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Abstract

Background.—Allergic diseases are triggered by signaling through the high-affinity IgE 

receptor, FcεRI. In both mast cells (MCs) and basophils, FcεRI is a tetrameric receptor complex 

comprising a ligand-binding α subunit (FcεRIα), a tetraspan β subunit (FcεRIβ, MS4A2) 

responsible for trafficking and signal amplification, and a signal transducing dimer of single 

transmembrane γ subunits (FcεRIγ). However, FcεRI also exist as presumed trimeric complexes 

that lack FcεRIβ and are expressed on several cell types outside the MC and basophil lineages. 

Despite known differences between humans and mice in the presence of the trimeric FcεRI 

complex, questions remain as to how it traffics and whether it signals in the absence of FcεRIβ. 

We have previously reported that targeting FcεRIβ with exon-skipping oligonucleotides eliminates 

IgE-mediated degranulation in mouse MCs, but equivalent targeting in human MCs was not 

effective at reducing degranulation.

Results.—Here, we report that the FcεRIβ-like protein MS4A6A exists in human mast cells and 

compensates for FcεRIβ in FcεRI trafficking and signaling. Human MS4A6A promotes surface 

expression of FcεRI complexes and facilitates degranulation. MS4A6A and FcεRIβ are encoded 

by highly related genes within the MS4A gene family that cluster within the human gene loci 

11q12-q13, a region linked to allergy and asthma susceptibility.
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Conclusions.—Our data suggest the presence of either FcεRIβ or MS4A6A is sufficient for 

degranulation indicating that MS4A6A could be an elusive FcεRIβ-like protein in human MCs 

that performs compensatory functions in allergic disease.

Graphical Abstract

Background

Allergic disorders including atopic dermatitis, allergic rhinitis, and asthma affect a 

significant portion of the global population and have been increasing in prevalence, 

particularly in industrialized countries over recent decades.1 Worldwide, over 300 million 

patients suffer from asthma with disease severity being associated with impaired quality 

of life and morbidity.2 In the United States the mean annual healthcare costs for asthma 

are estimated to be $3,100 per patient,3 yet the current treatments involving daily high-

dose inhaled corticosteroids and long acting β2-adrenoceptor agonists still do not control 

symptoms for a subset of patients, who are hospitalized more frequently and pose a 

substantial healthcare burden.4

Mast cells (MCs) are myeloid lineage immune cells which reside in all human tissues 

including the skin, nasal mucosa, and lungs, and are critically involved in the process of 

allergic inflammation in these organs.5,6 Upon sensitization to an allergen, TH2 cells induce 

B cells to produce IgE, which binds to FcεRI, the high-affinity receptor for IgE found on 

MCs and basophils.7 The FcεRI receptor is a tetrameric complex composed of an α subunit 

which contains the IgE-binding domain, a β subunit (encoded by the MS4A2 gene) and 

two γ subunits. The β and γ subunits contain immunoreceptor tyrosine-based activation 

motif (ITAM) domains involved in signal transduction. Crosslinking of FcεRI-bound IgE 

molecules by allergen promotes aggregation of FcεRI complexes, whereby Lyn kinase is 

recruited by the β subunit, to potentiate Syk kinase activation and trans-phosphorylation 

of the γ subunits to amplify signaling.8 This signaling cascade initiates the influx of 

extracellular Ca2+ culminating in degranulation9 with the release of preformed granules 

containing histamine, proteoglycans including heparin, proteases such as tryptase and 
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chymase, and cytokines TNF-α and IL-4. Additionally, eicosanoids including prostaglandins 

and leukotrienes and cytokines such as IL-3, IL-5 and GM-CSF are generated de novo 

resulting in the recruitment and activation of eosinophils, neutrophils, and macrophages.10

FcεRIβ, is encoded by the MS4A2 gene, which is a member of the membrane spanning 

4A (MS4A) family of genes that encode 4-pass transmembrane (TM) proteins expressed 

in immune cells with similar topology, but low homology, to tetraspanins.11,12 There are 

at least 16 MS4A genes in humans clustered around chromosome 11q12-q13, a region 

linked to allergy and asthma susceptibility.13–15 We identified expression of a truncated 

isoform of FcεRIβ in MCs, that lacks exon 3, which encodes the 1st and 2nd TM regions 

of FcεRIβ.16,17 This 1st TM region is critical for trafficking the FcεRI complex to the 

plasma membrane.18 Therefore, we predicted that alternative splicing of FcεRIβ would 

result in loss of association with the FcεRI complex, which was later confirmed by using 

a splice switching oligonucleotide (SSO) approach to induce alternative splicing of FcεRIβ 
precursor mRNA.19 FcεRIβ SSOs target protein-protein interactions resulting in almost 

complete loss of surface FcεRI expression in mice. However, FcεRIβ SSOs are less effective 

in human MCs compared to mouse MCs19 suggesting that a more complex mechanism of 

FcεRI trafficking exists in human MCs. This lack of translation to human MCs highlights 

the need to better understand FcεRI complex formation and how trafficking and signaling of 

the complexes are regulated in each species.

