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Abstract

Background: Mast cells are involved in many distinct pathological conditions, suggesting that 

they recognize and respond to various stimuli and thus require a rich repertoire of cell surface 

proteins. However, mast cell surface proteomes have not been comprehensively characterized.

Objective: We aimed to further characterize the mast cell surface proteome to obtain a better 

understanding of how mast cells function in health and disease.

Methods: We enriched for glycosylated surface proteins expressed in mouse bone marrow-

derived cultured mast cells (BMCMCs) and identified them using mass spectrometry analysis. 

The presence of novel surface proteins in mast cells was validated by qPCR and flow cytometry 

analysis in BMCMCs and peritoneal mast cells (PMCs). We developed a clustered regularly 
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interspaced short palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9) gene editing 

approach to disrupt genes of interest in BMCMCs.

Results: The glycoprotein enrichment approach resulted in the identification of 1270 proteins 

in BMCMCs, 378 of which were localized to the plasma membrane. The most common protein 

classes among plasma membrane proteins are small GTPases, receptors and transporters. One such 

cell surface protein is CD98 heavy chain (CD98hc) encoded by the Slc3a2 gene. Slc3a2 gene 

disruption resulted in a significant reduction in CD98hc expression, adhesion, and proliferation.

Conclusions: Our study indicates that glycoprotein enrichment coupled with mass spectrometry 

can be used to identify novel surface molecules in mast cells. Moreover, we found that CD98hc 

plays an important role in mast cell function.

Capsule summary

Glycoprotein enrichment and mass spectrometry enabled a comprehensive characterization of the 

mast cell surface proteome. CD98hc expression is required for optimal mast cell function.
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INTRODUCTION

Mast cells are hematopoietic progenitor-derived, granule-containing immune cells that are 

widely distributed in tissues that interact with the external environment, such as the skin and 

mucosal tissues1. It is well-known that mast cells are significantly involved in IgE-mediated 

allergic reactions2. Moreover, recent clinical studies with therapies that can reduce mast cell 

numbers in severe asthma highlight the relevance of mast cells in human disease outcomes3. 

Recent studies using mouse modeling of mast cell or mast cell protease deficiency by 

our group and others indicate that mast cells and their granule proteases have pleiotropic 

regulatory roles in immunological responses and diseases, exemplified by bacterial and 

parasite infections, sepsis, auto-immune disease, and cancer4–6. Overall, these studies 

suggest that in addition to IgE-dependent mechanisms, mast cell function can be influenced 

by IgE-independent mechanisms involving cytokines, peptides, toll-like receptor ligands, 

or components of the complement system. The mast cell surface protein repertoire that 

transduces these stimuli is essential for the concerted biological function of mast cells in the 

complex signaling environments generated during homeostasis and disease. However, the 

mast cell surface proteome or surfaceome has yet not been comprehensively characterized.

Historically, antibody-based technologies have been utilized to characterize the cell surface 

proteomes of immune cells, including mast cells7, 8. However, antibody-based technologies 

such as flow or mass cytometry are limited in their multiplexing capabilities and by the 

availability of high-quality antibodies. For example, approximately 370 antigens are targeted 

by monoclonal antibodies to cluster of differentiation (CD) molecules9, representing only 

a fraction of the estimated 2,900 proteins in the surface exposed proteome10. Mass 

spectrometry-based technologies offer the advantage of multiplexed and unbiased detection 

of proteins independent of existing antibody availability. Since most cell surface proteins 
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are glycosylated, the identification of most components of the cell surface proteome 

can be accomplished by the enrichment of glycoproteins exposed to the extracellular 

space. Glycoprotein enrichment in combination with mass spectrometry has been used to 

characterize the surfaceome of a relatively large number of tumor 11–13 and human primary 

cells including macrophages 14,15 and CD4+ T cells16. Therefore, we decided to use this 

approach to investigate the surface proteome profile of mast cells. Mass spectrometry 

analysis of BMCMC glycoprotein enriched samples resulted in the identification of 

1,270 proteins. Plasma membrane proteins including GTPases, receptors and transporters 

were overrepresented in the glycoprotein enriched samples. Among the novel pool of 

surface proteins, we found that CD98hc was highly expressed in mast cells. Therefore, 

we investigated CD98hc’s contribution to mast cell function and observed that CD98hc 

deletion by a CRISPR/Cas9 approach significantly impaired mast cell ability to degranulate, 

proliferate and adhere to fibronectin.

METHODS

Mass spectrometry (MS) sample preparation

For glycoprotein enrichment, BMCMCs were treated with 10mM sodium periodate (NaIO4) 

(Bio-Rad, Hercules, CA) in PBS for 1h to oxidize hydroxyl groups on surface glycoproteins. 

Cells were lysed in lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 0.002% sodium 

azide, 1% octyl-b-D-1-thioglucopyranoside) supplemented with a cocktail of serine and 

cysteine protease inhibitors (catalog number 11836170001, Sigma Aldrich, St. Louis, MO) 

and passed through a 27.5 gauge needle 15 times. Lysates were incubated overnight at 

room temperature with hydrazide beads (catalog number 153-6047, Bio-Rad) in coupling 

buffer (100 mM sodium acetate, 150 mM NaCl in H2O, pH 5.5). Bead-bound proteins 

were denatured with 8 M urea in 100 mM NH4HCO3. Immobilized denatured proteins 

were reduced with 50 mM dithiothreitol (DTT) for 1 h at 37°C, alkylated with 65 mM 

iodoacetamide (IAA) at room temperature in the dark for 30 min, and digested with trypsin 

(1:100, w/w) at 37 °C overnight. The digested tryptic peptides were recovered and stored 

at −80 °C until analysis. For whole cell proteomics, BMCMCs were treated with the 

same lysis, denaturation, reduction, alkylation, and digestion steps described for enriched 

glycoproteins.

