transferred mice (Fig E3, A). Once the 235 

BMMCs were adapted in the mice, we tested whether the presence of Sirt6 in BMMCs could 236 

affect the severity of PSA. We measured rectal temperature as an indicator of PSA. The IgE 237 

sensitized Kit
W-sh/W-sh

 mice that received KO BMMCs showed a progressive decrease in rectal 238 

temperature within 10 min after antigen challenge, while Kit
W-sh/W-sh

 mice that received WT 239 

BMMCs showed an attenuated response (Fig 4, A). Accordingly, serum levels of MCPT1 and 240 

IL-6 were higher in KO BMMCs-transferred mice than WT BMMCs-transferred mice (Fig 4, 241 

B). 242 

Kit
W-sh/W-sh

 mice received an intradermal transfer of WT or KO BMMCs into their ear. We 243 

verified that equal numbers of WT BMMCs and KO BMMCs were present in the ears after 244 
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engraftment (Fig E3, B). We then used an established protocol of PCA. In the ears that 245 

received KO BMMCs, more ear swelling and Evans blue dye extravasation were observed 246 

than in ears that received WT BMMCs (Fig 4, C and D). Consistently, there was more 247 

pronounced mast cell degranulation in the ears of the KO BMMCs-transferred mice, as is 248 

apparent from the presence of numerous toluidine blue positive granules outside the mast cell 249 

cytoplasm (Fig 4, E). 250 

 251 

Genetic overexpression and pharmacological activation of Sirt6 protect mice against passive 252 

cutaneous anaphylaxis 253 

Having elucidated Sirt6’s beneficial role in attenuating Ag stimulation-mediated FcεRI 254 

signaling and mast cell degranulation, we examined whether Sirt6 activation could suppress 255 

anaphylactic reactions. To do so, we performed PCA experiments using Sirt6 overexpressing 256 

BMMCs. Compared against control mice which received β–galactosidase overexpressing 257 

BMMCs (AdLacZ group), Sirt6 overexpression markedly suppressed ear swelling, 258 

microvascular leakage, and mast cell degranulation (Fig 5, A-C). Based on the results of dye 259 

extravasation and histological analysis, MDL801 treatment also effectively suppressed 260 

anaphylactic reactions (Fig 5, D-F). To reiterate, both Sirt6 adenovirus and MDL801 261 

decreased histone H3 acetylation (Fig E4, A and B). 262 

 263 

Sirt6 deficiency increases PTPRC expression in mast cells 264 

In the context of gene expression, Sirt6 represses transcription by acting as a specific 265 

deacetylase for H3K9, H3K18, and H3K56.
12, 13

 We accordingly performed RNA sequencing 266 

(RNA-seq) in WT and KO BMMCs to identify any transcriptional changes caused by Sirt6 267 
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deficiency. The heatmap plot revealed that WT and KO BMMCs could be differentiated by 268 

their mRNA expression profile (Fig 6, A). The differences in biological process, molecular 269 

function, and cellular components of the differentially expressed genes (DEGs) in the WT 270 

and KO BMMCs were obtained by GO enrichment analysis (Fig 6, B). The GO categories of 271 

biological processes most highly represented were the cellular process, metabolic process and 272 

immune system process, which suggested a high degree of basic metabolic activity in the 273 

Sirt6–deficient BMMCs. The volcano plot identified 72 genes upregulated and 142 genes 274 

downregulated in the KO BMMCs (Fig 6, C). We focused on the upregulated genes, given 275 

the likelihood that downregulated genes could not be explained as direct targets of Sirt6 276 

deficiency. Genes up-regulated 2-fold or more, including Ptprc, Cadm1, S100a9, and Elmo2 277 

were further validated using qPCR (Fig 6, D and E). Among these genes, Ptprc had the 278 

highest RNA transcript level in Sirt6–deficient BMMCs. We therefore hypothesized that 279 

increased expression of Ptprc may be responsible for the functional phenotype of Sirt6–280 

deficient BMMCs. 281 

Further validation of PTPRC upregulation in KO BMMCs was performed using Western 282 

blotting, flow cytometry, and immunofluorescence staining (Fig 7, A-C). ChIP was 283 

performed to test hyperacetylation on the Ptprc promoter using an anti-Ac-H3K9 antibody in 284 

WT and KO BMMCs with or without Sirt6 re-expression. Results showed increased 285 

acetylation of H3K9 at the Ptprc promoter region in KO BMMCs, which significantly 286 

decreased once Sirt6 was re-expressed (Fig 7, D-F). These findings indicate that Sirt6 287 

controlled Ptprc gene transcription by deacetylating histones at the Ptprc promoter. Finally, 288 

immunofluorescence staining showed enhanced colocalization of FcεRI and PTPRC in KO 289 

BMMCs upon exposure to Ag (Fig 7, G). When viewed comprehensively, these results 290 

suggest that Sirt6 deficiency in mast cells promotes PTPRC expression, which causes 291 

increased colocalization with FcεRI, which in turn leads to amplified FcεRI signal 292 
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transduction. 293 

 294 

Sirt6 suppresses the expression of PTPRC and degranulation in human cord blood derived 295 

mast cells 296 

We used hCBMCs, as identified by flow cytometric analysis, to determine whether Sirt6 297 

affects signaling in human mast cells similar to how it affects mouse mast cells (Fig 8, A). 298 

hCBMCs transfected with Sirt6 were stimulated with myeloma IgE and anti-IgE complex 299 

(IgE/anti-IgE). PTPRC expression and mast cell degranulation were significantly suppressed 300 

by Sirt6 overexpression when compared with control cells (Fig 8, B and C). Conversely, 301 

when these experiments were repeated with Sirt6 silencing hCBMCs, the results obtained 302 

were precisely the opposite (Fig 8, D and E). Consistent with the results obtained using Sirt6 303 