In humans and mice, FcεRI are expressed exclusively in MCs and basophils as tetrameric 

complexes containing the FcεRIβ subunits.20–23 However, in humans FcεRI also exist as 

trimeric complexes lacking FcεRIβ which are expressed on several cell types,23–31 whereas 

mice do not express the trimeric form, at least under non-inflammatory conditions.20,32,33 

Therefore, FcεRIβ may be less critical for FcεRI trafficking in humans and trimeric FcεRI 

could account for the lack of translation of FcεRIβ SSOs that we have observed.19 However, 

data from studies using transgenic mice with humanized FcεRIα, and targeted disruption of 

FcεRIβ that generates mice expressing only trimeric FcεRI, demonstrate that truly trimeric 

FcεRI does not elicit a strong degranulation response or substantial Ca2+ signaling.34 

Therefore, our findings that human MCs still degranulate strongly and produce a robust Ca2+ 

response, even after treatment with SSOs that eliminate full length FcεRIβ expression19 

is incompatible with a compensatory mechanism for the trimeric FcεRI complex in this 

context. Thus we propose that signaling must occur through a different mechanism.

The suggestion that unidentified FcεRIβ-like proteins could exist and function in human 

FcεRI was proposed as a caveat of seminal experiments characterizing human and mouse 

FcεRI.35 Given our findings described above with targeted disruption of FcεRIβ, we 

began to search for potential candidates for an unidentified FcεRIβ-like protein. We have 

previously reported that human MCs express MS4A4A mRNA and protein, which functions 

to promote FcεRI and KIT signaling through recruitment of the receptors into lipid raft 

membrane microdomains.36,37 In theory, MS4A4A could provide such an FcεRIβ-like 

protein. However, silencing MS4A4A had no significant effect on FcεRI surface expression, 

and while MS4A4A did promote FcεRI signaling, the data suggest that any interaction 

between MS4A4A and FcεRI likely occurs at the cell surface37. In this study, we broadened 

our search to examine other MS4A genes and establish that human MCs also express 
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MS4A6A, which is highly homologous with FcεRIβ. Further, we propose that similarly to 

the known function of FcεRIβ in trafficking FcεRI to the cell surface, MS4A6A acts to 

regulate FcεRI trafficking and signaling through an IgE-mediated pathway. Our data suggest 

that MS4A6A can exhibit redundancy and compensate for FcεRIβ, as it promotes surface 

expression of FcεRI complexes and triggers signaling, which we predict is mediated through 

a putative hemi-ITAM domain in the C terminus of the protein (see Graphical Abstract).

Methods

For more detailed methods, see supplemental material.

Cell Cultures

LAD2 human MCs were cultured as described.36 HLMCs were obtained and cultured as 

described.38,39 Human umbilical cord blood derived mast cells (CBMCs) were cultured as 

described.37

Transfection of cells

Transfections were performed as previously described.17

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis

MC activation was performed with a dose-response of streptavidin as for degranulation 

assays and immunoblotting was carried out as described.17,36

Flow cytometry

Surface receptor expression was assessed using flow cytometry as previously described.17

Ca2+ signaling assay

Changes in cytosolic Ca2+ levels were determined as previously described.17,37

Confocal microscopy

Confocal microscopic imaging was performed as previously described.36

Statistical analysis

For comparison of multiple data sets, one- or two-way ANOVA with Bonferroni’s, Sidak’s, 

or Tukey’s posttest were used, as appropriate, to determine statistical significance. For 

pairwise data, Student’s t test was used. p ≤ 0.05 was considered statistically significant.

Results

Alternative splicing of FcεRIβ exhibits less profound effects on surface FcεRI complexes 
in human MCs compared to mouse MCs.

We have identified the expression of a truncated isoform of FcεRIβ in MCs, encoded 

by mRNA with exon 3 spliced out.16,17 Exon 3 of MS4A2 encodes the 1st and 2nd 

transmembrane regions of FcεRIβ. Singleton et al. demonstrated that the 1st transmembrane 
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region of FcεRIβ is critical for trafficking the FcεRI complex to the plasma membrane.18 

Our prediction was that alternative splicing of FcεRIβ by skipping exon 3 would result 

in loss of association with the FcεRI complex. Our published studies confirmed this 

prediction16,17 and we devised SSOs to force alternative FcεRIβ splicing with a view 

to eliminate FcεRI trafficking to the cell surface. Targeting murine FcεRIβ resulted in 

efficient exon skipping in mouse bone marrow-derived cultured MCs (BMMCs) (Fig. 1A) 

and a corresponding elimination of surface FcεRI expression (Fig. 1B).19 FcεRIβ SSO 

treated BMMCs also became unresponsive to antigen with no evidence of IgE-dependent 

degranulation (Fig. 1C) or Ca2+ influx (Fig. 1D), but degranulation and Ca2+ influx in 

response to thapsigargin was unaffected.19

We have reported that an equivalent SSO that targets the corresponding human exon of 