Preparation of CRISPR/Cas9 reagents

CRISPR RNAs (crRNA) targeting Slc3a2 were identified using the CCTop design tool17 

and the COSMID CRISPR design tool18 and commercially synthesized by Integrated DNA 

Technologies (IDT, Coralville, IA). The ribonucleoprotein (RNP) crRNA sequence targeting 

exon 2 in mouse cells was GGGTGCTCAAGTACTCCAGA.

Mock edited cells were generated with Alt-R® CRISPR-Cas9 Negative Control crRNA #1 

(catalog 1072544, Integrated DNA Technologies, Inc., Coralville, IA).

Gene editing

Slc3a2 disruption was accomplished using the Neon transfection system (catalog number 

MPK1025, Thermo Fisher Scientific). crRNA targeting Slc3a2 and trans-activating RNA 
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(IDT) were complexed at a 1:1 ratio, as per the manufacturer’s instructions. crRNA:trans-

activating RNA complexes were mixed with Cas9 nuclease (IDT) at 1.2:1 M ratio (120 pmol 

RNA complex: 100 pmol Cas9 per reaction). Cells were washed with PBS and resuspended 

in Neon Buffer T at a final cell density of 4 x 107 cells/ml. Then, 100 pmol of complexed 

RNP per 4 x 106 cells was delivered to the cells by Neon electroporation (1450 V, 3 10 

ms pulses). Cells were then transferred into pre-warmed cell culture medium with IL-3 (10 

ng/ml) and 10% FBS. Cells were maintained in media after editing at a density of ~5 x 

105 cells/ml. Seven days after gene editing, CD98hc− cells accounted for ≥85% of the total 

gene-edited BMCMCs.

Image analysis of gene edited cells

Cells were transferred onto glass slides using cytospin and stained with May-Grunwald 

Giemsa. Photographs were taken using a Leica DM4000 B microscope with a Leica 

DFC310 FX camera (Leica. Allendale, NJ). LAS V4.5 software was used for capturing the 

images (Leica). The images were analyzed using the ImageJ software (NIH, Bethesda, MD). 

The largest diameter of cells was quantified using the measure function. The metachromatic 

area of each cell was estimated as the integrated density of the photos converted into binary 

images.

Statistical analyses

Statistical tests were performed using GraphPad Prism version 8.4.3 (GraphPad Software, 

Inc., La Jolla, CA). Data were analyzed for statistical significance using the Mann Whitney 

U-test. P < 0.05 was considered statistically significant.

Detailed methods used in this study are included in the Methods section in this article’s 

Online Repository (available at www.jacionline.org), covering the following: C57BL/6 

mice used, generation of BMCMCs, mass spectrometry analysis of cell surface proteins, 

single-cell sorting and qPCRs, flow cytometry, confocal microscopy, β-hexosaminidase 

release assay, PGD2 and cys-LT release assays, cytokine and chemokine release assays, 

cell counting and proliferation assay, adhesion assay, analysis of ERK phosphorylation, and 

colocalization immunofluorescence for cutaneous mastocytosis.

RESULTS

Mast cell surface proteome profiling

To profile the cell surface proteome of mast cells, we used well-established approaches 

to enrich for glycoproteins15, 16, 19, which are disproportionately located on the plasma 

membrane20. Briefly, glycoproteins were oxidized prior to cell lysis and captured from the 

lysate by hydrazide beads. Following several washes in denaturing buffer, peptides digested 

from hydrazide beads were subjected to liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) for protein identification (Fig. E1A). Analysis of the protein expression 

profiles generated by this method demonstrated close agreement between replicates as 

well as readily discernable differences between BMCMC whole cell lysate and BMCMC 

glycoprotein enriched samples (Fig. E1B). Of the 1,750 proteins identified in BMCMC 

samples, 748 (~43%) were common between whole cell and enriched samples, 480 (~27%) 
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were present in whole cell lysates only, and 522 (~30%) were present in glycoprotein 

enriched samples only. The glycoprotein enrichment process substantially increased the 

proportion of transmembrane domain-containing proteins in the samples relative to whole 

cell lysate samples from 11% to 26% (Fig. 1A). Additionally, analysis of annotated 

subcellular localization listed on UniProt and Genecards confirmed that plasma membrane 

proteins were over-represented in glycoprotein enriched samples relative to whole cell 

lysates from the same cells (Fig. 1A, 30% and 24%, respectively). This proportion of 

plasma membrane proteins is similar to that previously reported with the use of glycoprotein 

enrichment and mass spectrometry15, 19. All further analysis in the study utilized only the 

glycoprotein-enriched samples. The most highly represented plasma membrane-annotated 

proteins are listed in Table 1 (see full list in Table E1). Importantly, our approach 

detected surface molecules known to be expressed in mast cells in the enriched samples, 

validating its usefulness for identifying mast cell surface molecules. These expected surface 

molecules include the beta and gamma subunits of the high affinity receptor for IgE 

(FcεRIβ and FcεRIγ, respectively), the receptor for stem cell factor (c-Kit, also known 

as CD117), the type 1 receptor for transforming growth factor-beta (Tgfbr1), the receptor 

for IL-33 (Il1rl1, also known as St2) and the common beta subunit of the receptor for 

granulocyte-macrophage colony stimulating factor (GM-CSF), IL-3, and IL-5 (Csf2rb). 

We also observed numerous mast cell-associated leukocyte CD surface molecules among 

the plasma membrane proteins (Table E1). These CD molecules reported to be expressed 

during mast cell development including CD13 (Anpep), CD34, and CD117 (c-Kit)21 as 

well as those involved in mast cell activation including CD31 (Pecam)22, CD45 (Ptprc)23, 

CD4824, 25, CD63 (Lamp3)26, and CD107a (Lamp1)27.

Gene ontology analysis of the plasma membrane-localized proteins by PANTHER28, 29 

revealed that these proteins are involved in a wide variety of biological processes (Fig. 1B). 

