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DJ-1 is Essential for Maximal IgE-Mediated Activation of Human Mast Cells

DJ-1:	Antioxidant	protein	PARK7;	 OX-DJ-1:	Oxidized	DJ-1;	Lyn:	Src tyrosine	kinase;	ROS:	Reactive	Oxygen	Species;	
Syk:	Spleen	tyrosine	kinase,	SHP-2:	Src homology	domain	2-containing	protein	tyrosine	phosphatase	2
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ABSTRACT 26 

Background: DJ-1 is a redox-sensitive protein with multiple roles in cell homeostasis whose 27 

levels are altered in mast cell (MC)-related disorders.  However, whether DJ-1 can regulate 28 

human MC function is unknown. 29 

Objective: We sought to investigate the potential role of DJ-1 in the responses of human MCs to 30 

antigen stimulation. 31 

Methods: DJ-1 was silenced in human CD34+-derived and LAD2 MCs using lentiviral sh-RNA 32 

constructs. Release of β-hexosaminidase, PGD2 and GM-CSF and changes in reactive oxygen 33 

species (ROS) levels were measured after FcεRI engagement. Enzymatic assays, sucrose density 34 

gradient centrifugation, immunoprecipitations, dot and Western blots, and confocal imaging were 35 

performed for signaling, cellular localization and co-association studies. 36 

Results: DJ-1 knockdown substantially reduced mediator release as well as Lyn and Syk kinase 37 

activation and signaling by mechanisms which appeared largely unrelated to DJ-1 antioxidant 38 

activity. Upon FcεRI activation, non-oxidized rather than oxidized DJ-1 translocated to lipid 39 

rafts where it associated with Lyn, an interaction that appeared critical for maximal Lyn 40 

activation and initiation of signaling. Using purified recombinant proteins, we demonstrated that 41 

DJ-1 bound to Lyn directly but no other Src kinases, and this interaction was specific for human 42 

but not mouse proteins. In addition, DJ-1 reduced SHP-2 phosphatase activity by scavenging 43 

ROS thus preventing Syk dephosphoryation and perpetuating MC signaling. 44 

Conclusion: We demonstrate a novel role for DJ-1 in the early activation of Lyn by FcεRI that is 45 

essential for human MC responses and which provides the basis for an alternative target in 46 

allergic diseases therapy.  47 
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CAPSULE SUMMARY:  48 

We demonstrate a previously unrecognized interaction between DJ-1 and the Src kinase Lyn in antigen-49 

activated human mast cells that is essential for maximal Lyn activation and the release of bioactive 50 

allergic and inflammatory mediators. 51 

 52 

 53 

KEY MESSAGES: 54 

• Ligation of FcεRI in human mast cells induces the early translocation of non-oxidized 55 

DJ-1 to lipid rafts where it interacts with Lyn enabling its full activation, downstream signaling 56 

and mast cell responses  57 

• Later after FcεRI activation, the ability of DJ-1 to become oxidized quenches ROS levels 58 

and reduces the activity of the phosphatase SHP-2 which permits further Syk-mediated signaling. 59 

• Further characterization of the interaction DJ-1 with Lyn could form the basis for 60 

alternative treatments in allergy. 61 

 62 

KEY WORDS:  Human mast cells, IgE receptor, Lyn activation, DJ-1, signaling, reactive oxygen 63 

species, Syk  64 
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ABREVIATIONS 65 

Cbp - Csk binding protein 66 

Csk - C-terminal Src kinase 67 

FcεRI - High affinity receptor for IgE 68 

GM-CSF - Granulocyte-macrophage colony-stimulating factor 69 

GPCR- G-protein coupled receptors 70 

HuMCs - CD34+-derived human mast cells 71 

MC - Mast cells 72 

mBMMC – Murine bone marrow mast cells 73 

PGD2 - Prostaglanding D2 74 

ROS- Reactive Oxygen Species 75 

SA - Streptavidin 76 

SFK - Src family kinase 77 

Syk - Spleen tyrosine kinase 78 

  79 
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INTRODUCTION 80 

 81 

Antigen-dependent activation of mast cells (MCs) occurs primarily through FcεRI, the high-82 

affinity receptor for IgE, which causes the release and generation of vasoactive and inflammatory 83 

mediators of allergic inflammation1, 2. Understanding the mechanisms that control IgE dependent 84 

MC activation is critical to the development of small molecular weight inhibitors of MC 85 

responses and to understanding aberrant regulation. It is currently understood that FcεRI 86 

aggregated by antigen coalesce within specialized microdomains of the plasma membrane (lipid 87 

rafts), and this causes the activation of Src family tyrosine kinases (SFKs), among which Lyn is 88 

the most critical for the initial stages of signaling elicitation3.  Activated Lyn then phosphorylates 89 

the β and γ chains of the FcεRI, which respectively leads to recruitment of Lyn and 90 

recruitment/activation of spleen tyrosine kinase (Syk), an obligatory step for further propagation 91 

and divergence of signaling cascades leading to the release of bioactive mediators3-5.  Targeting 92 

of these receptor-proximal signaling events is preferable since they are common to all antigen-93 

induced MC responses.  94 

 95 

We have recently demonstrated altered serum levels of DJ-1, an evolutionary conserved protein 96 

reported to protect cells against oxidative damage, in patients with atopic dermatitis patients; and 97 

a biphasic regulation in mastocytosis where DJ-1 was induced by IL-6 and implicated in the 98 

expansion of neoplastic MCs6, 7. Although DJ-1 is abundantly expressed in human MC lines6, 7, it 99 

is unknown whether DJ-1 can influence FcεRI-mediated activation of human MCs.   100 

 101 

As will be shown, we find that absence of DJ-1 in human MCs (HuMCs) results in marked 102 
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inhibition of FcεRI–induced degranulation, cytokine and eicosanoid production by mechanisms 103 

which appear independent of its antioxidant activity. We further show a direct interaction of DJ-1 104 

with Lyn in lipid rafts and that this association is required for Lyn activation, initiation of human 105 

MC signaling and functional responses. The interaction with Lyn is specific for non-oxidized 106 

rather than oxidized DJ-1 and unique to the human homologs, since such interaction was not 107 

observed between murine DJ-1 and Lyn proteins. Our data thus details a critical here-to-fore 108 

unknown function for DJ-1 in human MC responsiveness as a novel activator of Lyn and which 109 

may be of therapeutic interest in developing strategies to target the MC compartment. 110 

  111 
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METHODS 112 

 113 

Human Mast Cell Cultures   114 

Primary HuMCs were derived from CD34+ peripheral blood progenitors isolated from healthy 115 

volunteers after informed consent under a protocol (NCT00001756) approved by the Institutional 116 

Review Board of the National Institute of Allergy and Infectious Diseases (NIH). HuMCs and 117 

human LAD2 MCs were cultured as described8, 9. For activation, HuMCs and LAD2 cells were 118 

sensitized overnight with biotinylated IgE (0.1 µg/ml), washed and the IgE-bound FcεRI 119 

crosslinked with 100 ng/ml streptavidin (SA). 120 

 121 

Knockdown of DJ-1 by sh-RNA. Viral particles containing non-target (SHC002) or DJ-1-122 

targeted short hairpin RNAs (sh-RNAs) (TRCN0000004921) in a pLKO1 vector were prepared 123 

as described10 and used to transduce HuMC or LAD2. Cells were selected in media containing 124 

0.2 µg/ml puromycin for 5 days10.  125 

 126 

Measurement of ROS and DJ-1. ROS levels were measured with OxiSelect™ Intracellular 127 

ROS Assay kit and DJ-1 in supernatants of stimulated cells were measured by ELISA as 128 

described7. Alternatively, DJ-1 and oxidized DJ-1 were detected by Western blot7. 129 

SHP-1 and SHP-2 phosphatase and in vitro kinase assays.  Phosphatase activities of SHP-1 130 

and SHP-2 in immunoprecipitates from SA-stimulated LAD2 cells were measured by a Duoset 131 

IC Phosphatase Assay. Kinase activities in immunoprecipitates of Lyn, Fyn, Fgr or Syk from cell 132 

lysates were determined by using an ELISA-based Universal Tyrosine Kinase Assay Kit. 133 
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Isolation of lipid rafts.  LAD2 cells (2.0 × 107) were lysed in 2 ml of lysis buffer containing 0.5% 134 