FcεRIβ was less effective at reducing degranulation and surface FcεRIα expression, but the 

reason for the difference in efficacy between species was not clear.19 To rule out a lack 

efficacy of the human SSO to cause exon skipping, we tested several SSOs that targeted 

different regions of the exon and identified the most effective exon skipping constructs to 

study further (Supplemental Fig. S1). Comparable to murine BMMCs (Fig. 1A), FcεRIβ 
SSOs resulted in efficient exon skipping and formation of the alternatively spliced open 

reading frame of FcεRIβ that lacked the 135bp exon 3 (Fig. 1E). However, unlike murine 

MCs where surface FcεRIα was reduced by >98% with FcεRIβ SSO,19 efficient targeting 

of human FcεRIβ was only partially effective at reducing surface FcεRIα expression with 

a maximum achievable decrease of 58% in surface receptors with SSO treatment (Fig. 

1F). In stark contrast to murine BMMCs, FcεRIβ SSOs gave only a minor attenuation of 

degranulation in response to IgE crosslinking (Fig. 1G), and the limited inhibitory effect on 

Ca2+ influx did not reach significance (Fig. 1H). Taken together, these data corroborate our 

previous studies19 and rule out the potential mechanism of inefficiency of human FcεRIβ 
SSOs to account for the lack of effect on degranulation and intracellular free Ca2+ when 

FcεRIβ is targeted in human MCs. These observations suggest a species difference between 

the dependency for FcεRIβ in FcεRI trafficking and signaling in MCs where even efficient 

alternative splicing of FcεRIβ is insufficient to fully perturb FcεRI trafficking and has little 

effect on FcεRI function.

Human MCs express MS4A proteins with high sequence homology to FcεRIβ.

Our data with FcεRIβ SSOs suggests that FcεRIβ is dispensable for FcεRI signaling, and to 

a lesser degree, trafficking in human MCs. This observation indicates that in human MCs, 

other compensatory mechanisms may exist. Because the presence of as-yet-unidentified 

FcεRIβ-like proteins has not been ruled out in prior studies,35 we hypothesized that an 

FcεRIβ-like protein compensates for FcεRIβ in human MCs and predicted that other 

members of the gene family that includes FcεRIβ were candidates.

We therefore designed primers to amplify known MS4A family gene members (see 

Supplemental Methods) and examined expression in human MCs. We utilized the human 

MC line LAD2, because these cells best represent mature human MCs and have high 

expression of FcεRI.40 We determined that human LAD2 MCs express MS4A2 (FcεRIβ) 

and MS4A6A under standard culture conditions (Fig. 2). We also identified weak, but 
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consistent expression of MS4A3 and MS4A7 (Fig. 2). We have reported previously that 

human LAD2 MCs also express MS4A4A36,37 and we confirm that data in the current study 

(Fig. 2). RT-PCR for the other known MS4A genes were negative under normal culture 

conditions and while MS4A3 and MS4A7 were expressed, expression was weak suggesting 

these genes are unlikely to be the primary candidates for FcεRIβ-like proteins. Examining 

protein expression for MS4A3 and MS4A7 confirmed the lack of robust expression in 

LAD-2 cells (Supplemental Fig. S2).

In order to confirm expression profiles for MS4A gene proteins in primary human MCs, 

we examined the expression in human lung MCs (HLMCs). Expression of the comparable 

MS4A proteins was identified in HLMCs (Fig. 2). However, in contrast to LAD-2 cells, 

expression of MS4A3 and MS4A7 were strong in some donors and not detected in others 

(Fig. 2). There was also some variability in expression of MS4A4A in HLMCs (Fig. 2). 

HLMC consistently expressed FcεRIβ with 11/11 donors expressing FcεRIβ. MS4A6A 

expression was expressed by 10/11 donors. MS4A4A was expressed in 8/11 donors. MS4A3 

was expressed in 2/3 donors and MS4A7 was expressed in 9/11 donors. Protein for full 

length MS4A3 was confirmed in HLMCs, but full length MS4A7 protein was not confirmed 

(Supplemental Fig. S2). These data suggest that MS4A2 (FcεRIβ), MS4A4A and MS4A6A 
are expressed at similar levels and that MS4A4A and MS4A6A proteins are the most likely 

candidates for an FcεRIβ-like protein in human MCs, because while HLMCs express other 

MS4A gene variants, LAD-2 cells that signal robustly through the receptor do not express 

these variants.