The most annotated processes included cellular processes, biological regulation, response to 

stimulus, metabolic processes, cellular compartment organization, signaling, developmental 

process, and multicellular organismal process (Fig. 1B), reflecting the functional diversity 

of proteins at the mast cell plasma membrane. Additional PANTHER analysis of the protein 

classes represented in our dataset revealed that the most common protein classes in our 

dataset were small GTPases, receptors, and transporters (Fig. 1B, PANTHER protein class 

data) which are protein classes normally enriched at the plasma membrane in a variety of 

cell types. In these classes, we examined the most highly represented proteins in our dataset. 

The three most highly represented small GTPases were Rab proteins—Rab7a, Rab14, and 

Rab5c— which have all been reported to be involved in the endocytic pathway30 and to 

associate with macrophage phagosomes31, 32. In RBL-2H3 cells, a basophilic leukemia cell 

line, Rab7a and Rab14 are involved in exocytosis33, while Rab5c regulates secretory granule 

size through the fusion of secretory granules 34. Aside from the known mast cell receptors 

addressed above, the three most highly expressed receptors were Ly6a (Sca-1), plasminogen 

receptor (Plgrkt), and Spn (CD43). Ly6a is a murine bone marrow hematopoietic stem 

cell marker35 that has been found on some mast cell progenitor cells in mice as well as 

BMCMCs36 but not in granulocyte-myelocyte progenitors (GMPs), which are also thought 

to give rise to mast cells37. Plgrkt has not yet been characterized in mast cells but is 

reportedly involved in murine macrophage migration38. Spn is a sialoglycoprotein that 
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is a negative regulator of mast cell adhesion likely involved in mast cell migration39. 

The highly expressed small GTPases and receptors reflect the potential relevance of these 

surface proteins in mast cell degranulation and ability to migrate; however, the most highly 

expressed transporters seen in our dataset do not currently have reported roles in mast cells 

despite their known contribution to cell function in other immune cells. These transporters 

include Atp1b3 (CD298), a sodium/potassium ATPase which has been reported to be 

involved in pain sensitivity in mice40 and human T cell activation41, 42; Clic1, a chloride 

ion channel that is important for macrophage function43, and CD98hc, the heavy chain of 

an amino acid transport heterodimer44 and integrin co-receptor45 implicated in B and T 

cell activation46, 47, 48. Overall, our data indicate that we were able to use glycoprotein 

enrichment and mass spectrometry to define the cell surface proteome of BMCMCs in 

a comprehensive manner that includes both known mast cell surface proteins as well as 

surface proteins of unknown mast cell function.

Identification and validation of novel surface proteins expressed in mast cells

The comprehensive nature of our glycoprotein enrichment technique allowed for the 

identification of mast cell surface proteins whose role in mast cell biology is not yet 

understood. The analysis of mast cell surface proteins by database searches (Pubmed and 

Google Scholar) revealed that approximately half of the mast cell plasma membrane proteins 

identified (223/378) have not previously been characterized in mast cells. The most highly 

represented novel mast cell surface proteins are listed in Table 2 (see full list in Table 

E2). All the novel mast cells surface genes were validated by independent verification of 

their expression in tissue mast cells using the Immunological Genome Project (ImmGen, 

http://www.immgen.org/databrowser/) database (Fig. E2). Gene ontology analysis of this set 

of surface proteins revealed that the uncharacterized surface proteins are involved in similar 

biological processes as the whole mast cell plasma membrane proteome (Fig. E3). Protein 

class analysis gave more dissimilar results as the most represented protein classes in this set 

of proteins are transporters, membrane traffic proteins, and scaffold/adaptor proteins (Fig. 

E3). Highly represented proteins in these classes include the transporters Atp1b3, Clic1, and 

CD98hc discussed above as well as Lman2 (VIP36), a lectin whose shedding stimulates 

macrophage phagocytosis49; and Lamtor1, a scaffold protein for the mechanistic target of 

rapamycin (mTOR) complex that is involved in regulating the innate immune response of 

macrophages50. To broadly verify the results of our proteomics analysis, a group of novel 

surface proteins was selected based on their wide range of estimated expression levels, and 

their involvement in a variety of biological processes reflecting the variety of our dataset 

(Table E3). Messenger RNA for all the selected novel surface proteins was detected in 

BMCMCs as well as PMCs, and both mouse mast cell types showed a similar pattern of 

expression among the genes measured (Fig. 2). Thus, our approach of the characterization 

of the mast cell’s surfaceome by glycoprotein enrichment and mass spectrometry led to the 

identification of a novel pool of surface proteins to investigate in the context of mast cell 

biology.

CD98hc is highly expressed in resting mast cells

The highest mRNA expression in the set of genes encoding for novel surface proteins was 

seen for Slc3a2 (Fig. 2). Slc3a2 encodes the heavy chain of CD98 (CD98hc), which is the 
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only ubiquitously expressed heavy subunit of the heteromeric amino acid transporter CD98. 

CD98hc, carries the complex to the plasma membrane, whereas any of the six subunits 

of the L-type amino acid transporters (LATs) from the SLC7 family (LAT1, LAT2, xCT, 

y+LAT1, y+LAT2, and Asc-1) confers substrate specificity and constitutes the catalytic 

subunit of the transporter51.

In addition to CD98hc, mRNA for all the SLC7 subunits was detected in BMCMCs as well 

as PMCs (Fig. E4). Both mouse mast cell types showed a similar pattern of expression 

among the genes measured except for Asc-1 that is expressed at higher levels in BMCMCs 

than PMCs (Fig. E4).