Brij 5811 for 30 min on ice. Lysates were mixed with an equal volume of 80% (w/v) sucrose in 135 

buffer. A sucrose gradient was prepared and processed by ultracentrifugation at 270,000g for 18 136 

h at 4°C. Fractions were collected from the top to the bottom of the gradient for Western blot 137 

analysis. 138 

 139 

Confocal microscopy. Non-stimulated and SA-stimulated HuMC or LAD2 cells were seeded 140 

into 8-well Lab-Tek chamber slides and centrifuged at 600 rpm for 5 min. After washing, cells 141 

were fixed with 4% formaldehyde and permeabilized with 0.1% Triton X-100 for 10 min. Cells 142 

were then incubated 1 h with 1% BSA before staining. Confocal images were obtained with a 143 

Leica SP5 X confocal laser scanning microscope. 144 

 145 

Statistical analysis.  Data were expressed as mean ± SEM of values from 3 or more independent 146 

experiments. 1-way ANOVA was used to determine statistically significant differences between 147 

groups using Prism 6 software (Graph Pad Software, San Diego, CA, USA). Statistical 148 

significance was indicated as follows: *P <0.05 and **P <0.01. 149 

 150 

A detailed description of the methods used in this study can be found in Supplementary Methods 151 

section. 152 

  153 
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RESULTS 154 

 155 

Non-oxidized DJ-1 translocates to the plasma membrane early after FcεRI activation 156 

In examining the role of DJ-1 in HuMCs, we first verified that activation via FcεRI resulted in a 157 

rapid increase in intracellular production of ROS which was maximal by 30 min, slowly 158 

declining thereafter (Fig. 1A), as reported12.  Total intracellular levels of DJ-1 did not change but 159 

DJ-1 was visibly oxidized by 30 min at Cys106, the major residue responsible for its antioxidant 160 

function (Fig. 1B, upper panels).  Intracellular DJ-1 oxidation plateaued by 1 h, coinciding with 161 

both DJ-1 secretion into the media and the decline in intracellular ROS levels (Fig 1A and Fig 162 

1B, lower panels). Therefore, a significant antioxidant effect of DJ-1 was only apparent 30 min 163 

to 1 h after FcεRI activation.  164 

 165 

Additionally, within 10 min after activation, a portion of DJ-1 localized to the plasma membrane 166 

and this translocation was independent of any significant oxidation in Cys106 as determined by 167 

Western blot analysis and confocal microscopy (Fig. 1B and C). In fact, oxidized DJ-1 appeared 168 

distinctly excluded from the plasma membrane at this time point. The redistribution of non-169 

oxidized DJ-1 into the membrane was transient since after 1 h most of the total cellular DJ-1 had 170 

been oxidized and appeared in the cytosol or associated with organelles (Fig. 1B and C). By 4 h, 171 

oxidized DJ-1 moved to the plasma membrane coinciding with the secretion of DJ-1 into the 172 

extracellular media (Fig. 1A). Thus, DJ-1 secretion appears to be dissociated from degranulation 173 

which is completed within minutes of activation. Since the oxidized form of DJ-1 is 174 

preferentially secreted13, the late appearing membrane-localized and now oxidized DJ-1 may 175 

well represent molecules in transit to the extracellular space. Of note, the amounts of DJ-1 176 
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secreted into the media were only a fraction of the cellular DJ-1 content as indicated in the 177 

legend to Fig.1. The temporal changes in ROS as well as DJ-1 oxidation and localization were 178 

reproduced in the LAD2 MC line (Supplementary Fig. 1). Overall, these data indicate that the 179 

distinct rapid and transient translocation of the non-oxidized DJ-1 to the plasma membrane is 180 

unrelated to its scavenger function and may have functional consequences.  181 

 182 

DJ-1 is essential for HuMC responses by mechanisms greatly independent of its 183 

antioxidant activity , 184 

After demonstrating early translocation of DJ-1 to the plasma membrane, we explored whether 185 

loss of DJ-1 by shRNA knockdown would have an effect on FcεRI-induced responses. We found 186 

that DJ-1 silencing with lentivirus-mediated shRNA resulted in a >75% reduction in DJ-1 (Fig. 187 

2A and Supplementary Fig. 2A and B) without affecting the expression of KIT and FcεRI 188 

(Supplementary Fig. 2C).  DJ-1 knockdown markedly inhibited FcεRI-mediated degranulation in 189 

HuMCs both in the absence (Fig. 2B, blue line) or presence (Fig. 2B, red lines) of stem cell 190 

factor (SCF) which enhances FcεRI dependent degranulation14. Degranulation induced by 191 

thapsigargin, which causes cytosolic Ca2+ increases by inhibiting Ca2+ uptake into intracellular 192 

stores or by GPCR agonists (Figure 2C) was not affected by the loss of DJ-1 (Fig. 2C), 193 

consistent with specificity on FcεRI signaling. FcεRI-mediated release of prostaglandin D2 194 

(PGD2) and GM-CSF (Fig. 2D and F), but not thapsigargin-induced PGD2 release (Fig. 2E), 195 

were also substantially reduced with DJ-1-knowdown compared with non-target shRNAs. DJ-1 196 

knockdown had similar effects on FcεRI dependent responses in LAD2 MCs (Supplementary Fig. 197 

3A-D).  198 
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 199 

Pretreatment of HuMCs with the general ROS scavenger 2,2,6,6-tetramethylpiperidin- 1-oxyl 200 

(TEMPO) prior to MC stimulation reversed the augmented intracellular ROS levels in DJ-1 201 

knockdown cells (Fig. 3A) but did not restore the inhibition of degranulation (Fig. 3B), or PGD2 202 

(Fig. 3C) and GM-CSF (Fig. 3D) secretion by DJ-1 shRNA silencing. Similarly, the antioxidant 203 

TEMPO did not restore FcεRI-dependent responses in LAD2 cells (Supplementary Fig. 3E). 204 

Higher concentrations of TEMPO (300 µmol/L) did not have significant additional effects on 205 

ROS levels over 100 µmol/L TEMPO (Fig. 3A and Supplementary Fig. 3F) but induced 20% 206 

cell death and thus this concentration was not used in the study. The results using concentrations 207 

of TEMPO that markedly reduce ROS levels (albeit not totally), are consistent with the 208 

conclusion that the defect in FcεRI–induced mediator release in DJ-1 knockdown HuMCs, is 209 

largely (about 40%) unrelated to increased intracellular ROS levels due to the loss of DJ-1 210 

antioxidant activity. 211 

 212 

Elevated ROS caused by knockdown of DJ-1 result in enhanced activity of SHP-2 but not 213 

SHP-1 214 

DJ-1 has been reported to alter the function of the tyrosine Src homology 2 domain-containing 215 

phosphatase 1 (SHP-1) and SHP-2 in mouse bone marrow-derived MCs (mBMMCs), and 216 

negatively regulating FcεRI-induced activation6.  In marked contrast, in human LAD2 cells, 217 

FcεRI induced activation of SHP-1 was not affected by DJ-1 knockdown (Fig. 4A). Further, in 218 

LAD2 cells, pretreatment with TEMPO (Fig. 4B), or incubation with H2O2 in vitro did not alter 219 

activation of SHP-1 (Fig. 4C).  This contrasts with mBMMCs, where inhibition of SHP-1 220 
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activity by DJ-1 deficiency was reversed by the antioxidant TEMPO and was concluded to be the 221 

main mechanism involved in the hypereactive phenotype found in DJ-1 deficient mBMMC6.   222 

 223 

SHP-2 activation was, in contrast, enhanced in DJ-1 knockdown human LAD2 MCs (Fig. 4D), 224 

an effect shared with DJ-1 deficient BMMCs6.  The enhanced activation of SHP-2 was fully 225 

restored by treatment with TEMPO (Fig. 4E), indicating this effect is ROS-mediated.  Further 226 

confirming this conclusion, H2O2 induced a dose-dependent increase in SHP-2 activity in 227 

immunoprecipitates after FcεRI ligation (Fig. 4F). These results indicate that while the role of 228 