We reported previously that MS4A4A protein functions to potentiate FcεRI signaling, likely 

through recruitment of the FcεRI complex into lipid rafts following IgE crosslinking.37 This 

observation demonstrates that MS4A gene family members, other than FcεRIβ, can interact 

with FcεRI complexes. However, in that study, we did not identify a role for MS4A4A 

in trafficking of FcεRI to the plasma membrane, or stabilizing the receptor complex, and 

FcεRI surface expression was not affected by MS4A4A expression.37 Therefore, while 

MS4A4A protein may interact and regulate FcεRI expression, it is unlikely to perform 

compensatory roles for FcεRIβ evident in Fig. 1. We therefore progressed to examine 

MS4A6A. When performing RT-PCR, a double band was evident for MS4A6A (Fig. 

3A), which was reminiscent of the bands we have previously reported, that identified 

the alternative truncation of MS4A2 resulting in truncated FcεRIβ that is incapable of 

interacting with FcεRI.16,17 We therefore amplified the full open reading frame of MS4A6A 

(Fig. 3A) extracted both bands, sequenced them and cloned them into pEGFP-N1 expression 

vectors (Fig. 3A). Sequencing data identified that the two bands of MS4A6A aligned exactly 

to the FcεRIβ transcripts and the predicted proteins we reported previously (Fig. 3B).16,17 

Multiple sequence alignments for MS4A6A and MS4A2 mRNA variants demonstrated that 

MS4A6A exon 4 directly aligns with MS4A2 exon 3 and translation analysis predicts 

that the respective exons will encode the 1st and 2nd transmembrane regions for each 

protein (Fig. 3B, and supplemental Fig. S3). EGFP fusion constructs for full length FcεRIβ 
and MS4A6A were generated and transfected into LAD2 MCs to examine subcellular 

distribution of the proteins. We have identified that full length FcεRIβ and truncated 

FcεRIβ traffic to distinct compartments of the cell with full length FcεRIβ evident in the 

plasma membrane and truncated FcεRIβ was dispersed in the cytoplasm and in juxtanuclear 
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compartments.16,17 Given the similarity between FcεRIβ variants and MS4A6A variants, we 

expect a similar localization to FcεRIβ variants for the corresponding MS4A6A variants. 

Indeed, confocal microscopy demonstrated that full length MS4A6A was evident in the 

plasma membrane, while truncated MS4A6A was diffusely expressed throughout the cell 

(Fig. 3A), closely matching FcεRIβ variants.16,17 Furthermore, sequencing of the other 

MS4A genes expressed in MCs revealed that this truncated region excluding the first two 

transmembrane regions was conserved among the expressed MS4A family members, with 

the exception of MS4A4A that contained an exon truncation downstream, corresponding to 

the 3rd transmembrane region (Fig. 3B) (Supplemental Fig. S4).

Of the MS4A proteins expressed, we identified that MS4A2, MS4A3, and MS4A4A 

contained a potential caveolin-1 binding site (Fig. 3B, green box), which may indicate their 

signaling potential within lipid rafts as we predict for MS4A4A.37 FcεRIβ is the only MS4A 

gene to contain an immunoreceptor tyrosine-based activation motif (ITAM) that is critical 

for FcεRIβ function.41 However, we identified that MS4A6A contains a putative signaling 

motif similar to the ITAM in FcεRIβ (Fig. 3C & D). While this domain in MS4A6A 

does not conform to an ITAM consensus sequence, it does conform to a hemi-ITAM 

consensus sequence (Y-x-x-L) immediately following a tyrosine kinase phosphorylation site 

consensus sequence (R/K-x-x-x-D/E-x-x-Y) that would phosphorylate the tyrosine residue 

within both the FcεRIβ ITAM and MS4A6A hemi-ITAM (Fig. 3D). This region in the C 

terminal tail of MS4A6A also has very high sequence homology to the Lyn binding site 

within the C terminal FcεRIβ ITAM (Fig. 3D). Hemi-ITAM signaling is less defined than 

ITAM signaling. However, the C-type lectin-like receptor 2 (CLEC-2) expressed in platelets 

contains a hemi-ITAM that recruits Src family kinases and signals through Syk in a PI3K-

dependent manner.42,43 Canonical ITAM signaling through FcεRIγ subunits is triggered by 

Src family kinases that trans-phosphorylate FcεRIγ ITAMs to recruit Syk kinase. In FcεRI 

signaling, this phosphorylation of FcεRIγ occurs mainly by Lyn kinase recruited to the 

non-canonical ITAM of FcεRIβ.44 Our prediction analysis proposes the existence of a new 

pathway that could signal through MS4A6A hemi-ITAM in a similar manner to FcεRIβ.