KO BMMCs, we observed an enhanced colocalization of FcεRI and PTPRC in Sirt6 304 

silencing hCBMCs upon exposure to IgE/anti-IgE complexes (Fig 8, F). These results suggest 305 

that Sirt6 not only inhibits IgE-mediated immune responses in murine models of anaphylaxis, 306 

but that it may also has the same effect in human patients. 307 

  308 

Jo
urn

al 
Pre-

pro
of



Discussion 309 

In this study, we identified a previously unknown function of Sirt6, that of a 310 

transcriptional repressor of PTPRC in the mast cell IgE/FcεRI signal transduction pathway. 311 

Loss of inhibitory Lyn phosphorylation by PTPRC proximal to FcεRI aggregation resulted in 312 

elevated and prolonged propagation of downstream pathways, including the tyrosine kinase 313 

Syk and PLCγ. This latter process is essential for calcium mobilization and subsequent mast 314 

cell degranulation. The loss of Sirt6 activity in mast cells is biologically significant, as it 315 

causes more severe IgE-mediated anaphylaxis in mice. 316 

Our previous studies have demonstrated the anti-inflammatory role of Sirt6 in various 317 

allergic and inflammatory disease models. Sirt6 reduces Th2 cell-mediated inflammation in 318 

the lungs.
21

 Mice lacking myeloid Sirt6 develop autoimmune rheumatoid arthritis
22

 and 319 

severe inflammation in the affected tissues.
19, 20

 At the molecular level, Sirt6 directly 320 

modifies the process of immune cell differentiation. For example, Sirt6 suppresses 321 

macrophage polarization toward an M1 type by suppressing NF-κB-STAT3 axis
19

 while 322 

facilitating M2 macrophage polarization by activating the AKT pathway.
20

 Sirt6 suppresses 323 

CD4
+
 T cell differentiation into Th2 cells by deacetylating GATA3.

21
 During mast cell 324 

development, GATA2 is essential for mast cell lineage specification, and it plays a more 325 

important role than even GATA1.
30, 31

 We therefore investigated first whether Sirt6 could 326 

affect mast cell differentiation. In contrast to the effects on macrophages and Th2 cells, 327 

expression levels of all mast cell-specific genes, including Gata1 and Gata2, were not 328 

changed in BMMCs by a deficiency in Sirt6, indicating that Sirt6 is not necessary for mast 329 

cell development. FcεRI signaling, however, was markedly active in Sirt6–deficient BMMCs. 330 

For many years, IgE/FcεRI signaling has been considered a quintessential example of 331 

aggregation-driven receptor triggering of immune cells. For FcεRI to be triggered in mast 332 
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cells, receptors must be cross-linked by multivalent antigens in the optimal geometric 333 

structure that is required for phosphorylation of Src family kinases Lyn and Syk. This, in turn, 334 

activates PLCγ to transmit a signal to the degranulation mechanisms.
32

 Our results indicate 335 

that Sirt6 deficiency increased the phosphorylation levels of Lyn, Syk and PLCγ, suggesting 336 

an activation of the Lyn-Syk-PLCγ pathway in Sirt6-deficient BMMCs. Interestingly, it 337 

appears that Sirt6 deficiency also activated the Fyn-Gab2-PI3K pathway, an auxiliary 338 

signaling pathway that activates BMMCs. This suggests that Sirt6 deficiency augments FcεRI 339 

signaling at an upstream level of Lyn and Fyn activation. 340 

When the IgE‐ FcεRI complex is aggregated by multivalent antigens, Lyn 341 

autophosphorylates itself at tyrosine (Y396) and transphosphorylates tyrosine residues in the 342 

β and γ subunits of FcεRI.
33

 To identify possible signaling effector(s) for the activation of 343 

FcεRI signaling, we performed RNA seq analysis and found a higher expression of Ptprc in 344 

Sirt6–deficient BMMCs. Additionally, using confocal microscopy, we observed an enhanced 345 

colocalization of PTPRC and FcεRI in Sirt6–deficient BMMCs. Based on these findings, we 346 

hypothesize that PTPRC upregulation may contribute to the phenotype of Sirt6–deficient 347 

BMMCs. Previously, PTPRC has been reported to regulate the activity of Src family tyrosine 348 

kinases by dephosphorylating the carboxy-terminal inhibitory tyrosine in T cells, B cells, and 349 

mast cells.
6, 34

 Consistent with these reports, we observed a marked reduction of 350 

phosphorylation at Lyn Y507, which is an inhibitory tyrosine of Lyn, in Sirt6-deficient 351 

BMMCs. This would further facilitate the FcεRI-mediated signaling that is associated with 352 

mast cell degranulation. Although all of the evidence points to a direct modulation of 353 

proximal FcεRI signaling responses by Sirt6, we cannot exclude the possibility that Sirt6 may 354 

also regulate other components involved in mast cell degranulation. For example, our 355 

research, and that of others, has shown that Sirt6 interacts with microtubule-associated 356 

protein light chain 3 (LC3) to induce autophagy,
35, 36

 which plays a crucial role in mast cell 357 
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degranulation.
37

 Collectively, these findings reinforce the conclusion that Sirt6 exhibits a 358 

negative function in FcεRI-mediated mast cell activation, specifically by downregulating the 359 

transmembrane protein PTPRC. Nevertheless, we still lack a complete understanding of the 360 

underlying mechanism. 361 

In sum, the present study highlights a novel role for mast cell Sirt6 as a transcriptional 362 

repressor of PTPRC in response to Ag stimulation. Given the positive regulatory role of 363 