DJ-1 as a negative regulator of SHP-2 activation is conserved in human and mouse MCs, DJ-1 229 

plays no role in the regulation of SHP-1 in human MCs.  Therefore, the antioxidant component 230 

of DJ-1 function in human MCs is restricted to the control of SHP-2 and this, together with the 231 

lack of effect on SHP-1, may help explain the opposing mediator release effects between human 232 

and mouse MCs. 233 

 234 

Knockdown of DJ-1 inhibits FcεRI-induced Lyn activation mostly independently of its 235 

effects on ROS  236 

Since non-oxidized DJ-1 translocated to lipid rafts early after ligation of FcεRI and the activation 237 

of SFKs including Lyn, Fyn, and Fgr are the most receptor-proximal events3, 4, 15-17, we explored 238 

the possibility that reduced DJ-1 expression affects their activity.  The activation of Lyn kinase 239 

was significantly impaired in DJ-1-silenced LAD2 cells (Fig. 5A, left panel).  However, the 240 

activities of Fyn, and Fgr (Fig. 5A, middle and right panels) were not affected. The inhibition of 241 

Lyn by DJ-1 knockdown was mostly independent of its regulation of ROS levels since it was 242 
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only partially reversed by treatment with TEMPO (Fig. 5B).  In agreement, addition of H2O2 to 243 

immunoprecipitated Lyn only mildly reduced its Lyn tyrosine kinase activity (Fig. 5C). As in 244 

LAD2 cells, DJ-1 knockdown also impaired the activation of Lyn in primary HuMCs and 245 

showed little dependency on ROS levels (Supplementary Fig. 4). These results also contrasted 246 

with the effect of DJ-1 deficiency or knockdown in mBMMC6, where Lyn was not found to be 247 

affected, and suggest that DJ-1 is an important contributor to Lyn activation in HuMCs but not 248 

mBMMCs, an effect that is in general unrelated to DJ-1 antioxidant activity. 249 

 250 

DJ-1 is critical for activation of Syk and Syk-dependent phosphorylation events 251 

independently of its effects on ROS  252 

Syk activation by Lyn is critical for early signaling events mediated by FcεRI18. Consistent with 253 

the effect on Lyn, Syk activity in immunoprecipitates was significantly reduced by DJ-1 254 

knockdown in LAD2 MCs after FcεRI stimulation (Fig. 6A) and this effect was only partially 255 

restored by treatment with TEMPO (Fig. 6B). In agreement with the reduction in Syk activity, 256 

we observed reduced phosphorylation of Syk in tyrosines 525/526 and 352 (Fig. 6C, upper panel) 257 

that was minimally reversed with TEMPO (Fig. 6C, lower panel). Furthermore, knockdown of 258 

DJ-1 also substantially reduced phosphorylation of Syk-dependent targets including the adaptor 259 

linker for activation of T cells (LAT) and the downstream phosphorylation of PLCγ1, JNK and 260 

ERK (Fig. 6D). However, in agreement with the lack of effect on Fyn activity, Akt 261 

phosphorylation, which is downstream of Fyn activation16, was not significantly affected. Of 262 

note, only a small fraction of Lyn is needed to initiate signaling early after FcεRI engagement19-
263 

21 and thus increased Lyn activity may not be readily detectable by immunoprecipitations and in 264 
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vitro kinase assays until later times as receptor clusters and signaling complexes enriched in Lyn 265 

become enlarged 6, 19-22 (Fig.5A). 266 

Collectively, the data are consistent with an essential role for DJ-1 in the propagation of FcεRI-267 

mediated Lyn-Syk signaling and human MC functions by mechanisms that fundamentally differ 268 

from its effects on mBMMC. 269 

 270 

Non-oxidized DJ-1 is required for proper phosphorylation and activation of Lyn in lipid 271 

rafts  272 

Since DJ-1 was rapidly translocated to the plasma membrane where Lyn triggers signaling after 273 

FcεRI engagement, we investigated whether Lyn and DJ-1 colocalize and associate after 274 

stimulation. We detected DJ-1 in immunocomplexes with Lyn within 3 min of FcεRI 275 

crosslinking in both primary HuMCs (Fig. 7A) and LAD2 MCs (Fig. 7B), consistent with the 276 

finding that DJ-1 is critical for degranulation, which occurs within 2-3 min.  However, 277 

association of DJ-1 and Lyn was maximal at 7 min and remained so for up to 15 min (Fig. 7A 278 

and B, upper panels). The persistence of the association DJ-1/Lyn after degranulation is ending 279 

suggests roles for DJ-1 in responses additional to degranulation, such as cytokine and PGD2 280 

release which are late MC responses. Confocal microscopic analysis confirmed the redistribution 281 

of a portion of DJ-1 to the plasma membrane and colocalization with Lyn early after stimulation 282 

(Fig. 7A and B, lower panels).  283 

 284 

Since Lyn is enriched in lipid rafts after MC stimulation, an environment important for Lyn-285 

mediated phosphorylation of FcεRI3, we suspected that DJ-1 may also re-localize to these rafts, 286 
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as was described in astrocytes after LPS activation23. Fractionation studies did indicate that a 287 

substantial portion of DJ-1 translocated from the cytoplasm fractions (fractions 8-11) into lipid 288 

rafts (fractions 4-6; as defined by the marker protein flotillin-1 and Lyn), thus colocalizing with 289 

Lyn following stimulation (Fig. 7C). Consistent with the confocal images shown in Fig. 1C, the 290 

majority of DJ-1 that translocated into lipid raft fractions was not oxidized (Fig. 7C). 291 

Furthermore, DJ-1 was detected in immunocomplexes with Lyn only in detergent-insoluble 292 

fractions (lipid rafts) after MC stimulation but not in detergent-soluble fractions (Fig. 7D) and 293 

the immunoprecipitated DJ-1 associating with Lyn in these fractions was not oxidized in Cys106 294 

(Fig. 7D).   295 

 296 

The association of Lyn with DJ-1 in lipid rafts after FcεRI engagement did not appear to be 297 

required for the translocation of Lyn into these domains since silencing of DJ-1 did not prevent 298 

enrichment of Lyn in lipid rafts (Fig. 7E).  However, it did markedly inhibit FcεRI-mediated Lyn 299 

phosphorylation (Fig. 7E), indicating that DJ-1 facilitates Lyn activation. 300 

 301 

Human non-oxidized DJ-1 directly interacts with human Lyn  302 

Because DJ-1 is reported to directly alter the activity of kinases and tyrosine kinases24-26, we next 303 

determined whether recombinant DJ-1 could induce Lyn activation in vitro.  As shown in Fig. 304 

8A, recombinant DJ-1 induced a dose-dependent increase in Lyn activity in Lyn- 305 

immunoprecipitates from resting LAD2 cells (Fig. 8A, black bars).  However, this induction was 306 

not observed when DJ-1 was previously oxidized with H2O2 (Fig. 8A, red bars), which together 307 

with the observation that oxidized DJ-1 was not present in the plasma membrane or lipid rafts 308 
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early after FcεRI engagement, indicates that the effect of DJ-1 on Lyn activity is independent of 309 

its antioxidant activity.  310 

 311 

To test whether Lyn and DJ-1 interact directly, we performed dot blots with recombinant DJ-1 312 

and recombinant tyrosine kinases. Increasing concentrations of either purified recombinant Lyn 313 

(Fig. 8B) or DJ-1 (Fig. 8C, left panel) immobilized in nitrocellulose showed immunoreactive 314 

dots after incubation with DJ-1 (Fig. 8B) or Lyn (Fig. 8C, left panel). In contrast, no 315 

immunoreactive dots were observed when either recombinant Fyn or Syk was employed (Fig. 8B 316 

and C, left panel). Spotted recombinant proteins immunoreactingto their corresponding 317 

antibodies are shown in Fig. 8C (right panel) as positive controls.   318 

 319 

Furthermore, human recombinant oxidized DJ-1 did not show positive interactions, indicating 320 

that only non-oxidized DJ-1 is able to interact with Lyn (Fig. 8D). Dot blot assays also indicated 321 

that mouse recombinant DJ-1 did not interact with mouse Lyn (Supplementary Fig. 5A) in 322 

agreement with the lack of effect of DJ-1 on Lyn activity in mBMMC.  Furthermore, this 323 

interaction appears to be specific between the human homologs because no immunoreactive dots 324 

were observed between mouse DJ-1/human Lyn or human DJ-1/mouse Lyn (Supplementary Fig. 325 