MS4A6A expression is upregulated by IgE crosslinking and SCF stimulation in human lung 
mast cells

We also examined expression of the relevant MS4A genes in primary ex vivo human 

lung MCs (HLMCs) and found that they also expressed MS4A2, MS4A4A, MS4A6A and 

MS4A7 genes (Fig. 2) (Supplemental Fig. S5A). All donors examined expressed the full 

length mRNA transcripts of each gene, but expression of truncated variants of the genes, 

which have the conserved truncation corresponding to the exon encoding the 1st and 2nd 

transmembrane domains (Fig. 3B), was variable between donors, at least in unstimulated 

cells. With the focus on MS4A6A and the potential for redundant functions between FcεRIβ 
and MS4A6A proteins, we examined expression levels of MS4A2 and MS4A6A during MC 

stimulation with FcεRI loading, crosslinking and activation, in the presence and absence of 

the MC growth factor SCF, which is known to potentiate FcεRI signaling and MC activation. 

Interestingly, we found that MS4A2 expression was not significantly altered in any of 

the conditions, but MS4A6A expression was upregulated when MCs were co-stimulated 

with SCF and IgE crosslinking and there was a similar trend with IgE loading when SCF 
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was present, although the latter did not reach significance (Supplemental Fig. 5B). Taken 

together, the expression studies with FcεRI stimuli and SCF suggest that MS4A6A is 

regulated to a greater degree than FcεRIβ in HLMCs in response to factors that are relevant 

to allergic inflammation, where MCs may be exposed to persistent allergens and where SCF 

is present at higher concentrations.45,46

MS4A6A promotes surface FcεRI expression and IgE-dependent degranulation.

Due to the highly homologous sequence of MS4A6A and FcεRIβ and the similar 

localization within the cell for the alternative isoforms, we predicted that MS4A6A could 

traffic FcεRI to the plasma membrane and act as an FcεRIβ-like protein, exhibiting 

redundancy between the two proteins. We began to test this hypothesis by validating an 

antibody for MS4A6A and utilizing gene targeting using shRNA and lentiviral delivery 

as we have performed for other MS4A proteins (2, 26). We performed transfections with 

the EGFP fusion constructs for full length FcεRIβ and MS4A6A, that we generated from 

cloning in HLMCs (Fig. 3), into LAD2 cells and assessed expression with flow cytometry 

(Fig. 4A & B). Transfection efficiency with EGFP constructs was >90% with >85% of 

transfected cells remaining viable (Fig. 4A). EGFP expression for MS4A6A and FcεRIβ 
were also comparable in terms of efficiency and level of expression (Fig. 4B). Following 

transfection, LAD2 cells were lysed and antibodies for MS4A6A were tested against the 

transfected lysates. We identified an antibody that recognized MS4A6A, and not the highly 

homologous FcεRIβ (Fig. 4C).

We used this antibody to validate MS4A6A knockdown using lentivirus shRNA against 

MS4A6A and established that knockdown of MS4A6A at the protein level was >60% 

(Fig. 4D & E) and >80% at the mRNA level (Fig. 4F). We confirmed that knockdown of 

MS4A6A does not result in reduced mRNA expression for FcεRIβ (Supplemental Fig. S6). 

Having established knockdown, we then examined degranulation and found that MS4A6A 

knockdown modestly reduced IgE-dependent degranulation (Fig. 4G) and Ca2+ influx (Fig. 

4H) in LAD2 MCs. We also assessed surface FcεRIα as a measure of trafficking and found 

that surface FcεRIα expression was reduced by approximately 40% with knockdown of 

MS4A6A (Fig. 4I). Taken together, these data suggest that MS4A6A functions, to some 

degree, in FcεRI trafficking and signaling and provides a potential candidate for an FcεRIβ-

like protein.

Full-length MS4A6A promotes FcεRI trafficking and exhibits redundancy with FcεRIβ.

The highly conserved splicing of the 1st and 2nd transmembrane regions of FcεRIβ, encoded 

by exon 3 of FcεRIβ, and the corresponding exon 4 of MS4A6A, may be critical for the role 

of MS4A6A in FcεRI function and perhaps the first transmembrane region of both proteins 

can bind to the FcεRI complex. We therefore used the SSO method that we used for exon 3 

of FcεRIβ,19 to specifically remove exon 4 encoding the 1st and 2nd transmembrane regions 

of MS4A6A (Fig. 5A). Despite the high sequence homology between FcεRIβ and MS4A6A, 

the splicing target site sequences were distinct and SSOs could be designed to specifically 

target each precursor mRNA. Highly efficient and specific exon skipping for each transcript 

was achieved without any off-target effects on the other mRNA transcripts (Fig. 5A). In 

addition, a combination of both FcεRIβ and MS4A6A constructs targeted both transcripts 
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with equal efficacy (Fig. 5A). We confirmed that the SSOs targeting the pre-mRNA resulted 

in loss of full length variants of FcεRIβ and MS4A6A at the protein level (Fig. 5B). The 

resulting reduction in protein for both FcεRIβ and MS4A6A was evident by 24 hours, but 

efficacy increased at 2 days and no full length protein was visible after 5 days (Fig. 5B). 