The increased proportion of transporters in the set of uncharacterized mast cell surface 

proteins (Fig. E3) suggests that transporters may play an important and understudied role 

in mast cells. Furthermore, examination of the RNAseq IMMGEN database52, revealed that 

Slc3a2 appears to be highly expressed in PMCs, heart mast cells and splenic basophils when 

compared to other immune cells (Fig. E2 and E5A). This observation was confirmed by flow 

cytometry on selected immune cells (Fig. E5B). We also confirmed that the CD98hc protein 

is strongly expressed in BMCMCs, though at lower levels than those observed in PMCs, by 

flow cytometry (Figs. 3A and 3B). Interestingly, confocal microscopy showed intracellular 

localization of CD98hc along with the cell surface staining observed by flow cytometry 

(Fig. 3C). It has been shown that CD98hc protein expression levels are upregulated in 

activated B and T cells46–48. On the contrary, Slc3a2 mRNA and CD98hc protein expression 

levels were not significantly increased in mast cells upon activation by IgE-dependent and 

IgE-independent stimuli (Figs. E6A and E6B).

CD98hc deletion impairs the release of preformed mediators

Based on the findings that transporters are the most common type of uncharacterized mast 

cell surface proteins and the robust surface expression of CD98hc on resting mast cells as 

compared to other immune cells, we decided to examine CD98hc’s contribution to mast cell 

function.

Since CD98hc deficiency in mice is embryonically lethal53, we electroporated CRISPR-

Cas9 ribonucleoprotein complexes into BMCMCs to delete CD98hc expression. Guide 

RNAs targeting exon 2 successfully disrupted the Slc3a2 gene as evidenced by T7 

Endonuclease I assay (Fig. 4A) and confirmed using DNA sequencing and Inference of 

CRISPR Edits (ICE) analysis (~85% indel percentage). We generated a large population 

of BMCMCs that do not express CD98hc (85-95%) as measured by flow cytometry 7 

days after gene editing (Fig. 4B). In contrast, CD98hc-deleted BMCMCs express similar 

levels of FcεRIα and c-Kit as mock-edited cells (Fig. E7). Moreover, BMCMC viability 

was not affected by CD98hc deletion at 7-8 days after gene editing (98.9% and 99.8% 

for mock edited and Slc3a2-disrupted BMCMCs, respectively). However, morphological 

characterization of CD98hc-deleted BMCMCs showed that these cells were smaller (Figs. 

4C and 4D) and had a smaller metachromatic area per cell (Figs. 4C and 4E) than cells 

expressing CD98hc.
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To assess whether CD98hc plays a role in regulating mast cell activation and/or 

degranulation, we measured β-hexosaminidase release upon IgE-dependent activation of 

mock edited and Slc3a2-disrupted BMCMCs. Stimulation of mock edited BMCMCs 

resulted in significant β-hexosaminidase release when compared with cells incubated in 

medium alone (Fig. 4F). In contrast, CD98hc-deleted BMCMCs (Slc3a2 RNP) showed 

a significant reduction in their ability to release β-hexosaminidase upon IgE-dependent 

activation. A similar reduction in β-hexosaminidase release was observed for CD98hc-

deleted BMCMCs stimulated with calcium ionophore (A23187) (Fig. 4F). Based on 

this evidence, we hypothesized that CD98hc may influence the mast cell degranulation 

process, granule formation and/or storage of preformed mediators like β-hexosaminidase. 

Accordingly, we assessed whether CD98hc has an impact on the degranulation process itself 

by assessing the expression of the lysosomal-associated membrane protein 1 (LAMP1 or 

CD107a) which indicates granule mobilization towards the plasma membrane upon mast 

cell stimulation. As shown in Fig. E8, CD98hc-deleted BMCMCs exhibited a slight but not 

significant reduction in the percentage of cells that are positive for LAMP1 upon activation 

with either calcium ionophore (A23187) or IgE-dependent stimuli when compared with 

mock-edited cells. Overall, these data suggest that the reduced β-hexosaminidase release 

from CD98hc-deleted cells may be caused by defects in granule formation rather than a 

defect in the degranulation process itself.

Contrary to what was observed for β-hexosaminidase release, CD98hc deletion in BMCMCs 

did not impact the production and release of the arachidonic acid metabolites prostaglandin 

(PG)D2 and cys-leukotrienes (LTs) after IgE-dependent activation or stimulation with 

A23187 (Figs. E9A and E9B). Similarly, CD98hc deletion had no effect on the release 

of pro-inflammatory mediators such as tumor necrosis factor (TNF), IL-6 and monocyte 

chemoattractant protein-1 (MCP-1/CCL2) (Figs. E9C–E).

Taken together, this data indicates that CD98hc deletion impaired mast cell degranulation 

but did not affect the mast cell’s ability to produce and release arachidonic acid metabolites 

and newly formed pro-inflammatory mediators.

CD98hc contributes to mast cell adhesion to fibronectin and cell proliferation

CD98hc can also be expressed without LATs at the plasma membrane44, and it can 

have functions that are independent from its amino acid transporter role54. More 

specifically, CD98hc behaves as a co-receptor of β-integrins and amplifies their downstream 

signaling55, 56 promoting cell adhesion and proliferation46, 55. Therefore, we first examined 

whether CD98hc deletion influences the mast cell’s ability to adhere to fibronectin (FN), 

a ligand for alpha (5) and beta (1) integrin57, 58. For this purpose, we first ruled out that 

CD98hc deletion does not impact the expression of alpha 5 and beta 1 integrins (Fig. E10).

CD98hc-deleted BMCMCs exhibited a significant reduction in their ability to adhere to FN 

when compared with mock edited BMCMCs (Fig. 5A). Moreover, we observed that either 

SCF or IgE/antigen, stimuli known to promote mast cell adhesion to FN59, significantly 

increased the adhesion of mock edited cells and CD98hc-deleted cells to FN (Fig. 5A). 

However, CD98hc-deleted BMCMCs exhibited a significant reduction in their ability to 
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adhere to FN after stimulation with either SCF or IgE/antigen when compared with mock 

edited cells (Fig. 5A).