PTPRC on FcεRI signaling, Sirt6 repression of PTPRC may represent a very proximal step to 364 

limiting FcεRI activation and mast cell degranulation. Additionally, our findings of a 365 

perturbation of FcεRI signaling by the small molecule Sirt6 activator without noticeable side 366 

effects, and reproduction of this result in hCBMCs, suggests that the current study may point 367 

the way forward in the development of new treatments for human diseases in which mast 368 

cells play a pathogenic role. 369 

  370 

Jo
urn

al 
Pre-

pro
of



References 371 

1. Reber LL, Hernandez JD, Galli SJ. The pathophysiology of anaphylaxis. J Allergy 372 

Clin Immunol 2017; 140:335-48. 373 

2. Blank U, Ra C, Miller L, White K, Metzger H, Kinet JP. Complete structure and 374 

expression in transfected cells of high affinity IgE receptor. Nature 1989; 337:187-9. 375 

3. Gilfillan AM, Rivera J. The tyrosine kinase network regulating mast cell activation. 376 

Immunol Rev 2009; 228:149-69. 377 

4. Tkaczyk C, Beaven MA, Brachman SM, Metcalfe DD, Gilfillan AM. The 378 

phospholipase Cγ1-dependent pathway of FcεRI-mediated mast cell activation is 379 

regulated independently of phosphatidylinositol 3-kinase. J Biol Chem 2003; 380 

278:48474-84. 381 

5. Bulfone-Paus S, Nilsson G, Draber P, Blank U, Levi-Schaffer F. Positive and negative 382 

signals in mast cell activation. Trends Immunol 2017; 38:657-67. 383 

6. Felce JH, Sezgin E, Wane M, Brouwer H, Dustin ML, Eggeling C, et al. CD45 384 

exclusion- and cross-linking-based receptor signaling together broaden FcεRI 385 

reactivity. Sci Signal 2018; 11:eaat0756. 386 

7. Berger SA, Mak TW, Paige CJ. Leukocyte common antigen (CD45) is required for 387 

immunoglobulin E-mediated degranulation of mast cells. J Exp Med 1994; 180:471-6. 388 

8. Park YH, Kim DK, Kim HW, Kim HS, Lee D, Lee MB, et al. Repositioning of anti-389 

cancer drug candidate, AZD7762, to an anti-allergic drug suppressing IgE-mediated 390 

mast cells and allergic responses via the inhibition of Lyn and Fyn. Biochem 391 

Pharmacol 2018; 154:270-7. 392 

9. Park YH, Kim DK, Kim HS, Lee D, Lee MB, Min KY, et al. WZ3146 inhibits mast 393 

cell Lyn and Fyn to reduce IgE-mediated allergic responses in vitro and in vivo. 394 

Toxicol Appl Pharmacol 2019; 383:114763. 395 

Jo
urn

al 
Pre-

pro
of



10. Galli SJ, Tsai M. IgE and mast cells in allergic disease. Nat Med 2012; 18:693-704. 396 

11. Li X, Lee YJ, Jin F, Park YN, Deng Y, Kang Y, et al. Sirt1 negatively regulates FcεRI-397 

mediated mast cell activation through AMPK- and PTP1B-dependent processes. Sci 398 

Rep 2017; 7:6444. 399 

12. Michishita E, McCord RA, Berber E, Kioi M, Padilla-Nash H, Damian M, et al. 400 

SIRT6 is a histone H3 lysine 9 deacetylase that modulates telomeric chromatin. 401 

Nature 2008; 452:492-6. 402 

13. Kokkonen P, Rahnasto-Rilla M, Mellini P, Jarho E, Lahtela-Kakkonen M, Kokkola T. 403 

Studying SIRT6 regulation using H3K56 based substrate and small molecules. Eur J 404 

Pharm Sci 2014; 63:71-6. 405 

14. Dominy JE, Jr., Lee Y, Jedrychowski MP, Chim H, Jurczak MJ, Camporez JP, et al. 406 

The deacetylase Sirt6 activates the acetyltransferase GCN5 and suppresses hepatic 407 

gluconeogenesis. Mol Cell 2012; 48:900-13. 408 

15. Bhardwaj A, Das S. SIRT6 deacetylates PKM2 to suppress its nuclear localization and 409 

oncogenic functions. Proc Natl Acad Sci U S A 2016; 113:E538-47. 410 

16. Zhang P, Tu B, Wang H, Cao Z, Tang M, Zhang C, et al. Tumor suppressor p53 411 

cooperates with SIRT6 to regulate gluconeogenesis by promoting FoxO1 nuclear 412 

exclusion. Proc Natl Acad Sci U S A 2014; 111:10684-9. 413 

17. Moon YJ, Zhang Z, Bang IH, Kwon OK, Yoon SJ, Kim JR, et al. Sirtuin 6 in 414 

preosteoclasts suppresses age- and estrogen deficiency-related bone loss by stabilizing 415 

estrogen receptor α. Cell Death Differ 2019; 26:2358-70. 416 

18. Hao L, Bang IH, Wang J, Mao Y, Yang JD, Na SY, et al. ERRγ suppression by Sirt6 417 

alleviates cholestatic liver injury and fibrosis. JCI Insight 2020; 5: 137566. 418 

19. Lee Y, Ka SO, Cha HN, Chae YN, Kim MK, Park SY, et al. Myeloid sirtuin 6 419 

deficiency causes insulin resistance in high-fat diet-fed mice by eliciting macrophage 420 

Jo
urn

al 
Pre-

pro
of



polarization toward an M1 phenotype. Diabetes 2017; 66:2659-68. 421 

20. Koo JH, Jang HY, Lee Y, Moon YJ, Bae EJ, Yun SK, et al. Myeloid cell-specific 422 

sirtuin 6 deficiency delays wound healing in mice by modulating inflammation and 423 

macrophage phenotypes. Exp Mol Med 2019; 51:48. 424 

21. Jang HY, Gu S, Lee SM, Park BH. Overexpression of sirtuin 6 suppresses allergic 425 

airway inflammation through deacetylation of GATA3. J Allergy Clin Immunol 2016; 426 