5B and C).  Collectively, these results demonstrate a direct interaction between Lyn and non-326 

oxidized DJ-1 that enhances the Lyn activity and appears unique to the human proteins. 327 

  328 
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DISCUSSION 329 

 330 

MCs play a critical role in allergic disorders mainly through the activation of the high-affinity 331 

IgE receptor (FcεRI) expressed on the MC surface. When the IgE-FcεRI complex is aggregated 332 

by multivalent antigen, the open, active conformation of the Src family tyrosine kinase (SFK) 333 

Lyn is favored, causing autophosphorylation of Lyn and transphosphorylation of tyrosine 334 

residues in the β and γ subunits of adjacent receptors. The latter phosphorylation creates docking 335 

sites for the recruitment of the tyrosine kinase Syk.  Syk phosphorylation by Lyn and consequent 336 

activation amplifies signaling cascades that result ultimately in the release of vasoactive and 337 

inflammatory mediators from the MC4,3,5. However, how exactly Lyn initiates these events in 338 

human MCs is not entirely clear. Here we demonstrate that direct binding of Lyn to DJ-1 in the 339 

plasma membrane is a required step for full Lyn kinase activation, transphosphorylation of the γ 340 

subunits of FcεRI and consequent responses in human MCs. This is a first report showing that 341 

DJ-1, by mechanisms partially independent of its action as a ROS scavenger, is critical for the 342 

organization of early events in human MC signaling. 343 

 344 

Interest in understanding the biochemical and functional properties of DJ-1 (also known as 345 

PARK7) has been fueled by the association of DJ-1 mutations with familial early onset 346 

Parkinson’s disease27 and by altered levels in diseases such as cancer, stroke, dermatitis and 347 

mastocytosis6, 7, 28, 29.  A well-established function of DJ-1 is to protect cells from oxidative 348 

damage partly by undergoing self-oxidation thus reducing ROS levels30-32, although other 349 

functions for DJ-1 independent of this feature have also been described24, 25, 33, 34. We confirmed 350 

that FcεRI engagement induced ROS generation in HuMCs12 and found that self-oxidation of 351 
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DJ-1 30 min after activation occurred concomitantly with a decline in ROS levels, consistent 352 

with the antioxidant role for DJ-1. Our study further reveals a requirement of DJ-1 for 353 

degranulation, cytokine and eicosanoid responses in HuMCs that appeared to be, however, 354 

greatly independent of its antioxidant activity since treatment with an antioxidant only restored 355 

by 20% the diminished responses caused by DJ-1 silencing.  This is consistent with reports 356 

indicating that ROS generation has little effect on FcεRI-mediated MC responses35.  Thus, the 357 

data supports ROS-dependent and ROS-independent roles for DJ-1 in HuMC responses. We 358 

provide evidence that a consequence of DJ-1 antioxidant activity is to restrict SHP-2 activation 359 

by removing excess ROS levels which normally enhances SHP-2 phosphatase activity, as was 360 

observed in mBMMCs6.  However, unlike in mBMMCs, DJ-1 had no effect on SHP-1 activity.  361 

Restricted SHP-2 activity would result in diminished Syk dephosphorylation and thus sustained 362 

Syk activation.   363 

 364 

In addition, silencing of DJ-1 expression markedly reduced Lyn activity in HuMCs by a 365 

mechanism unrelated to its ROS scavenger activity, as was true for mediator release, and 366 

involved a direct, specific association with Lyn. DJ-1 did not similarly associate with Syk nor the 367 

SFK Fyn, and Akt signaling downstream of Fyn was unaffected by DJ-1 absence. DJ-1 has been 368 

reported to alter the activity of certain receptors and signaling proteins in part by direct 369 

association36, 37, in some instances by mechanisms not yet well understood24, 25, 33, 38. Based on 370 

our findings we propose a unique dual function for DJ-1 in FcεRI-activated human MCs 371 

sequentially regulating Lyn and Syk pathways: initially, when DJ-1 is not oxidized, by directly 372 

facilitating Lyn activation; and later, as it becomes oxidized, by reducing ROS levels and SHP-2 373 

activity thus potentially alleviating SHP-2 repression of Syk activity (Fig. 8E).  374 
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 375 

We provide insights on how and where DJ-1 exerts its regulation of Lyn activation.   Similar to 376 

other cells39, 40, in non-stimulated HuMCs, DJ-1 appeared localized intracellularly but shortly 377 

and transiently after activation, a fraction of non-oxidized DJ-1 translocated to lipid rafts. Lipid 378 

rafts are plasma membrane microdomains enriched in cholesterol, glycosphingolipid, and 379 

sphingolipids41, 42, believed to generally function as focal points for the consolidation of FcεRI 380 

signaling components. Lyn and DJ-1 not only colocalized but formed distinct Lyn/DJ-1 immune 381 

complexes in these domains in response to FcεRI ligation.  Formation of such complexes did not 382 

require adaptor proteins since purified recombinant DJ-1 directly bound recombinant Lyn in 383 

vitro, and resulted in enhanced Lyn activity. Although the precise mechanisms for the effect on 384 

Lyn activity are not entirely clear they appear to be partly independent of its antioxidant function.  385 

It is unlikely that DJ-1 prevents interactions with Cbp/Csk complexes, a feed-back loop that 386 

keeps Lyn in an inactive state through phosphorylation of Lyn in Tyr50743, since DJ-1 deficiency 387 

did not alter Lyn phosphorylation in Tyr507 or the phosphorylation and levels of Cbp that co-388 

immunoprecipitated with Lyn (Supplementary Fig. 6A). Nevertheless, DJ-1 knockdown blunted 389 

total phosphorylation of Lyn and its association with Fcγ subunits (Supplementary Fig. 6A) and 390 

recombinant DJ-1 was sufficient by itself to enhance Lyn kinase activity in Lyn 391 

immunoprecipitates from unstimulated MCs and of recombinant Lyn in vitro (Fig. 8A and 392 

Supplementary Fig. 6B) to suggest that a consequence of Lyn/DJ-1 interaction may be to 393 

promote the open, active conformation of Lyn. 394 

 395 

The active conformation of Lyn is usually favored by binding of Lyn SH2 and SH3 domains to 396 

phosphotyrosine-containing sequences and proline-rich motifs, respectively44, 45. DJ-1 does not 397 
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contain proline-rich motifs, but it was phosphorylated on tyrosine after antigen stimulation 398 

(Supplementary Fig. 6C). The fact that purified recombinant DJ-1 and Lyn interacted in the 399 

absence of ATP in our studies suggests that DJ-1 phosphorylation is not necessary for binding, 400 

but may stabilize the active conformation of Lyn.  However, it appears that a non-oxidized 401 

Cys106 is required for the interaction and enhancement of Lyn activity. The interaction between 402 

human Lyn and DJ-1 is also species-specific in that it was not observed between the two murine 403 

proteins or between human and murine homologs, which suggests an acquired function for DJ-1 404 

in humans despite the overall sequence homology between species. This adds a cautionary note 405 

in translating mouse data to humans with respect to MC activation mechanisms. 406 

 407 

Collectively, our results shed new light on the regulation of human MC responses after IgE 408 

receptor engagement by identifying DJ-1 as an unsuspected player in Lyn activation.  This 409 

function of DJ-1 requires non-oxidized cysteine residues as well as translocation of DJ-1 to lipid 410 

rafts and direct interaction with Lyn that facilitates its kinase activity and initiation of signaling 411 

cascades.  Thus, further characterization of DJ-1/Lyn interaction may open new avenues of 412 

therapeutic modalities in MC-derived diseases.  The finding of DJ-1 as an essential regulator of 413 

Lyn may also be relevant for other immunoglobulin receptors and/or human immune cells where 414 

Lyn function is critical.  415 

  416 
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FIGURE LEGENDS 548 

 549 

Figure 1. Non-oxidized DJ-1 localizes to the plasma membrane early after mast cell 550 

activation. (A) Changes in intracellular ROS and release of DJ-1 into the extracellular media 551 

following stimulation with 100 ng/ml streptavidin (SA) of HuMCs sensitized with biotinylated 552 

IgE measured by ELISA. (B) Immunoblots showing changes in total DJ-1 and oxidized DJ-1 (at 553 

Cys106) inside cells or secreted to the media, as indicated. Quantification of blots is shown as 554 

bar graphs representing the average of 3 independent experiments. Loaded amounts of lysates 555 