Next, we examined the effects of CD98hc deletion on cell proliferation. Cell counting 

after plating equal numbers of cells and allowing them to grow for 5d showed that CD98hc-

deleted cells were unable to significantly expand upon stimulation with SCF (Fig. 5B). To 

confirm whether the reduced cell expansion in CD98hc-deleted cells is due to impaired 

cell proliferation, we labeled the cells with carboxyfluorescein succinimidyl ester (CFSE) 

and analyzed the dilution of this fluorescent marker in subsequent generations of cells 

by flow cytometry. In BMCMC culture media, most cells stayed in the undiluted CFSE 

peak representing undivided cells (Fig. 5C) which is reflected in the proliferation index 

ranging from 1.08-1.30 (Fig. 5D). However, mock edited cells proliferated slightly more 

than CD98hc-deleted cells after 5d of culture (proliferation index of 1.18-1.36) (Figs. 5C 

and 5D). The addition of SCF to the culture media significantly stimulated proliferation in 

mock edited cells after 5d in culture as shown by a reduction in CFSE staining (Fig. 5C) 

and a significant increase in the proliferation index (1.63-1.96) when compared with cells 

incubated in media alone (Fig. 5D). In contrast, most of the CD98hc-deleted BMCMCs did 

not divide upon SCF stimulation as they remained in the undiluted CFSE peak and their 

proliferation index was significantly lower than that observed in mock edited cells (Fig. 5D, 

proliferation index 1.32-1.48). Overall, these data indicate that CD98hc plays a significant 

role in mast cell proliferation.

CD98hc is highly expressed in mast cells from patients with cutaneous mastocytosis

It has been reported that SLC3A2 is differentially expressed by bone marrow mast cells 

(BMMCs) from patients with aggressive systemic mastocytosis versus both normal reactive 

BMMCs and BMMCs from patients with mild indolent systemic mastocytosis60. Therefore, 

we decided to examine CD98hc expression in skin biopsies obtained from patients with 

cutaneous mastocytosis. We found that mast cells from patients with cutaneous mastocytosis 

overexpress CD98hc when compared with mast cells from patients with urticaria as a 

disease control (Fig. 6).

DISCUSSION

The ability of mast cells to respond to various IgE-independent stimuli as well as their well-

documented plasticity shaped by their microenvironment prompted us to hypothesize that 

a thorough characterization of the mast cell surface proteome could identify novel targets 

for the modulation of mast cell response in normal conditions and disease. Accordingly, our 

current study had two main goals: to develop a technique that provides a comprehensive 

characterization of the mast cell surface proteome, and to investigate the contribution of 

novel surface proteins to mast cell function by using CRISPR/Cas9 as a rapid and efficient 

method for the disruption of genes of interest.

The development of low input proteomics methods has allowed for the proteome profiling 

of resident tissue cells61. Proteome analysis of mast cells has been recently reported for 

primary human connective tissue mast cells from skin and fat62 and PMCs61, 62. These 

studies identified approximately 130-170 unique cell surface proteins in mast cells when 
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mast cell proteome was compared with the proteome of macrophages58 and other immune 

cells61. These findings suggest that a relatively small number of surface proteins can be 

detected by mass spectrometry analysis of the whole mast cell proteome. Enrichment for 

glycoproteins, which are disproportionately located on the plasma membrane20, followed 

by mass spectrometry analysis has been successfully used as a comprehensive approach 

to characterize the cell surface proteome, or surfaceome, of immune cells including 

macrophages,15, 63 B cells, and T cells64. Based on these studies, we decided to use 

glycoprotein enrichment coupled with mass spectrometry to characterize the mast cell 

surface proteome. BMCMCs were used in our studies because these cells can be generated 

in the large numbers that are required to target plasma membrane proteins via glycoprotein 

enrichment. We recognize we should be careful about extrapolating findings from our 

study on BMCMCs to tissue mast cells. Comparative transcriptome analysis of BMCMCs 

and tissue mast cells revealed that these two populations show many similarities but 

also many differences65. Accordingly, we validated novel mast cell surface proteins in 

BMCMCs by independent verification of their expression in tissue mast cells using the 

Immunological Genome Project (ImmGen, http://www.immgen.org/databrowser/) database 

(Fig. E2). Moreover, we confirmed that PMCs express mRNA (Fig. 2) for a selected group 

of novel surface proteins with a wide range of estimated expression levels per our mass 

spectrometry data (Table E3).

Based on our analysis of annotated subcellular localization listed on UniProt and Genecards, 

we identified 378 plasma membrane proteins among the enriched glycoproteins, including 

GTPases, receptors, and transporters (Fig. 1B). The use of glycoprotein enrichment in 

combination with mass spectrometry typically leads to the identification of an average of 

280 proteins, including 70 CD proteins, per cell type10. Based on this evidence we think that 

our approach has provided a comprehensive profiling of the mast cell surface proteome.

Despite the enrichment of plasma membrane proteins, we were not able to detect the 

presence of surface molecules known to be expressed by mast cells like the alpha subunit 

of the high affinity receptor for IgE (FcεRIα). Instead, we detected the FcεRIβ and FcεRIγ 
subunits (Supplemental Table E1). These observations are consistent with previous mass 

spectrometry analysis of mouse61, 62 and human mast cells66. We were also not able to 

detect surface innate immune sensors in BMCMCs such as toll-like receptor (TLR)2, TLR3, 

TLR4 and TLR7. Similar observations were recently reported in mass spectrometry studies 

of PMCs61, 62. Regardless of these observations, there is extensive literature supporting mast 

cell expression of these innate immune sensors that allow mast cells to respond to pathogens 

and contribute to host response to infection via secretion of cytokines, chemokines, and 

lipid mediators5, 67. It is well-known that plasma membrane proteins are under-represented 

in proteomic studies due to their low abundance and their hydrophobic nature68. Based 

on this evidence, we conclude that lack of expression of a surface protein in mast cells 

as determined by mass spectrometry is not definitive proof that the surface protein is not 

expressed in mast cells, and further assessment of its expression by alternative approaches is 

recommended.