Neither FcεRIβ, nor MS4A6A SSOs alone, or in combination significantly affected LAD2 

cell proliferation (Fig. 5C) or survival (Fig. 5D) over the course of the experiments (5 days).

Analysis of surface FcεRIα expression with SSOs targeting either FcεRIβ or MS4A6A 

individually, or in combination, reduced surface FcεRIα expression. SSOs targeting FcεRIβ 
reduced FcεRI surface expression by ~60%, and MS4A6A SSOs reduced surface FcεRI 

expression by ~40% (Fig. 5E), which is in agreement with the knockdown data for MS4A6A 

(Fig. 4I). Combined FcεRIβ and MS4A6A SSOs had an additive effect reducing FcεRI 

surface expression by >80% (Fig. 5E). Quantitative RT-PCR for the FcεRI subunits, FcεRIα 
and FcεRIγ, revealed that mRNA for both subunits were not reduced (Fig. 5F) suggesting 

that the reduction in surface expression of FcεRIα was due to altered trafficking rather than 

downregulation of FcεRI subunit gene expression.

Both full-length MS4A6A and FcεRIβ promote FcεRI function and exhibit redundancy.

We next assessed degranulation in response to IgE-crosslinking with SSOs for FcεRIβ or 

MS4A6A alone and in combination. Exon skipping FcεRIβ or MS4A6A alone had only 

a minor effect on LAD2 MC degranulation, which did not reach significance in these 

experiments (Fig. 6A). However, a combination of FcεRIβ and MS4A6A SSOs markedly 

inhibited IgE-dependent degranulation (Fig. 6A), while no condition affected compound 

48/80 induced degranulation suggesting specificity to FcεRI activation (Fig. 6B). We next 

confirmed the compensatory role for MS4A6A on FcεRIβ function using primary HLMCs, 

where comparable results in IgE-dependent degranulation were seen (Fig. 6C & D). Finally, 

we also confirmed a conserved function for MS4A6A in primary CBMCs. We have shown 

previously that IL-4 stimulation of CBMCs is required to upregulate surface FcεRIα 
expression and enable degranulation.37 We therefore examined MS4A6A and FcεRIα 
expression with and without IL-4 stimulation for 7 days and found that MS4A6A expression 

could be induced in human CMBCs upon exposure to IL-4 and this was associated with 

an upregulation of FcεRIα expression (Fig. 6E). In addition, the function of MS4A6A in 

degranulation was conserved in CBMCs (Fig. 6F) and across all mast cell types tested 

strongly suggesting biological redundancy between FcεRIβ and MS4A6A.

MS4A6A and FcεRIβ trigger distinct downstream Syk signaling.

We next assessed whether FcεRIβ and MS4A6A exhibited complete redundancy and 

resulted in comparable signaling proximally to FcεRI. Crosslinking FcεRI promotes Syk 

kinase activation and trans-phosphorylation of the γ subunits to amplify signaling.8 We, 

therefore, examined the activating phosphorylation of Syk kinase at Tyrosine 525 that drives 

downstream signaling. Interestingly, we found that phosphorylation of this tyrosine residue 

required FcεRIβ and not MS4A6A (Fig. 7A). However, despite a lack of phosphorylation 

at Tyrosine 525 when FcεRIβ was not expressed, the downstream signal of the activating 

tyrosine residue 783 of PLCγ1 remained intact (Fig. 7B). These data suggest that while 

FcεRIβ drives phosphorylation of Tyrosine 525 of Syk and MS4A6A does not, both 
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proteins are able to promote activation of PLCγ1 and thus drive downstream Ca2+ flux 

and degranulation. Detailed study of the signaling downstream of FcεRIβ and MS4A6A 

is required to establish exactly how each protein participates in signaling and examination 

of other phosphorylation events in Syk kinase are needed. However, these initial studies 

suggest that each protein promotes a distinct downstream phosphorylation response and thus 

could drive differential functional outcomes downstream of IgE signals.

Both MS4A6A and FcεRIβ proteins contribute to IL-8 production in HLMCs.

Given the differential effects of FcεRIβ and MS4A6A on Syk phosphorylation, we next 

examined whether the proteins differentially regulated cytokine release in HLMCs. We 

challenged four HLMC donors with or without anti-IgE (1000 ng/mL) and measure release 

of IL-8 into the supernatant. Each donor was paired across conditions and color coded in 

the graphs (Fig. 7C). With the standard control treatment, IL-8 release was significantly 

induced, but treatment with either FcεRIβ or MS4A6A SSOs reduced IL-8 release, which 

was more evident with double SSO treatment (Fig. 7C). Therefore, these data suggest that 

IL-8 release follows a similar pattern to that of degranulation.