138:1452-5. 427 

22. Woo SJ, Noh HS, Lee NY, Cheon YH, Yi SM, Jeon HM, et al. Myeloid sirtuin 6 428 

deficiency accelerates experimental rheumatoid arthritis by enhancing macrophage 429 

activation and infiltration into synovium. EBioMedicine 2018; 38:228-37. 430 

23. Song MY, Kim SH, Ryoo GH, Kim MK, Cha HN, Park SY, et al. Adipose sirtuin 6 431 

drives macrophage polarization toward M2 through IL-4 production and maintains 432 

systemic insulin sensitivity in mice and humans. Exp Mol Med 2019; 51:56. 433 

24. Ka SO, Bang IH, Bae EJ, Park BH. Hepatocyte-specific sirtuin 6 deletion predisposes 434 

to nonalcoholic steatohepatitis by up-regulation of Bach1, an Nrf2 repressor. FASEB J 435 

2017; 31:3999-4010. 436 

25. Huang Z, Zhao J, Deng W, Chen Y, Shang J, Song K, et al. Identification of a 437 

cellularly active SIRT6 allosteric activator. Nat Chem Biol 2018; 14:1118-26. 438 

26. Weng Z, Patel AB, Panagiotidou S, Theoharides TC. The novel flavone 439 

tetramethoxyluteolin is a potent inhibitor of human mast cells. J Allergy Clin 440 

Immunol 2015; 135:1044-52. 441 

27. Gibbs BF, Rathling A, Zillikens D, Huber M, Haas H. Initial FcεRI-mediated signal 442 

strength plays a key role in regulating basophil signaling and deactivation. J Allergy 443 

Clin Immunol 2006; 118:1060-7. 444 

28. Nishida K, Yamasaki S, Hasegawa A, Iwamatsu A, Koseki H, Hirano T. Gab2, via PI-445 

Jo
urn

al 
Pre-

pro
of



3K, regulates ARF1 in FcεRI-mediated granule translocation and mast cell 446 

degranulation. J Immunol 2011; 187:932-41. 447 

29. Metcalfe DD, Peavy RD, Gilfillan AM. Mechanisms of mast cell signaling in 448 

anaphylaxis. J Allergy Clin Immunol 2009; 124:639-46. 449 

30. Ohneda K, Moriguchi T, Ohmori S, Ishijima Y, Satoh H, Philipsen S, et al. 450 

Transcription factor GATA1 is dispensable for mast cell differentiation in adult mice. 451 

Mol Cell Biol 2014; 34:1812-26. 452 

31. Tsai FY, Orkin SH. Transcription factor GATA-2 is required for proliferation/survival 453 

of early hematopoietic cells and mast cell formation, but not for erythroid and 454 

myeloid terminal differentiation. Blood 1997; 89:3636-43. 455 

32. Suzuki R, Scheffel J, Rivera J. New insights on the signaling and function of the high-456 

affinity receptor for IgE. Curr Top Microbiol Immunol 2015; 388:63-90. 457 

33. Turner H, Kinet JP. Signalling through the high-affinity IgE receptor FcεRI. Nature 458 

1999; 402:B24-30. 459 

34. Murakami K, Sato S, Nagasawa S, Yamashita T. Regulation of mast cell signaling 460 

through high-affinity IgE receptor by CD45 protein tyrosine phosphatase. Int 461 

Immunol 2000; 12:169-76. 462 

35. Iachettini S, Trisciuoglio D, Rotili D, Lucidi A, Salvati E, Zizza P, et al. 463 

Pharmacological activation of SIRT6 triggers lethal autophagy in human cancer cells. 464 

Cell Death Dis 2018; 9:996. 465 

36. So KY, Park BH, Oh SH. Cytoplasmic sirtuin 6 translocation mediated by p62 466 

polyubiquitination plays a critical role in cadmium-induced kidney toxicity. Cell Biol 467 

Toxicol 2021; 37:193-207. 468 

37. Ushio H, Ueno T, Kojima Y, Komatsu M, Tanaka S, Yamamoto A, et al. Crucial role 469 

for autophagy in degranulation of mast cells. J Allergy Clin Immunol 2011; 127:1267-470 

Jo
urn

al 
Pre-

pro
of



76. 471 

  472 

Jo
urn

al 
Pre-

pro
of



Figure legends 473 

Figure 1. Sirt6 deficiency promotes Ag-stimulated mast cell degranulation. BMMCs (1 × 474 

10
6
) from WT or KO mice were sensitized with anti–DNP-IgE and stimulated with DNP-475 

HSA (Ag). (A, B) Dose- and time-dependent β-hexosaminidase releases were measured 476 

(n=13). (C-G) Degranulation was assessed by measurement of histamine, LTC4, and PGD2 at 477 

30 min, and of IL-6 and TNF-α at 6 h. (H) Transmission electron microscopic analysis of WT 478 

and KO BMMCs stimulated with Ag for 30 min. Values are mean  SD. Individual values are 479 

shown as circles. 
**

p<0.01 vs. WT-Veh; 
##

p<0.01 vs. WT or WT-Ag. Veh, vehicle; LTC4, 480 

leukotriene C4, PGD2, prostaglandin D2 481 

 482 

Figure 2. Sirt6 deficiency activates FcɛRI-initiated signaling in mast cells. (A, B) After 483 

sensitization and stimulation with 1 μg anti–DNP-IgE/100 ng DNP-HSA, FcɛRI-mediated 484 

signaling was compared by Western blotting. (B) IgE sensitized BMMCs were labeled with 485 