Our analysis and subsequent validation of the plasma membrane proteins previously 

uncharacterized in mast cells revealed that CD98hc is highly expressed in both BMCMCs 
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and PMCs (Figs. 2 and 3). Moreover, according to publicly available datasets (Fig. E3A) 

and our own flow cytometry data (Fig. E3B), mast cells express the highest levels of 

CD98hc amongst immune cells. Interestingly, resting mast cells express high CD98hc levels 

and mast cell activation does not increase CD98hc expression further (Figs. E6A and 

E6B). In contrast, other immune cells such as lymphocytes only express higher CD98hc 

levels upon activation, an event that seems to be required for clonal expansion of these 

cells46, 69. Overall, these observations suggest that CD98hc significantly contributes to mast 

cell function at steady state. To investigate the contribution of CD98hc to mast cell function, 

we developed a CRISPR/Cas9-based method to rapidly and efficiently delete CD98hc in 

BMCMCs (Figs. 4A and 4B). CD98hc-deleted BMCMCs were smaller in size (Figs. 4C and 

4D), exhibited reduced metachromatic staining (Fig. 4C and 4E), and showed a significant 

reduction in β-hexosaminidase release when compared with mock edited cells (Fig. 4F). 

Moreover, we determined that CD98hc deletion does not impact the degranulation process 

itself as LAMP1 staining upon cell activation demonstrated that Slc3a2 disruption did not 

significantly affect mobilization of mast cell granules to the membrane (Fig. E8). These 

observations suggest that CD98hc may contribute to mast cell granule formation and hence 

to preformed mediator storage.

Our findings seem to resemble those reported for other members of the solute carrier family 

which contribute to mast cell granule formation. For example, it has been shown that 

Slc15a4-deficient BMCMCs exhibit anomalous granule formation possibly due to the role of 

Slc15a4 in the transport of amino acids required for the synthesis of mast cell pre-formed 

mediators70.

Our studies were expanded to examine CD98hc’s contribution to cell functions that are 

not associated with its transport activity but with its capability to bind to cytoplasmic tails 

of integrin-β chains, thus mediating signals that control cell adhesion and growth71. Both 

adhesion and proliferation upon stimulation were significantly impacted by CD98hc deletion 

(Fig. 5). Overall, our studies point to a critical role for CD98hc in mast cell degranulation, 

adhesion, and proliferation.

It has been shown that CD98-deficiency selectively impairs sustained activation of Erk1/2 

after BCR ligation, an event that promotes B cell proliferation46. Since Erk1/2 activation 

is also downstream of both FcεRI and c-Kit signalling72, we explored whether this 

pathway may integrate our findings on CD98hc contribution to mast cell degranulation, 

proliferation and adhesion. As shown in Fig. E11, analysis of Erk1/2 phosphorylation 

indicates that this signaling pathway is not altered in CD98hc-deleted BMCMCs. At this 

point, we think that multiple mechanisms are involved in how CD98hc influences mast 

cell function. This hypothesis is based on reports that showed that CD98hc facilitates 

amino acid transport using multiple partners with various amino acid specificities51, and 

that CD98hc has integrin-related activities that are independent from its function as an 

amino acid transporter46, 54–56. Studies are in progress in our laboratory to determine the 

mechanism (s) by which CD98hc is involved in mast cell biology.

Can CD98hc contribute to the outcome of mast cell-associated disorders in humans? To 

gain insight into this question, we found that CD98hc is highly expressed in mast cells 

Saha et al. Page 11

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from patients with cutaneous mastocytosis (Fig. 6). Mast cell CD98hc overexpression 

in mastocytosis is consistent with the increased demand of amino acids by rapidly 

proliferating cells73. This result supports exploring the possibility of targeting CD98hc 

to treat mastocytosis and other mast cell-associated disorders in a similar manner as an 

approach currently under investigation for the treatment of acute myeloid leukemia74, 75.

Conclusions

Overall, our studies indicate that glycoprotein enrichment in combination with mass 

spectrometry can be used to provide a comprehensive characterization of the mast 

cell surface proteome and hence improve our understanding of how mast cell function 

is influenced by signals generated by the environment in health and disease. Finally, 

we identified CD98hc as a surface protein that plays an important role in mast cell 

degranulation, adhesion and proliferation.
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Abbreviations used

ATP Adenosine triphosphate

BMCMCs bone marrow derived-cultured mast cells

BMMCs bone marrow mast cells

Cas9 CRISPR associated protein 9

CD cluster of differentiation

CD98hc CD98 heavy chain

CFSE carboxyfluorescein succinimidyl ester

CRISPR clustered regularly interspaced short palindromic repeats

Csf2rb common beta subunit of the receptor for granulocyte-macrophage 

colony stimulating factor GM-CSF/IL-3/IL-5

FcεRIβ beta subunit of the high affinity receptor for IgE

FcεRIγ gamma subunit of the high affinity receptor for IgE
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FN fibronectin

GM-CSF granulocyte-macrophage colony stimulating factor

GTP guanosine triphosphate

Ig immunoglobulin

IL interleukin

ImmGen Immunological Genome Project

LAMP1 lysosomal-associated membrane protein 1

LATs L-type amino acid transporters

LC-MS/MS liquid chromatography-mass spectrometry-mass spectrometry

LTs leukotrienes

MCP-1: monocyte chemoattractant protein-1

mTOR mechanistic target of rapamycin

Plgrkt plasminogen receptor

PMCs peritoneal mast cells

PG prostaglandin

RNP ribonucleoprotein

SCF stem cell factor

Tgfbr1 type 1 receptor for transforming growth factor-beta

TLR toll-like receptor

TNF tumor necrosis factor
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Clinical implications