(intracellular DJ-1) and of supernatants (extracellular) are not equivalent in “per cell” basis, 556 

being the latter 5 times more concentrated than those for the intracellular (see methods). (C) 557 

Confocal microscopic analysis of the intracellular localization of DJ-1 (green) and oxidized DJ-1 558 

(red) in non-stimulated or SA-stimulated HuMCs for 0, 10, 60, and 240 min. Data are from a 559 

representative experiment of three independent experiments. 560 

 561 

Figure 2. DJ-1 expression is required for normal FcεRI–induced human mast cell 562 

responses. (A) Reduced DJ-1 protein (left panel) and mRNA expression levels (right panel) in 563 

HuMCs transduced with either DJ-1 sh-RNA or non-targeted sh-RNA constructs. (B, C) Effect 564 

of DJ-1 knockdown (empty circles) in HuMC degranulation induced by SA (B) or the indicated 565 

concentrations of thapsigargin, complement component 3a (C3a) and Compound 48/80 (C). In B, 566 

IgE-sensitized HuMCs were stimulated with various concentrations of SA in media with (red 567 

lines) or without (blue line) 100 ng/ml SCF. Degranulation was measured as β-hexosaminidase 568 

activity released into the extracellular medium and expressed as percentage of the total cellular 569 
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β-hexosaminidase activity. (D, E) Effect of DJ-1 knockdown in the production of PGD2 secreted 570 

into the culture medium induced by the indicated concentrations of SA (D) or by thapsigargin (E)  571 

six hours after stimulation. PGD2 was determined by ELISA. (F) Effect of DJ-1 knockdown in 572 

the production of the cytokine GM-CSF induced by SA. HuMCs were stimulated for 6 h and the 573 

amounts of GM-CSF released into the media determined by ELISA. All values are means ± SEM 574 

from 3 independent experiments. *P < 0.05, **P < 0.01.  575 

Figure 3. The effect of DJ-1 knockdown in FcεRI -induced human mast cell responses is 576 

largely independent of its effect on ROS. (A) Confocal microscopy images showing 577 

intracellular ROS levels in HuMCs transduced with either lentiviral DJ-1 shRNA or non-target 578 

(NT) shRNA and pretreated or not with TEMPO for 10 min prior to SA (100 ng/ml) stimulation 579 

for 30 min. NS, non-stimulated. Right panels show determinations of ROS levels in HuMC after 580 

pretreatment with 30, 100 or 300 µmol/L TEMPO 10 min before stimulation with the indicated 581 

concentrations of SA. (B-D) Effect of the antioxidant TEMPO at the indicated concentrations on 582 

SA-induced degranulation (B), PGD2 (C) and GM-CSF (D) secretion in HuMCs transduced with 583 

either lentiviral DJ-1 shRNA or non-target shRNA control. IgE-sensitized cells were pretreated 584 

with TEMPO for 10 min and then stimulated with SA. Degranulation (B) was measured as 585 

percentage of β-hexosaminidase released into the media 30 min after stimulation, and the 586 

amounts of PGD2 (C) and GM-CSF (D) secreted into the culture medium were determined 6 587 

hours after activation. All values are means ± SEM from 3 independent experiments. *P < 0.05, 588 

**P < 0.01.  589 

 590 

Figure 4. The effect of DJ-1 knockdown on SHP-2 activation is mediated through increased 591 

ROS levels.  LAD2 cells transduced with lentiviral DJ-1 shRNA or non-target shRNA were 592 
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sensitized with IgE and then stimulated with 100 ng/ml SA for 15 min. SHP-1 (A) and SHP-2 (D) 593 

were immunoprecipitated from the cell lysates and their phosphatase activities measured as the 594 

amount of free phosphate released from a synthetic phosphopeptide in 30 min.  (B,E) Effect of 595 

ROS removal by TEMPO in the changes in SHP-1 (B) and SHP-2 (E) activity by DJ-1 596 

knockdown.  LAD2 cells were pretreated with 100 µmol/L TEMPO for 10 min before SA 597 

stimulation and the phosphatase activities determined as in A and D. (C,F) Effect of incubation 598 

with H2O2 for 20 min on SHP-1 (C) and SHP-2 (F) activities from non-stimulated (NS) and SA-599 

stimulated (SA) LAD2 cells. All values are means ± SEM from 3 independent experiments. *P < 600 

0.05. SA, streptavidin stimulated; NS, non-stimulated.  601 

 602 

Figure 5. DJ-1 knockdown suppresses Lyn activation mostly independently of its effects on 603 

ROS. (A) Effect of DJ-1 knockdown in the activity of Src family kinases Lyn, Fyn and Fgr after 604 

SA stimulation of MCs.  LAD2 cells transduced with lentiviral DJ-1 shRNA or non-target 605 

shRNA were sensitized with IgE and then stimulated with 100 ng/ml SA for the indicated times. 606 

Lyn, Fyn, and Fgr were immunoprecipitated and their kinase activities measured. (B) Effect of 607 

ROS removal by TEMPO in the loss of Lyn activation by DJ-1 knockdown.  LAD2 cells were 608 

pretreated with 100 µmol/L TEMPO for 10 min before SA stimulation. (C) Dose response effect 609 

of H2O2 on the activity of immunoprecipitated Lyn from non-stimulated and SA-stimulated 610 

LAD2 cells.  Lyn activity from immunoprecipitated Lyn samples was assayed in vitro in the 611 

presence of different concentrations of H2O2 for 20 min. All values are means ± SEM from 3 612 

independent experiments. *P < 0.05, **P < 0.01. SA, streptavidin-stimulated; NS, non-613 

stimulated. 614 

 615 
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Figure 6. DJ-1 knockdown suppresses Syk activation and downstream signals. (A) Effect of 616 

DJ-1 knockdown in SA-induced activation of Syk. LAD2 cells transduced with lentiviral DJ-1 617 

shRNA or non-target shRNA were sensitized with IgE and then stimulated with 100 ng/ml SA 618 

for the indicated times. Syk was immunoprecipitated and its activity in the immunoprecipitaes 619 

measured using the ELISA-based Tyrosine Kinase Assay Kit.  (B) Involvement of ROS in DJ-1 620 

knockdown-induced effect on Syk activity.  Cells were treated with TEMPO (100 µmol/L) for 10 621 

min prior to SA stimulation and Syk activity from the indicated lysates was determined as in A. 622 

Values are means ± SEM from 3 independent experiments. *P < 0.05, **P < 0.01. (C,D) Effect 623 

of DJ-1 knockdown on SA-induced signaling. Phosphorylation of Syk, LAT, PLCγ1, Akt, Jnk 624 

and Erk1/2 on LAD2 cells treated as in A was assessed by Western blotting using specific 625 

antibodies for the indicated proteins. Blots are representative of three experiments. 626 

 627 

Figure 7. After FcεRI crosslinking, DJ-1 interacts with Lyn in lipid r afts and enables Lyn 628 

phosphorylation. (HuMCs (A) and (B) LAD2 cells were stimulated with 100 ng/ml SA for 0, 3, 629 

7, and 15 min and Lyn was immunoprecipitated (upper panels).  Presence of DJ-1 in the 630 

immunoprecipitates was demonstrated by Western blotting. Confocal images show the 631 

localization of DJ-1 (in green) and Lyn (in red) before and after SA stimulation of HuMCs (A) 632 

and (B) LAD2 cells. (C) Distribution of Lyn and DJ-1 in sucrose density gradient centrifugation 633 

fractions from non-stimulated (NS) or SA-stimulated (SA) LAD2 cell lysates. (D) Lyn was 634 

immunoprecipitated from 1% Triton X-100 soluble and insoluble fractions of IgE-sensitized 635 

LAD2 cells stimulated or not with 100 ng/ml SA for 7 min, and the presence of DJ-1 or oxidized 636 

DJ-1 determined by Western blotting. (E) LAD2 cells transduced with lentiviral DJ-1 shRNA or 637 

non-target shRNA were stimulated with 100 ng/ml SA for 7 min. Lyn was immunoprecipitated 638 
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from Triton X-100 soluble and insoluble fractions and DJ-1 or Lyn localization and Lyn 639 

phosphorylation determined by Western blotting. Quantification of phospho-Lyn and Lyn for are 640 

shown. The values are means ± SEM from 3 independent experiments. **P < 0.01.  641 