Conclusions

Taken together, our data suggest that FcεRIβ and MS4A6A exhibit at least partial 

redundancy in both trafficking and signaling of FcεRI in human MCs. Positive 

evolutionary selective pressure could explain this redundancy given FcεRI is critical for the 

immunological protection against parasitic and other infections. However, because surface 

FcεRI expression is completely abolished in mouse MCs treated with FcεRIβ SSOs, the 

presence and potential for redundancy of an orthologous Ms4a6 protein in the murine 

species remains to be investigated. Although further studies are needed to elucidate the 

IgE-dependent signaling pathways triggered by MS4A6A, MS4A6A contains a potential 

hemi-ITAM making it unique within the MS4A family and we predict that the hemi-ITAM 

of MS4A6A confers signaling potential. Therefore, altered ratios of FcεRIβ and MS4A6A 

within FcεRI complexes could act to fine-tune MC responsiveness in allergic individuals 

and may trigger differential downstream pathways. Additionally, aberrant expression of one 

or both proteins might also contribute to the widely varied allergic phenotypes seen in 

humans, as well as explain discrepancies in the response to common treatments. Further, 

while LAD-2 cells did not express high levels of other MS4A proteins, enabling us to 

elucidate the role of MS4A6A in these cells, other MS4A family proteins are expressed 

in HLMCs and we have not ruled out roles for these proteins in FcεRI function. It is 

exciting to postulate that the presence of different MS4A proteins in FcεRI complexes could 

contribute to heterogeneous FcεRI complexes that could regulate differential downstream 

effects of IgE crosslinking. However, further studies are required to establish any roles for 

other MS4A family proteins in FcεRI trafficking and signaling and these studies must be 

tightly controlled with expression analyses in each donor to establish which proteins are 

expressed.

Of particular interest, with regard to MS4A6A and a potential role in allergy and asthma, 

the MS4A gene family in humans are clustered around chromosome 11q12-q13, a region 
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previously linked to allergy and asthma susceptibility.13–15 This linkage gained interest and, 

due to FcεRIβ function in FcεRI, MS4A2 was considered as a viable candidate gene for 

an association with asthma. However, the clinical benefits of targeting FcεRIβ are not clear 

and the association of MS4A2 polymorphisms with allergy and asthma is not consistent.47 

In addition, attempts to associate polymorphisms in MS4A2 with functional consequences 

using transfection of cDNA failed to alter FcεRIβ protein function.48,49 While our current 

study does not help to elucidate roles for the MS4A2 polymorphisms in FcεRI function, it 

does highlight that the linkage of 11q12-q13 gene loci with asthma and allergy could involve 

polymorphisms in other highly related genes that could result in complex phenotypes, thus 

highlighting the need for other candidate genes to be explored.

The identification of the MS4A6A protein and its similar role to FcεRIβ provides an 

additional, previously unexplored therapeutic target for allergic diseases such as asthma 

and atopy. While MS4A6A expression in highly allergic as compared to non-allergic 

individuals remains to be investigated, aberrant expression could serve as further proof of 

a compelling therapeutic target. Antisense oligonucleotide therapy is an emerging treatment 

modality that has already been employed for a variety of ophthalmic,50 respiratory,51 and 

neurodegenerative52 conditions. As such, the success of our in vitro utilization of SSO 

technology to significantly reduce surface FcεRI expression and MC degranulation indicates 

its potential for translation to in vivo treatment of allergic diseases. However, it is also 

important to note that targeting MS4A6A therapeutically poses a more difficult target than 

FcεRIβ, because very little is known about MS4A6A function and linkage of MS4A6A 

with Alzheimer’s disease indicates that MS4A6A may be involved in pathways that affect 

cognitive function.53–56 Therefore, further detailed study of MS4A6A and the pathways that 

are regulated by the protein are critical to further understand the biology of MS4A6A and 

how that biology relates to immunology and neurobiology.

In conclusion, we have identified a previously uncharacterized member of the MS4A family, 

MS4A6A that plays an analogous role to FcεRIβ in the overall function of human MCs. The 

gene encoding MS4A6A is within the same gene family cluster as that of FcεRIβ, and both 

are located in a region previously linked to allergy and asthma susceptibility.13

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Hailey Jones and Sydney Joyner for technical assistance.

Funding:

Research was supported by the National Institutes of Health (NIH), National Institute of Allergy and Infectious 
Diseases (NIAID), Award Number R01AI143985, Department of Molecular Biomedical Sciences, College of 
Veterinary Medicine, start-up funds, Institutional National Research Service Award from the Office of the Director 
of National Institutes of Health, NIH T32OD011130.