Characterization of the mast cell surface proteome can provide a better understanding of 

mast cell biology in the complex signaling environment that influences mast cell function 

in health and disease.
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Figure 1. Characterization of mast cell surface proteome.
(A) Level of enrichment of number of transmembrane domain-containing proteins and 

cell surface proteins in glycoprotein-enriched samples compared to whole cell lysates. (B) 
Description of BMCMC cell surface proteome gene ontology (GO terms) by biological 

process (left) and PANTER protein classes (right).
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Figure 2. Validation of plasma membrane proteins identified but not previously characterized in 
mast cells.
Expression of selected cell surface proteins in BMCMCs and PMCs by qPCR. Messenger 

RNA expression levels for the indicated transcripts are expressed as ΔCT values normalized 

against Gapdh as the reference transcript. Data are shown as mean + SEM of the average for 

duplicate specimens from 3-5 independent experiments, circles show values from individual 

experiments.
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Figure 3. Mast cells express CD98hc on the cell surface.
(A, B) Representative flow cytometry analysis of CD98hc expression in BMCMCs (A) 
and mast cell population in the peritoneal cavity (B). Cells in B were immunostained for 

CD98hc in addition to c-Kit and FcεRIα to identify mast cells in the peritoneal cavity. (C, 
D) Representative confocal images of BMCMCs (C) and PMCs (D) labeled first with rabbit 

anti-mouse CD98hc antibody and then with Alexa Fluor 488-conjugated donkey anti-rabbit 

antibody. Confocal microscopy images show staining for CD98hc (red in left panel), cell 

surface (brightfield microscopy in middle panel) and a merge of CD98hc staining and cell 
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surface (right panel). Scale bar equals 10um. Flow cytometry data in A and B, and confocal 

images in C and D are representative of 3 independent experiments.
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Figure 4. Slc3a2 disruption in BMCMCs partially abrogates mast cell degranulation.
(A) Slc3a2 coding exons and representative T7 Endonuclease I (T7EI) assay showing 

ribonucleoprotein (RNP) cleavage. (B) Representative flow cytometry analysis of CD98hc 

expression and (C) cytospins stained with May-Grunwald-Giemsa of mock- and Slc3a2-

edited BMCMCs. (D, E) Diameter (D) and metachromatic area (E) of mock- and Slc3a2-

edited BMCMCs. (F) β-hexosaminidase release by mock- and Slc3a2-edited BMCMCs 

upon activation. In F mock- and Slc3a2-edited BMCMCs were sensitized with IgE mAb 

to DNP (2 μg/ml) overnight and then were challenged with either DNP-HSA (10 or 100 
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ng/ml) or calcium ionophore (A23187, 5 μM) for 1 h. Data in A-C are representative of 3 

independent experiments. Data in D and E are shown as mean + SEM from 2 independent 

experiments, circles show values from one individual cell. Data in F are shown as mean + 

SEM of the average of duplicate specimens from 4 independent experiments, circles show 

values from individual experiments. *P < 0.05, ** P < 0.001, *** P < 0.0001.
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Figure 5. Slc3a2 disruption in BMCMCs inhibits mast cell adhesion and proliferation.
(A) Mock- and Slc3a2-edited BMCMC adhesion to 96-well plates coated with fibronectin 

(50 μg/ml) after the indicated treatment. Mock- and Slc3a2-edited BMCMCs were sensitized 

with IgE mAb to DNP (2 μg/ml) overnight, loaded with calcein-AM (3 μg/ml) and then 

challenged with DNP-HSA (100 ng/ml) or maintained in media supplemented with SCF 

(50 ng/ml). Percentage of fluorescent adherent cells relative to total number of adherent 

and non-adherent fluorescent cells was determined at 1 h after stimulation. (B-D) Numbers 

(B), representative flow cytometry analysis of CFSE dilution (C) and proliferation index D) 
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at 5 d after incubation of mock- and Slc3a2-edited BMCMCs in media alone or in media 

supplemented with SCF (30 ng/ml). Data in A, B and D are shown as mean + SEM of 

the average of duplicate specimens from 4-6 independent experiments, circles show values 

from individual experiments. Flow cytometry data in C are representative of 3 independent 

experiments. *P < 0.05, ** P < 0.005.
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Figure 6. CD98hc is highly expressed in mast cells from patients with cutaneous mastocytosis.
(A, B) Detection of CD98hc in mast cells located in skin biopsies from a disease control 

(chronic urticaria) and a newborn with congenital mastocytosis. Immunofluorescence was 

performed with anti-CD98hc (red fluorescence) and anti-tryptase mAb (green fluorescence) 

antibodies for mast cells located in skin. Nuclei were counterstained with DAPI (blue 

fluorescence). Mast cells expressing both CD98hc and tryptase are indicated with white 

arrows (yellow fluorescence). Negative controls were performed with secondary antibodies 

only (far right panel; arrowheads point to nonspecific signal). Images at 20x (A) and 40x 
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(B) are representative of 4 separate disease controls and 3 separate patients with cutaneous 

mastocytosis.
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Table 1.
Top 30 represented mast cell plasma membrane annotated proteins.

Plasma membrane proteins in glycoprotein enriched BMCMC lysates (top 30 proteins identified sorted by 

normalized spectral abundance factor).