Fluo-4 and then stimulated with DNP-HSA for indicated times. Representative confocal 486 

micrographs (top) and fluorescence emission spectral scans (bottom) of intracellular calcium 487 

influx. (C) After stimulation with Ag, lysine acetylation of histone H3 was analyzed by 488 

Western blotting. 489 

 490 

Figure 3. Sirt6 activation restores FcεRI-mediated signaling in mast cells. (A, B) 491 

BMMCs from WT or KO mice were transduced with Flag or Flag-Sirt6 plasmids and then 492 

sensitized with 1 μg anti-DNP-IgE and stimulated with 100 ng DNP-HSA for 30 min. 493 

Degranulation was measured by the release of β-hexosaminidase, histamine, LTC4, and PGD2. 494 

(C) FcɛRI-mediated signaling was compared by Western blotting. (D-F) IgE-sensitized 495 

BMMCs were treated with various concentrations of MDL801 for 1 h and then stimulated 496 
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with DNP-HSA for 30 min. Releases of β-hexosaminidase, histamine, LTC4, and PGD2 and 497 

FcɛRI-mediated signaling were then determined. Values are mean  SD. Individual values are 498 

shown as circles. 
**

p<0.01 vs. Veh; 
#
p<0.05 and 

##
p<0.01 vs. WT-Ag; 

$$
p<0.01 vs. KO-Ag; 499 

&
p<0.05 and 

&&
p<0.01 vs. MDL801-0 μM. KS, KO+Sirt6 500 

 501 

Figure 4. Sirt6 deficiency aggravates anaphylactic response. (A, B) Mast cell–deficient 502 

Kit
W-sh/W-sh

 mice received PBS (W
sh

/W
sh

 + PBS) or intravenously injected with BMMCs from 503 

WT mice (W
sh

/W
sh

 + WT BMMCs) or KO mice (W
sh

/W
sh

 + KO BMMCs). Four months later, 504 

BMMCs engrafted mice were sensitized with 10 μg anti-DNP-IgE and challenged with 100 505 

μg DNP-HSA. Changes in body temperature and serum levels of MCPT1 and IL-6 were 506 

determined (n=7-8). Individual values are shown as circles. (C) BMMCs (2 × 10
6
) from WT 507 

or KO mice were intradermally injected into Kit
W-sh/W-sh

 mice. Four months later, BMMCs 508 

engrafted mice were passively sensitized by intradermal injection of 1 μg anti-DNP-IgE into 509 

the ear. Subsequently, mice were challenged by intravenous injection of 100 μg DNP-HSA in 510 

PBS/Evans blue. Representative ear images after PCA reaction are shown. (D) Ear swelling 511 

calculated by ear thickness and Evans blue dye extravasation. (E) Representative toluidine 512 

blue staining of ear skin sections. Total and degranulated mast cells in ear skin section were 513 

counted. Black and red arrows indicate non-degranulated and degranulated mast cells, 514 

respectively. Values are mean  SD. 
*
p<0.05 and 

**
p<0.01 vs. W

sh
/W

sh
 + PBS; 

##
p<0.01 vs. 515 

W
sh

/W
sh

 + WT BMMCs. MCPT1, mast cell protease 1 516 

 517 

Figure 5. Sirt6 activation protects mice from anaphylactic response. (A-C) C57BL/6 518 

mice were intradermally injected with 1 × 10
9
 pfu of AdLacZ or AdSirt6. Three days later, 519 

PCA (1 μg anti-DNP-IgE/100 μg DNP-HSA) was performed. (A) Representative 520 
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photographic images of ears. (B) Ear thickness and Evans blue dye extravasation. (C) 521 

Representative toluidine blue staining of ear skin sections. Total and degranulated mast cells 522 

in ear skin section were counted. (D-F) anti-DNP IgE was intradermally injected into the ears 523 

of C57BL/6 mice. After 24 h, 50 mg/kg MDL801 was topically administered 1 h prior to 524 

challenge with DNP-HSA. (D) Representative photographic image of ears. (E) Ear thickness 525 

and Evans blue dye extravasation. (F) Representative toluidine blue staining of ear skin 526 

sections. Total and degranulated mast cells in ear skin section were counted. Values are mean 527 

 SD. Individual values are shown as circles. 
*
p<0.05 and 

**
p<0.01 vs. Ctrl; 

##
p<0.01 vs. 528 

PCA-Veh. Ctrl, control 529 

 530 

Figure 6. Sirt6 deficiency causes transcriptional reprograming of FcɛRI-mediated 531 

proximal signaling. (A) Total RNA from WT and KO BMMCs was used for RNA-seq 532 

analysis. DEGs are shown in a hierarchically clustered heatmap. For hierarchical clustering, 533 

distance metric between rows was calculated according to the log2 of FPKM values and then 534 

normalized by Z score. The lowest Z score values are dark blue and the highest values are 535 

bright yellow. (B) Enriched GO functional clustering of genes. (C) Volcano plot illustrating 536 

differentially regulated gene expression from RNA-seq analysis. Red and blue dots represent 537 

upregulated and downregulated DEGs with > 2-fold change and p<0.05, respectively. Each 538 

sample was analyzed in triplicate. (D) FPKM values are plotted for selected DEGs identified 539 

by RNA-seq. (E) The same genes in (D) were validated by qPCR. Values are mean  SD. 540 