 642 

Figure 8. Human DJ-1 directly interacts with Lyn, but not Fyn or Syk, and enhances its 643 

tyrosine kinase activity. (A) Lyn activity in immunoprecipitates from unstimulated LAD2 cells 644 

incubated with or without various amounts of purified human recombinant DJ-1 or oxidized DJ-645 

1 protein (OX-DJ-1) for 30 min.  Values are means ± SEM from 3 independent experiments. *P 646 

< 0.05. (B,C) Human recombinant Lyn, Fyn, Syk and DJ-1 were immobilized on a nitrocellulose 647 

membrane and incubated with a solution of 100 ng/ml human recombinant DJ-1 (B) or human 648 

recombinant Lyn (C). After washing, positive interactions were revealed using antibodies against 649 

DJ-1 (B) or anti-Lyn (C).  C, right panel: positive controls for recognition of doted proteins to 650 

the corresponding antibodies. (D) Dot blots demonstrating that only non-oxidized human 651 

recombinant DJ-1 (h R DJ-1) interacts with human recombinant Lyn.  Blots are representative of 652 

three experiments. (E) Model summarizing the findings. After activation of the FcεRI, non-653 

oxidized DJ- 1 is translocated to lipid rafts where it interacts with Lyn facilitating its activity and 654 

downstream signaling.  In addition, at later times after FcεRI engagement, DJ-1 has a positive 655 

effect on MC signaling acting as an antioxidant protein that reduces ROS levels, thus limiting 656 

SHP-2 activation and enhancing Lyn activity, both of which favor Syk activation and MC 657 

responses.  658 

 659 
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METHODS 1 

Human Mast Cell Cultures (HuMCs).  Primary HuMCs were derived from CD34+ peripheral 2 

blood progenitors isolated from healthy volunteers after informed consent under a protocol 3 

(NCT00001756) approved by the Institutional Review Board of the National Institute of Allergy 4 

and Infectious Diseases (NIH). CD34+ cells were cultured in StemPro-34 SFM Complete 5 

Medium (Invitrogen, Grand Island, NY), L-glutamine (2 mM), penicillin (100 IU/ml), 6 

streptomycin (100 µg/ml), 100 ng/ml human recombinant SCF and 100 ng/ml human 7 

recombinant IL-6 (R&D Systems, Minneapolis, MN), except for the initial week of culture, 8 

when 30 ng/ml human recombinant IL-3 (PeproTech, Rocky Hill, NJ) was also present, as 9 

describedE1. Cells were used for experiments by 6 to 8 weeks when 99% of cells were 10 

identifiable as FcεRI+/KIT+ MCs. LAD2 cells were maintained in complete StemPro-34 SFM 11 

Complete Medium supplemented with 100 ng/ml human recombinant SCF, L-glutamine (2 mM), 12 

penicillin (100 IU/ml) and streptomycin (100 mg/ml) as previously describedE2. For activation, 13 

HuMCs and LAD2 cells were sensitized overnight with biotinylated IgE (0.1 µg/ml), washed and 14 

the IgE-bound FcεRI crosslinked with 100 ng/ml streptavidin (SA) for the indicated times. 15 

 16 

Antibodies and Recombinant proteins.  Antibodies against DJ-1 (sc-27006) and Lyn (sc-15) 17 

were from Santa Cruz Biotechnology (Dallas, TX) and used at a dilution of 1:1,000 for western 18 

blotting. Antibodies against oxidized DJ-1 (Cys106) (MABN1773, diluted to 1:200) and 19 

phosphotyrosine (pY) residues (05-321, diluted to 1:1,000) were from EMD Millipore (Billerica, 20 

MA).  Anti- phospho-Syk (Tyr525/526) (#2711), phospho-LAT (Tyr191) (#3584), phospho-Akt 21 

(Thr308) (#9275), phospho-SAPK/JNK (Thr183/Tyr185) (#9251), phospho-p44/42 MAPK 22 

(Erk1/2) (Thr202/Tyr204) (#9101), phospho-PLCγ1 (Y783) (#2821) and Flotillin-1 (#3253) 23 

antibodies were from Cell Signaling Technology (Beverly, MA) and diluted to 1:2,000 for 24 
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western blotting, except for anti-flotillin which was diluted to 1:1,000. Anti- β-actin (A5316), 25 

used as loading control at 1:5,000 dilution, was purchased from Sigma-Aldrich (St Louis, MO). 26 

For immunoprecipitations, antibodies anti-Lyn (sc-7274), Fyn (sc28791), Syk (sc-929), and 27 

SHP-1 (sc-287) were from Santa Cruz Biotechnology; anti-Fgr (sc-17) was from Cell Signaling 28 

Technology and anti-SHP2 (ab32083) from Abcam (Cambridge, Mass). For confocal microscopy 29 

anti-Lyn antibody (628102; diluted to 1:1,000) was purchased from BioLegend (San Diego, 30 

Calif); anti-DJ-1 (sc-32874 diluted to 1:1,000) from Santa Cruz Biotechnology and anti-oxDJ-1 31 

(Cys106) (HCA024, diluted to 1:500) from Bio-Rad (formerly AbD Serotec; Raleigh, NC). 32 

Recombinant human Lyn, Fyn, Syk and recombinant mouse Lyn proteins for dot blots were from 33 

EMD Millipore.  Human DJ-1 recombinant protein was from AnaSpec (San Jose, CA) and 34 

mouse DJ-1, Fyn, Syk recombinant proteins from MyBioSource (San Diego, CA).  35 

 36 

Knockdown of DJ-1 by sh-RNA.  Non-target control vector (SHC002) or DJ-1-targeted short 37 

hairpin RNAs (sh-RNAs) (TRCN0000004921) were purchased from Sigma-Aldrich (Sigma-38 

Aldrich, St. Louis, MO). This DJ-1 sh-RNA construct was selected among other available 39 

constructs (TRCN0000004918, TRCN0000004919 and TRCN0000004920) for its consistency in 40 

silencing DJ-1 in HuMCs and LAD2 cells, although they all reduced DJ-1 expression 41 

(Supplementary Figure 2). The Mission Lentiviral packaging mix (Sigma-Aldrich) and the 42 

pLKO1 vectors with sh-DJ-1 or control sh-RNA (3.4 µg) were cotransfected into 293T cells (4 × 43 

106 cells) with FuGENE6 transfection reagent (Roche, Indianapolis, Ind) in Opti-MEM and the 44 

viral particles were collected by centrifugation as describedE3. The resulting pellet was 45 

resuspended in 3 ml of pre-warmed complete StemPro medium (Invitrogen) and 0.5 to 1.0 ml of 46 

this volume transferred to a T25 culture flask containing 1 to 2 × 106 HuMC or LAD2 in 10 ml 47 
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of complete StemPro medium. Two days after transduction, cells were placed in fresh complete 48 

media for two additional days. Transduced cells were selected in media containing 0.2 µg/ml 49 

puromycin (Sigma-Aldrich) for 5 days. After a recovery period of 2 days, the cells were used for 50 

experiment. Most experiments were also repeated in cells using DJ-1 sh-RNA knockdown 3-4 51 

days after transduction without puromycin selection with very similar results (not shown). 52 

 53 

Measurement of ROS and DJ-1 levels.  Intracellular ROS levels were measured with the 54 

OxiSelect™ Intracellular ROS Assay kit (Cell Biolabs, Inc., San Diego, CA). HuMCs (2×105 55 

cells/1.5 ml) and LAD2 (2×105 cells/1.5 ml) cells were sensitized overnight with biotinylated 56 

IgE (0.1 µg/ml), washed and the IgE-bound FcεRI crosslinked with 100 ng/ml streptavidin (SA) 57 

for various time periods.  Cells were incubated at 37°C with 2’, 7’-dichlorofluorescin diacetate 58 