Gene Name UniProtKB Entry 
Name

Protein Name Average number 
of peptides

Normalized peptide 
abundance

Atp5a1 ATPA ATP synthase subunit alpha, mitochondrial 647.5 1.609362744

Pdia3 PDIA3 Protein disulfide-isomerase A3 300 0.817938914

Tmed10 TMEDA Transmembrane emp24 domain-containing protein 10 96.5 0.604409682

Scin ADSV Adseverin 300.5 0.578482641

Arf3 ARF3 ADP-ribosylation factor 3 61 0.46384661

Tagln2 TAGL2 Transgelin-2 61.5 0.426144919

Rab7a RAB7A Ras-related protein Rab-7a 63 0.419253803

Rab14 RAB14 Ras-related protein Rab-14 58.5 0.375086815

Arf5 ARF5 ADP-ribosylation factor 5 45 0.343771887

P4hb PDIA1 Protein disulfide-isomerase (PDI) 124.5 0.337299144

Rab5c RAB5C Ras-related protein Rab-5C 53 0.335955405

Eef1a1 EF1A1 Elongation factor 1-alpha 1 111.5 0.332567166

Phb PHB Prohibitin 63.5 0.32199888

Anpep AMPN Aminopeptidase N 222.5 0.317256399

Canx CALX Calnexin 133.5 0.310751474

Myh9 MYH9 Myosin-9 416 0.29230598

Vdac1 VDAC1 Voltage-dependent anion-selective channel protein 1 61.5 0.285514099

Hsp90ab1 HS90B Heat shock protein HSP 90-beta 125.5 0.23793405

Atp1b3 AT1B3 Sodium/potassium-transporting ATPase subunit beta-3 48 0.237285781

Pdia6 PDIA6 Protein disulfide-isomerase A6 75 0.235160627

Ifitm1 IFM1 Interferon-induced transmembrane protein 1 17.5 0.227438107

Pdia4 PDIA4 Protein disulfide-isomerase A4 105 0.22702886

Slc25a11 M2OM Mitochondrial 2-oxoglutarate/malate carrier protein 51.5 0.226485846

Gnai2 GNAI2 Guanine nucleotide-binding protein G(i) subunit 
alpha-2

58.5 0.226278247

Stoml2 STML2 Stomatin-like protein 2, mitochondrial 58 0.22612262

Gng12 GBG12 Guanine nucleotide-binding protein G(I)/G(S)/G(O) 
subunit gamma-12

11 0.210576234

Anxa5 ANXA5 Annexin A5 48.5 0.209973681

Rhog RHOG Rho-related GTP-binding protein RhoG 28.5 0.205855353

Rac2 RAC2 Ras-related C3 botulinum toxin substrate 2 27.5 0.197982925

Pgam1 PGAM1 Phosphoglycerate mutase 1 36 0.195256676

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Saha et al. Page 30

Table 2.
Top 30 unique mast cell plasma membrane annotated proteins.

Plasma membrane proteins in glycoprotein enriched BMCMC lysates that have not been previously 

characterized in mast cells (top 30 proteins identified sorted by normalized spectral abundance factor).

Gene Name UniProt 
ID

Protein Name Average 
number of 
peptides

Normalized 
peptide 

abundance

Expression in 
MC in 

Immgen

Reported in 
High 

Throughput 
Studies

Tmed10 TMEDA Transmembrane emp24 domain-
containing protein 10

131.5 0.604 M/H Y

Scin ADSV Adseverin (Scinderin) 300.5 0.578 N-M* Y

Tagln2 TAGL2 Transgelin-2 61.5 0.426 H N

Arf5 ARF5 ADP-ribosylation factor 5 45.0 0.344 M N

P4hb PDIA1 Protein disulfide-isomerase 124.5 0.337 X Y

Canx CALX Calnexin 133.5 0.311 H N

Myh9 MYH9 Myosin-9 416.0 0.292 M Y

Vdac1 VDAC1 Voltage-dependent anion-selective 
channel protein 1

61.5 0.286 M N

Atp1b3 AT1B3 Sodium/potassium-transporting 
ATPase subunit beta-3

48.0 0.237 H N

Pdia6 PDIA6 Protein disulfide-isomerase A6 75.0 0.235 H Y

Ifitm1 IFM1 Interferon-induced transmembrane 
protein 1

17.5 0.227 VL-M* Y

Pdia4 PDIA4 Protein disulfide-isomerase A4 105.0 0.227 M-H Y

Slc25a11 M2OM Mitochondrial 2-oxoglutarate/malate 
carrier protein

51.5 0.226 H N

Stoml2 STML2 Stomatin-like protein 2 58.0 0.226 M N

Gng12 GBG12 Guanine nucleotide-binding protein 11.0 0.211 M Y

Ppia PPIA Peptidyl-prolyl cis-trans isomerase A 24.0 0.201 M-H Y

Pgam1 PGAM1 Phosphoglycerate mutase 1 36.0 0.195 M N

Itm2c ITM2C Integral membrane protein 2C 37.0 0.189 H-VH N

Hsp90aa1 HS90A Heat shock protein HSP 90-alpha 101.0 0.189 M-H* N

Clic1 CLIC1 Chloride intracellular channel protein 
1

32.0 0.183 H N

Ddost OST48 Dolichyl-diphosphooligosaccharide--
protein glycosyltransferase 48 kDa 
subunit

58.5 0.183 H N

Itm2b ITM2B Integral membrane protein 2B 32.5 0.169 VH Y

Arf4 ARF4 ADP-ribosylation factor 4 21.0 0.161 H N

Plgrkt PLRKT Plasminogen receptor (KT) 16.5 0.155 H N

Slc3a2 4F2 4F2 cell-surface antigen heavy chain 
(CD antigen CD98)

58.0 0.152 H Y

Got2 AATM Aspartate aminotransferase, 
mitochondrial

45.5 0.146 M N

Gnb2l1 RACK1 Receptor of activated protein C kinase 
1

33.5 0.145 H N
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Gene Name UniProt 
ID

Protein Name Average 
number of 
peptides

Normalized 
peptide 

abundance

Expression in 
MC in 

Immgen

Reported in 
High 

Throughput 
Studies

Nme2 NDKB Nucleoside diphosphate kinase B 15.5 0.142 L N

Mlec MLEC Malectin 29.5 0.139 M*-H Y

Lman2 LMAN2 Vesicular integral-membrane protein 
VIP36

35.5 0.137 H N
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