Individual values are shown as circles. 
*
p<0.05 and 

**
p<0.01 vs. WT. DEG, differentially 541 

expressed genes; GO, gene ontology; FPKM, fragments per kilo base per million mapped 542 

reads 543 

 544 
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Figure 7. Sirt6 deficiency increases PTPRC expression in BMMCs. (A-C) Protein levels 545 

of PTPRC in BMMCs were compared by Western blotting, flow cytometry and 546 

immunofluorescence staining. (D) Enrichment of Ac-H3K9 on the Ptprc promoter region was 547 

evaluated by ChIP assay. (E, F) BMMCs from KO mice were transduced with Sirt6. Protein 548 

levels of PTPRC in BMMCs and acetylation of H3K9 at Ptprc promoter region were 549 

determined by Western blotting and ChIP assay, respectively. (G) Double 550 

immunofluorescence images of PTPRC and FcεRI in BMMCs. Quantification of 551 

colocalization was carried out by calculating Pearson’s correlation coefficient and by 552 

measuring colocalizaiton area. Values are mean  SD. Individual values are shown as circles. 553 

*
p<0.05 and 

**
p<0.01 vs. WT-IgG or WT-Veh; 

##
p<0.01 vs. WT, WT-Ac-H3K9 or WT-Ag; 554 

$$
p<0.01 vs. KO-Ac-H3K9. 555 

 556 

Figure 8. Sirt6 overexpression suppresses anti-IgE-mediated mast cell degranulation in 557 

hCBMCs. (A) Immunofluorescence staining and flow cytometric analysis of tryptase in 558 

human cord blood derived mast cells (hCBMCs). (B) hCBMCs were transduced with Sirt6 559 

and PTPRC protein levels were determined by Western blotting. (C) Degranulation was 560 

determined at 30 min after anti-IgE stimulation by analysis of β-hexosaminidase releases and 561 

flow cytometric analysis of LAMP1. (D, E) hCBMCs were transduced with shSirt6. Protein 562 

levels of PTPRC in hCBMCs and degranulation were analyzed. (G) Double 563 

immunofluorescence images of PTPRC and FcεRI in hCBMCs. Colocalization was 564 

quantified using Pearson’s correlation coefficient and colocalizaiton area. Values are mean  565 

SD. Individual values are shown as circles. 
**

p<0.01 vs. Veh; 
#
p<0.05 and 

##
p<0.01 vs. anti-566 

IgE-GFP. NTC, non-targeting control 567 
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1. Supplementary methods 

 

Bone marrow–derived mast cells (BMMCs) 

Bone marrow cells were obtained by flushing bone marrow from the femurs and tibias of 

mice. Cells were cultured in BMMC media (RPMI 1640 media contained 2 mM L-glutamine, 

10% FBS, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 100 U/ml penicillin, 

100 mg/ml streptomycin, 0.05 mM 2-mercaptoethanol, 25 mM HEPES, 10 ng/ml IL-3, and 

10 ng/ml stem cell factor (SCF, PeproTech, Cranbury, NJ, USA). After 4–6 weeks in culture, 

BMMCs were stained to confirm the surface expression of FITC–anti-mFcεRI (MAR-1; 

eBioscience, San Diego, CA, USA) and PE-anti-mCD117 (2B8; BD Biosciences, San Jose, 

CA, USA). Cells with purity > 95% were used for subsequent experiments. 

 

Generation of human cord blood derived mast cells (hCBMCs) 

Mononuclear cells were isolated by layering heparin-treated cord blood onto a Ficoll-

Paque solution (GE healthcare, Chicago, IL, USA). CD34
+
 progenitor cells were isolated by 

magnetic cell sorting kit (CD34 Microbead kit; Miltenyi Biotech, Auburn, CA, USA). For the 

first week, CD34
+
 progenitor cells were cultured in Iscove modified Dulbecco medium 

supplemented with 1% insulin-transferrin-selenium, 0.1% β-mercaptoethanol, 50 ng/ml rhIL-

3, 50 ng/ml rhIL-6, and 50 ng/ml rhSCF (all recombinant cytokines from PeproTech). After 6 

weeks, the cells were cultured in 50 ng/ml rhIL-6 and 50 ng/ml rhSCF. hCBMCs cultured for 

at least 15 weeks were used for experiments, and cell purity was greater than 98%. hCBMCs 

were identified by immunofluorescence staining for tryptase (G3; Santa Cruz Biotechnology, 

Dallas, TX, USA) or flow cytometric analysis.  
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Degranulation assay 

BMMCs were incubated overnight at 37°C with 1 μg/ml anti–DNP-IgE (SPE-7, Sigma-

Aldrich, St. Louis, MO, USA) and then stimulated for 30 min at 37°C with 100 ng/ml DNP-

HSA antigen in 100 μl Tyrode’s buffer. Culture supernatants were collected and β-

hexosaminidase activity was measured by the addition of p-nitrophenyl-N-acetyl-β-D-

glucosaminide. For hCBMCs degranulation assay, cells were incubated overnight with 100 

ng/ml human myeloma IgE (Millipore, Temecula, CA, USA) and stimulated for 30 min with 

100 ng/ml mouse-anti-human IgE (Invitrogen, Carlsbad, CA, USA). Cells were then stained 

to confirm the surface expression of FITC–anti-hLAMP1 (H4A3) and PE-anti-hCD117 

(104D2; Biolegend, San Diego, CA, USA) by flow cytometric analysis.  

 

Enzyme linked immunosorbent assay (ELISA) 

The levels of MCPT1, IL-6 (eBioscience), LTC4, PGD2 (Cayman, Ann Arbor MI, USA), 

and histamine (Beckman Coulter, Brea, CA, USA) in culture supernatants and mice serum 

were measured using commercial ELISA kits. 

 

Calcium (Ca
2+

) measurement  

BMMCs (1 × 10
6
) were suspended in 1 ml culture medium and sensitized with 1 μg/ml 

anti–DNP-IgE overnight. Cells were washed twice with PBS and then loaded with 4 μM 

Fluo-4 AM (Molecular Probes, Eugene, OR, USA) for 30 min. Cells were then washed again 

and further incubated in PBS for 30 min at room temperature. DNP-HSA (100 ng/ml) was 

then used to induce calcium flux, which was measured using a confocal microscope (Nikon, 

Tokyo, Japan) to monitor the fluorescent emission. 
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Transient transfection of BMMCs.  