(DCFH-DA) (20 µM) for the last 15 min of stimulation with SA and ROS was quantified as 59 

describedE4. For cell imaging of intracellular ROS, dichlorofluorescein-loaded cells treated as 60 

above were fixed in 4% formaldehyde for 10 min. In some experiments, cells were pretreated 61 

with the antioxidant TEMPO (30µM) for 10 min before stimulation with SA. Confocal images 62 

were obtained in a Leica SP5 X confocal laser scanning microscope with an Apochromat 60× 63 

objective (Leica Microsystems, Buffalo Grove, IL). 64 

For DJ-1 measurements, HuMCs or LAD2 (5×105 cells/1.0 ml) cells were sensitized with IgE 65 

and stimulated with SA as described above. Aliquots of the supernatants were taken at the 66 

indicated times and DJ-1 measured by ELISA (R&D Systems). Alternatively, supernatants were 67 

concentrated to 10 µl by ultrafiltration (Amicon Ultra-4 Centrifugal Filter Units; 10 kDa) (EMD 68 

Millipore; Billerica, MA), the proteins solubilized with 2X SDS sample buffer and separated by 69 
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SDS-PAGE using 4-12% gels.  For detection of intracellular DJ-1 and oxidized DJ-1, cells were 70 

lysed in 200 µl of lysis buffer and 10 µl per sample used for Western blot determinations. 71 

 72 

Measurement of DJ-1 mRNA. Total cellular RNA was extracted from 5×105 cells using an 73 

RNeasy Plus Mini kit (Qiagen, Valencia, CA).  A 1 µg aliquot of RNA, was reverse-transcribed 74 

using SuperScript III reverse transcriptase (Invitrogen Life Technologies, Carlsbad, CA). 75 

Quantitative PCR was executed in 96-well plates using ABI Prism 7500 Real Time PCR system 76 

(Foster City, CA) and TaqMan gene expression assays for DJ-1 (AIVI5HL) and GAPDH as the 77 

endogenous control gene (Assay ID: Hs99999905_m1) (Life Technologies, Grand Island, NY) 78 

was used for normalization. 79 

 80 

Immunoprecipitation and Western blotting analysis.  IgE-primed HuMCs and LAD2 cells 81 

were stimulated with SA in HEPES-BSA buffer (10 mmol/L HEPES [pH 7.4], 137 mmol/L 82 

NaCl, 2.7 mmol/L KCl, 0.4 mmol/L Na2HPO4.7H2O, 5.6 mmol/L glucose, 1.8 mmol/L 83 

CaCl2·2H2O, 1.3 mmol/L MgSO4·7H2O and 0.04% BSA) for 0, 3, 7, and 15 min, or as indicated 84 

in the figure legends, washed twice with 1× PBS, and lysed on ice with lysis buffer containing 85 

150 mM NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM Na3VO4, 0.5 mM PMSF, 5 86 

mg/ml aprotinin, 5 mg/ml leupeptin, complete protease inhibitor cocktail (Roche, Indianapolis, 87 

IN) and 1% NP-40 for 15 min.  Samples were then clarified at 13,000 g for 5 min at 4°C. Protein 88 

content in the lysates was determined using a Bradford assay (Bio-Rad, Hercules, CA) and equal 89 

amounts of protein (1 mg in ml lysis buffer) were used for the immunoprecipitation of the 90 

indicated tyrosine kinases and Src kinases.  Cell lysates were incubated at 4°C with the indicated 91 

specific antibodies with gentle rocking for 4h and the immunocomplexes were captured with 92 
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protein A/G–agarose overnight at 4°C. The agarose beads were washed five times with washing 93 

buffer (lysis buffer diluted 1:10 in PBS [pH 7.4]), resuspended in 2X Laemmli buffer, and then 94 

boiled for 10 min.  95 

For western blotting analysis, equal amounts of proteins (20 µg) were separated by SDS-PAGE 96 

using 4-12% gels and then transferred onto nitrocellulose membranes. The membranes were 97 

blocked with 5% BSA in Tris-buffered saline for 1 h, and then incubated with specific primary 98 

antibodies overnight at 4°C. Immunoreactive bands were detected using infrared dye-conjugated 99 

secondary antibodies conjugated (LI-COR Biosciences; Lincoln, NE, USA) (1:20,000) and 100 

imaged and quantified using an Odyssey imager (LI-COR Biosciences).  101 

 102 

Measurement of phosphatase activity of SHP-1 and SHP-2.  SHP-1 and SHP-2 were 103 

immunoprecipitated from SA-stimulated LAD2 cells in HEPES-BSA buffer for 7 min. SHP-1 104 

and SHP-2 phosphatase activities in the immunoprecipitates were measured using a Duoset IC 105 

Phosphatase Assay (R&D Systems, Minneapolis, Minn) by determining the amount of free 106 

phosphate after incubation with a synthetic phosphopeptide substrate for 30 min following 107 

manufacturer’s protocol.  108 

 109 

In vitro kinase assay.  Immunoprecipitates of Lyn, Fyn, Fgr or Syk from 1 mg whole-cell 110 

lysates were assayed for kinase activity by using the ELISA-based Universal Tyrosine Kinase 111 

Assay Kit (Gen Way, San Diego, Calif) according to the manufacturer’s instructions. One unit of 112 

tyrosine kinase represents incorporation of 1 pmol of phosphate into the substrate (a p34cdc2 113 

peptide fragment of about 6-20 aminoacids) per minute. 114 
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 115 

Dot blots.  Recombinant Lyn, Fyn, and Syk were dotted on nitrocellulose membranes (0.45 µm 116 

pore size; Invitrogen). The membranes were blocked with TBST (150 mM NaCl, 25 mM Tris 117 

[pH 7.5], 0.05% Tween 20) containing 5% BSA for 1 h at room temperature.  Recombinant DJ-1 118 

was diluted in TBST plus 0.05% BSA and incubated with the membrane for 1 h to allow for 119 

recognition of the spotted proteins. After washing (three times in TBST plus 0.1% milk), the 120 

membrane was incubated with anti-DJ-1 antibody overnight at 4°C. The membranes were 121 

detected by LI-COR Odyssey using IR-conjugated secondary antibodies. Oxidized recombinant 122 

DJ-1 was prepared by incubating recombinant DJ-1 with H2O2 for 30 min and then removing 123 

H2O2 by ultrafiltration (Amicon Ultra-4 Centrifugal Filter Units; 10 kDa) (EMD Millipore; 124 

Billerica, MA). 125 

 126 

Confocal microscopy. Non-stimulated and SA-stimulated HuMC and LAD2 cells were seeded 127 

into 8-well Lab-Tek chamber slides at a cell density of 3 × 104 cells/well, and centrifuged at 600 128 

rpm for 5 min. After washing with PBS, HuMCs or LAD2 cells were fixed with 4% 129 

formaldehyde in PBS for 10 min, washed with PBS, and permeabilized with 0.1% Triton X-100 130 

for 10 min. Fixed cells were incubated with 1% BSA in PBS for 60 min at room temperature and 131 

then overnight at 4°C with antibodies against Lyn, DJ-1, or oxidized-DJ-1 with gentle rocking. 132 

Cells were washed five times and then incubated for 50 min with Alexa Fluor® 594–conjugated 133 

goat anti-mouse IgG to detect Lyn or oxidized-DJ-1, or with Alexa Fluor® 488–conjugated 134 

Donkey anti-Rabbit IgG to detect DJ-1. The slides were then mounted with ProLonged Antifade 135 

Kit mounting solution (Molecular Probes) and confocal images were obtained with a Leica SP5 136 

X confocal laser scanning microscope (Apochromat 60× objective lens) (Leica Microsystems) 137 
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within the Biological Imaging Section of the Research Technologies Branch, National Institute 138 

of Allergy and Infectious Diseases, National Institutes of Health, 139 

 140 

Isolation of detergent-resistant membranes. LAD2 cells treated as indicated in the legends to 141 

figures were washed twice with ice-cold PBS and lysed in ice-cold PBS containing 1% Triton X-142 

100 and protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin, 1 mg/ml 143 

aprotinin and 1 mM EDTA) for 20 min.  The lysates were centrifuged at 16,600 g for 10 min at 144 

4°C and the corresponding supernatants were used as soluble fractions. The pellets were washed 145 

with ice-cold PBS buffer, solubilized with 1× sample buffer and used as insoluble fraction.  146 