Exogenous proteins were expressed by transfecting BMMCs with 1 μg of plasmid DNA 

using mouse cell line Kit V (Lonza, Basel, Switzerland). After transfection, cells were 

allowed to recover for 24 h in medium. Cells were then sensitized with anti–DNP-IgE 

overnight and stimulated with DNP-HSA. 

 

Antibodies for western blots 

Antibodies were against: Sirt1, Sirt5, LAT, Fyn, Ac-H3K18 (Abcam, Cambridge, UK), 

Sirt2, FcɛRI, p-LAT (Santa Cruz Biotechnology), Sirt4, Sirt7 (Biovision, Milpitas, CA, USA), 

Sirt3, Sirt6, p-Syk (C87C1), Syk, p-Lyn, Lyn, p-Fyn, p-PLCγ, p-PI3K, PI3K, p-Gab2, Gab2, 

p-AKT, AKT, p-ERK, ERK, p-JNK, JNK, p-p38, p38, Ac-H3K9, H3 (Cell Signaling 

Technology, Beverly, MA, USA), GAPDH, α-Tubulin (Bioworld Technology, St. Louis Park, 

MN, USA), Ac-H3K56 (Active motif, Carlsbad, CA, USA), p-Tyr (4G10) (Millipore), and 

HSP90 (Enzo Life Sciences, Farmingdale, NY, USA). 

 

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

Total RNA was extracted from frozen tissue or cultured cells using an RNA Iso kit 

(TaKaRa, Tokyo, Japan). First-strand cDNA was generated using the random hexamer primer 

provided in the first-strand cDNA synthesis kit (Applied Biosystems, Foster City, CA, USA). 

Specific primers for each gene (Table E1) were designed using qPrimerDepot 

(http://mouseprimerdepot.nci.nih.gov). qPCR reactions were performed in a final volume of 

10 l containing 10 ng of reverse-transcribed total RNA, 200 nM of forward and reverse 
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primers, and PCR master mix. qPCR was performed in 384-well plates using an ABI Prism 

7900HT Sequence Detection System (Applied Biosystems). 

 

Confocal microscopy 

Double-color immunofluorescence analysis was performed to determine the 

colocalization in BMMCs. Cells were incubated overnight with a combination of anti-FcɛRI 

(Santa Cruz Biochemicals) and anti-PTPRC (Abcam) at 4°C. After incubation with the 

corresponding fluorochrome-conjugated secondary antibodies, cells were mounted and 

visualized using a LSM880 confocal laser scanning microscope (Carl Zeiss).  

 

Transmission electron microscopy 

The BMMCs were fixed using the conventional method (2% glutaraldehyde and 2% 

formaldehyde in 0.05 M sodium cacodylate buffer, pH 7.2). Fixed samples were embedded in 

Spurr’s resin (Sigma-Aldrich), and thin sections (80 nm) were cut and stained with uranyl 

acetate and lead citrate for observation under a transmission electron microscope (H7650, 

accelerating voltage 100 kV, Hitachi) at the Center for University-wide Research Facilities 

(Chonbuk National University, Jeonju, Korea). 

 

RNA-Seq 

Total RNA (1 μg) was used for mRNA-seq library preparation using the TruSeq RNA 

Sample Prep kit (Illumina, San Diego, CA, USA). Sequencing was performed on an Illumina 

HiSeq4000 with standard protocols. After quality filtering according to the Illumina pipeline, 

101-bp paired-end reads were aligned to the reference genome sequence of Mus musculus 

(mm10) using HISAT2 version 2.1.0. After alignment, StringTie v2.1.3b was used to 
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assemble aligned reads into transcripts and to estimate their abundance. Expression 

abundances of transcripts and genes were calculated as FPKM value (Fragments Per Kilobase 

of exon per Million fragments mapped) per sample and used to analyze differentially 

expressed gene (DEG) profiles. Genes with one FPKM value over zero in the samples were 

excluded. To facilitate log2 transformation, 1 was added to each FPKM value of filtered genes. 

Filtered data were log2-transformed and subjected to quantile normalization. Statistical 

significance of the differential expression data was determined using fold change. For DEG 

set, hierarchical clustering analysis was performed using complete linkage and Euclidean 

distance as a measure of similarity. Gene-enrichment analysis for differentially expressed 

genes (DEGs) were also performed based on Gene Ontology (http://geneontology.org/) 

database. 

 

Chromatin Immunoprecipitation (ChIP) assay 

The BMMCs were cross-linked by incubating cells in 1% formaldehyde for 10 min at 

room temperature. Cross-linking was stopped by 5 min of incubation with 125 mM glycine. 

Cells were lysed with cytosolic lysis buffer. After centrifugation, DNA preparation was 

performed with Simple Chip Enzymatic Chromatin IP Kits (Cell Signaling Technology, 

Danvers, MA, USA). Each sample was immunoprecipitated with 2 μg of anti-Ac-H3K9 or 

non-specific IgG (Cell Signaling Technology). The obtained DNA was analyzed by 

quantitative PCR (qPCR) with Ptprc promoter primer (forward: 5′‐

GCAATCCCACCATTCTCC‐ 3′; reverse: 5′‐ GACTCATGTGAAAGGGTTGTTC‐ 3′). 

 

Preparation of recombinant adenovirus 
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Adenoviruses expressing Sirt6 (AdSirt6) or β-galactosidase (AdLacZ) were prepared as 

described previously (Lee et al., 2013). Viruses (1 × 10
9
 pfu) were intradermally 

administrated to mice before anaphylaxis induction. 