For sucrose density gradient centrifugation fractionation analysis LAD2 cells (2.0 × 107) were 147 

washed twice with ice-cold PBS and lysed in 2 ml of TNE buffer (50 mM tris-HCl [pH 7.4], 150 148 

mM NaCl, 1 mM EDTA, 50 mM NaF, 2.5 mM sodium pyrophosphate, 1 mM sodium 149 

orthovanadate, 1 mM phenylmethylsulfonyl fluoride, leupeptin (1 mg/ml), and aprotinin (1 150 

mg/ml)) containing 0.5% Brij 58 for 30 min on ice. Lysates were mixed with an equal volume of 151 

80% (w/v) sucrose in TNE buffer. A sucrose gradient was prepared by the sequential addition of 152 

1.5 ml of 80% sucrose, 2 ml of a 1:1 mixture of 80% sucrose and cell lysate, 4 ml of 35% 153 

sucrose, and finally 4 ml of 5% sucrose, which was processed by ultracentrifugation at 270,000g 154 

for 18 h at 4°C. One-milliliter fractions (for a total of 12 fractions) were collected from the top to 155 

the bottom of the gradient for Western blot analysis. 156 

 157 

Statistical analysis.  Data were expressed as mean ± SEM of values from 3 or more independent 158 

experiments. 1-way ANOVA was used to determine statistically significant differences between 159 

groups using Prism 6 software (Graph Pad Software, San Diego, CA, USA). Statistical 160 

significance was indicated as follows: *P <0.05 and **P <0.01.   161 
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SUPPLEMENTARY FIGURE LEGENDS  163 

 164 

Supplementary Figure 1. Crosslinking of FcεRI in LAD2 cells induces early ROS 165 

production and DJ-1 oxidation followed by DJ-1 release into the extracellular space. (A) 166 

Changes in intracellular ROS and release of DJ-1 into the extracellular media following 167 

stimulation with 100 ng/ml streptavidin (SA) of IgE-sensitized LAD2 cells. (B) Immunoblots 168 

showing changes in total DJ-1 and oxidized DJ-1 (at Cys106) inside cells or secreted to the 169 

media, as indicated.  Quantification of blots is shown as bar graphs representing the average of 3 170 

independent experiments. As in Fig. 1, the loaded amounts of lysates (intracellular DJ-1) and of 171 

supernatants (extracellular) are not equivalent in “per cell” basis, being the latter 5 times more 172 

concentrated than those for the intracellular (see methods). (C) Changes in the expression of DJ-173 

1 mRNA after treatment of LAD2 cells with 100 ng/ml SA for the indicated times. (D) Confocal 174 

microscopic analysis of the intracellular localization of DJ-1 and oxidized DJ-1 in non-175 

stimulated or SA-stimulated LAD2 cells for 0, 10, 60, and 240 min. Data are from a 176 

representative experiment of three independent experiments.   177 

 178 

Supplementary Figure 2. Validation of DJ-1 Silencing in LAD-2 cells. (A,B) DJ-1 protein (A) 179 

and mRNA expression (B) levels in LAD2 cells transduced with four different lentiviral DJ-1 180 

shRNA or non-target shRNA were analyzed by Western blot and qRT-PCR, respectively. (C) c-181 

KIT and FcεRI expression in DJ-1 shRNA and control-transduced LAD2 cells. FcεRI and KIT 182 

expression were determined by FACS. Data are representative of three experiments. 183 

 184 
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Supplementary Figure 3. DJ-1 is required for normal LAD2 responses to FcεRI 185 

crosslinking by a mechanism mostly independent of ROS increases.  (A,B) Effect of DJ-1 186 

knockdown (empty circles) in LAD2 degranulation induced by SA (A) or the indicated 187 

concentrations of thapsigargin, complement component 3a (C3a) and Compound 48/80  (B). (A) 188 

IgE-sensitized LAD2 cells were stimulated with various concentrations of SA in media with (red 189 

lines) or without (blue line) 100 ng/ml SCF. Degranulation was measured as β-hexosaminidase 190 

activity released into the extracellular medium after 30 min of stimulation and expressed as 191 

percentage of the total cellular β-hexosaminidase activity. (C,D) Effect of DJ-1 knockdown 192 

(empty circles) in the production of PGD2 induced by SA (C, left panel) or by thapsigargin (C, 193 

right panel) and in the production of the cytokine GMCSF (D) induced by SA in LAD2 cells. (E) 194 

IgE-sensitized LAD2 cells were pretreated with 30 or 100 µmol/L of the antioxidant TEMPO for 195 

10 min and then incubated with or without the indicated concentrations of SA. The extent of 196 

degranulation after 30 min (left panels), and release of PGD2 (middle panels) and GM-CSF (right 197 

panels) after 6 hours were determined as in A-D. (F) Representative confocal microscopy images 198 

showing the intracellular ROS levels in control and DJ-1 knockdown LAD2 cells pretreated or 199 

not with 30 µmol/L TEMPO for 10 min prior to SA stimulation (100 ng/ml) for 30 min. Right 200 

panels show determinations of ROS levels in LAD2 cells after pretreatment with 30, 100 and 300 201 

µmol/L TEMPO 10 min before stimulation with the indicated concentrations of SA. All values 202 

are means ± SEM from 3 independent experiments. *P < 0.05, **P < 0.01. 203 

 204 

Supplementary Figure 4. DJ-1 knockdown reduced Lyn activity in primary human mast 205 

cells, and this effect is only partially restored by increased ROS. (A) HuMCs cells transduced 206 

with lentiviral DJ-1 shRNA or non-target (NT) shRNA were sensitized with IgE and stimulated 207 
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with 100 ng/ml SA for the indicated times. (B) Control or DJ-1 shRNA-silenced HuMCs cells 208 

were stimulated with SA for 10 min in the absence and presence of 30 (left panel) or 100 µmol/L 209 

TEMPO (right panel) for 10 min before SA stimulation. Lyn was immunoprecipitated from the 210 

indicated cell lysates and Lyn activity was measured with an ELISA-based Tyrosine Kinase 211 

Assay Kit. All values are means ± SEM from 3 independent experiments. *P < 0.05, **P < 0.01.  212 

 213 

Supplementary Figure 5. Mouse DJ-1, unlike the human homologs, does not interact with 214 

Lyn. (A) Recombinant mouse Lyn and recombinant mouse DJ-1 do not show direct interaction. 215 

Various amounts of mouse recombinant Lyn, Fyn and Syk and DJ-1 were immobilized on a 216 

nitrocellulose membrane as indicated.  Membranes were incubated with a solution of mouse 217 

recombinant DJ-1 (left) or mouse recombinant Lyn (right) at a concentration of 100 mg/ml. 218 

Interaction between the dotted protein and the protein in solution were revealed using antibodies 219 

against DJ-1 or anti-Lyn as indicated. (B,C) Dot blots demonstrating lack of interaction between 220 

mouse DJ-1 and human Lyn (B) or between human DJ-1 and mouse Lyn (C). 221 

 222 

Supplementary Figure 6. (A) DJ-1 knockdown does not affect Cbp phosphorylation or 223 

association with Lyn but markedly reduced total tyrosine phosphorylation of Lyn and 224 

associated FcεRI. LAD2 cells transduced with lentiviral DJ-1 shRNA or non-target (NT) 225 

shRNA were stimulated with 100 ng/ml SA for the indicated times. Lyn was immunoprecipitated 226 

and Lyn phosphorylation as well as associated Cbp and Fcγ subunits were analyzed by Western 227 

blotting with antibodies specific for the indicated proteins. Quantification of phospho-Lyn and 228 

Lyn for the indicated fractions and treatments is shown as bar graphs.  Data represents means ± 229 
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SEM from 2 independent experiments. **P < 0.01. (B) Purified DJ-1 enhances activity of 230 

recombinant purified Lyn. Human recombinant Lyn (100 ng) was incubated with various 231 

amounts of purified human recombinant DJ-1 or human recombinant oxidized DJ-1 protein (OX-232 

DJ-1) for 30 min, and Lyn activity measured with an ELISA-based Tyrosine Kinase Assay Kit.  233 

(C) DJ-1 is phosphorylated in tyrosine after activation of FcεRI. DJ-1 was 234 

immunoprecipitated from IgE-sensitized LAD2 cells and stimulated 100 ng/ml SA for the 235 

indicated times.  Tyrosine phosphorylation of DJ-1 in the immunoprecipitates was assessed by 236 

Western blotting using a phospho-tyrosine specific antibody.  The values are means ± SEM from 237 

3 independent experiments. *P < 0.05.  238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

  250 
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