 

Histology 

Tissues were fixed with 10% formalin and embedded in paraffin. Fixed tissues were cut 

into 5 μm sections and deparaffinized. Sections were stained with hematoxylin-eosin (H&E) 

or toluidine blue for light microscopic examinations or mast cell infiltration assays, 

respectively. Degranulated cells were analyzed using iSolution DT36 software (Carl Zeiss, 

Oberkochen, Germany). 
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2. Supplementary table 

Table E1. Sequences and accession numbers for primers (forward, FOR; reverse, REV) used 

in real-time RT-PCR and PCR analyses 

Gene Sequences for primers Accession No. 

Sirt6 
FOR: GGTACCCAGGGTGACAGACA 

NM_181586 
REV: ACACCATTCTGGACTGGGAG 

Cpa3 
FOR: ACCAAAACTCCACCTGCATTGGCAC  

NM_007753 
REV: GGTCCTGGTGGTTAGGAGGCAGTTT 

Hdc 
FOR: CCCCATCTACCTCCGACATGCCAA 

NM_177680 
REV: CCCGAAGGACCGAATCACAAACCA 

Kit 
FOR: CGATGTGGGCAAGAGTTCCGCCTT 

NM_001122733  
REV: ACAGAGTGTGGGCCTGGATTTGCT 

Mcpt4 
FOR: CTTCTCTTGCCTTCTGGGGCTGGA 

NM_010779 
REV: GGCCATGTAAGGGCGAGAATGTGGT 

Mcpt9 
FOR: GGGCAGTTCCACAAAGGTGGCATCA 

NM_010782 
REV: GGGCTTTGCATTTCCGCGTCCA 

Mitf 
FOR: GGGGAGGAGTTTCACGAAGAACCCA 

NM_001113198 
REV: GCTGGCGTAGCAAGATGCGTGA 

Gata1 
FOR: CAGAACCGGCCTCTCATCC 

NM_008089 
REV: TAGTGCATTGGGTGCCTGC 

Gata2 
FOR: GCAGAGAAGCAAGGCTCGC 

NM_008090 
REV: CAGTTGACACACTCCCGGC 

Ptprc 
FOR: GAACATGCTGCCAATGGTTCT 

NM_001111316 
REV: TGTCCCACATGACTCCTTTCC 

Cadm1 
FOR: TGCCTGTTGGGGTTCAGTAG 

NM_207675 
REV: CACAGGTGATGATGGGCAGAATC 

S100a9 
FOR: AGCCTTGAAGAGCAAGAAGAT 

NM_009114 
REV: TCAGGGTGTCCTTCCTTCCT 

Elmo2 
FOR: GATACTTCCCCTTGCCTCAG 

NM_080287 
REV: GCTTCCTGAGACCTACAATGG 

Gapdh 
FOR: TTGATGGCAACAATCTCCAC 

NM_008085 
REV: CGTCCCGTAGACAAAATGGT 
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3. Supplementary Figure Legends 

 

Figure E1. Sirtuin expression in Ag-stimulated mast cells. BMMCs (1 × 10
6
) from 

C57BL/6 mice were sensitized with 1 μg anti–DNP-IgE overnight and stimulated with 100 

ng DNP-HSA as indicated. (A, B) Degranulation was assessed by measurement of β-

hexosaminidase, histamine, LTC4 and PGD2. Individual values are shown as circles. (C) 

FcɛRI-mediated proximal signaling was analyzed by Western blotting. (D) Protein levels of 

sirtuin family members were analyzed by Western blotting and their protein density was 

quantified. (E) mRNA levels of Sirt6 were analyzed by qPCR. Values are mean  SD. 
*
p<0.05 and 

**
p<0.01 vs. Veh or 0 min. Veh, vehicle 

  

Jo
urn

al 
Pre-

pro
of



 

 

 

Figure E2. Sirt6 deficiency does not affect BMMC differentiation. Bone marrow cells 

from WT and KO mice were cultured for 4 weeks in the presence of SCF and IL-3 as 

described in the Materials and Methods section. (A) Expression of FcɛRI and c-Kit receptor 

in bone marrow–derived mast cells (BMMCs) was analyzed by flow cytometry. Individual 

values are shown as circles. (B, C) Protein levels of Sirt6 and mRNA levels of mast cell 

differentiation related genes were analyzed by Western blotting and qPCR, respectively. (D) 

Histamine content in BMMCs was assessed by EIA. Values are mean  SD. MFI, mean 

fluorescence intensity 
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Figure E3. Adoptive transfer of BMMCs into Kit
w-sh/w-sh

 mice. (A) All experimental 

procedures for PSA were the same as those described in Figure 4’s legend. Tissue mast cells 

in the stomach, back skin and lung from the indicated chimeric mice were assessed by 

toluidine blue staining. Total number of mast cells in tissue sections were counted. 

Arrowheads indicate individual mast cells. Individual values are shown as circles. (B) All 

experimental procedures for PCA were the same as those described in Figure 4’s legend. 

Toluidine blue staining and quantification of mast cells per section of the ears. Arrowheads 

indicate individual mast cells. 
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Figure E4. Genetic overexpression and pharmacological activation of Sirt6. (A) 

C57BL/6 mice were intradermally injected with 1 × 10
9
 pfu of AdLacZ or AdSirt6. Three 

days later, protein levels of Ac-H3K9, Ac-H3K18, Ac-H3K56, and total histone H3 were 

determined by Western blotting in ear. (B) After treatment of C57BL/6 mice with 50 mg/kg 

MDL801, protein levels of Ac-H3K9, Ac-H3K18, Ac-H3K56, and total histone H3 were 

determined by Western blotting in ear. 
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