Bitting et al. Page 11

Allergy. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations:

Ag antigen

Ca2+ calcium ion

FcεRI high-affinity IgE receptor

ITAM immunoreceptor tyrosine-based activation motif

Lyn Src family tyrosine kinase

MS4A6A membrane spanning 4-domains A6A

PLC phospholipase C

Syk spleen associated tyrosine kinase
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• We identify that MS4A6A is expressed in human mast cells and has high 

sequence homology to FcεRIβ.

• We show that MS4A6A contains a putative hemi-ITAM that may function 

similarly to the FcεRIβ ITAM.

• We demonstrate that MS4A6A and FcεRIβ perform at least partially 

redundant roles in FcεRI complex trafficking and function.
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Figure 1: Surface expression of FcεRIα and degranulation of human MCs is not dependent upon 
the presence of FcεRIβ in the FcεRI receptor complex.
A-D Mouse BMMCs were treated with MoFcεRIβ splice-switching oligonucleotide (SSO). 

A) Qualitative RT-PCR of FcεRIβ and β-actin. B) Flow cytometric analysis of surface 

expression of Kit and FcεRIα upon treatment with standard control oligonucleotide (black) 

and FcεRIβ SSO (purple). C) BMMC degranulation upon stimulation with DNP following 

treatment with a standard control oligonucleotide and FcεRIβ SSO. D) Ratiometric calcium 

signaling following stimulant addition at the arrowhead. E-H) LAD2 MCs were treated with 
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FcεRIβ SSO, termed FcεRIβ SSO, at 10 μM to induce skipping of FcεRIβ at exon 3. (E) 
Qualitative RT-PCR of FcεRIβ showing expression of the full length FcεRIβ variant when 

treated with a standard control oligonucleotide and the shorter truncated FcεRIβ variant 

after successful exon skipping; (F) Flow cytometric analysis of surface expression of KIT 

and FcεRIα upon treatment with standard control oligonucleotide (blue) and FcεRIβ SSO 

(red); (G) LAD2 cell degranulation upon stimulation with streptavidin (antigen) following 

treatment with a standard control oligonucleotide and FcεRIβ SSO; (H) Ratiometric calcium 

signaling following stimulant addition at the arrowhead. Data are the mean ± SEM from 

three experiments. *P <0.05, **P <0.01, ****P< 0.0001, n.s. = not significant, paired t-test 

(B & F), or ANOVA with post-test (C, D, G & H).

Bitting et al. Page 18

Allergy. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Expression of MS4A gene family members in human mast cells.
RT-PCR of genes in the MS4A family shows human LAD-2 MCs express MS4A2, 

MS4A4A, MS4A6A and MS4A7 with apparent splice variants of MS4A4A and MS4A6A. 

Three HLMC examples are shown with varying expression of MS4A family members. 

HLMC consistently expressed MS4A2, and MS4A6A, with variable expression of MS4A3, 

MS4A4A, MS4A7 and MS4A14.
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Figure 3: MS4A6A is expressed in human MCs and exhibits a similar truncation and putative 
signaling domain as FcεRIβ.
Amplification of the full open reading frame of the MS4A6A gene for cloning into 

expression plasmids confirms the presence of a truncated variant; (A) Sequencing and 

cloning of the two MS4A6A variants into pEGFP-N1 expression vectors provided alignment 

with the known isoform 1, a 4 pass transmembrane protein evident on the surface within 

the plasma membrane and an unannotated truncation without the first two transmembrane 

domains lacking surface expression; (B) Structural comparison of the full length (L) and 
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truncated (S) variants of the MS4A gene family expressed in human mast cells. Potential 

caveolin-1 binding site depicted as green rectangle; (C) Graphical representation of the 

ITAM signaling domain of FcεRIβ indicating the tyrosine phosphorylation site where Lyn 

binds and the putative hemi-ITAM of MS4A6A both located on the Carboxyl-termini; 

(D) Peptide sequence comparison of the FcεRIβ ITAM and the putative hemi-ITAM of 

MS4A6A showing consensus sequences for a tyrosine kinase phosphorylation site preceding 

the Lyn binding site in FcεRIβ and a comparable motif in the putative MS4A6A hemi-

ITAM.
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Figure 4: Knockdown of MS4A6A partially reduces degranulation and surface expression of 
FcεRIα.
A-D LAD2 cells were used to validate an MS4A6A antibody to determine transfection 

and knockdown efficiency. (A) LAD2 MCs transfected with an EGFP-MS4A6A fusion 

construct confirms high viability of GFP-positive cells by flow cytometry; (B) Transfection 

of EGFP-FcεRIβ and EGFP-MS4A6A into LAD2 MCs shows high GFP expression and 

transfection efficiency, which was comparable between the two constructs when compared 

to untransfected cells by flow cytometry; (C) Validation of an MS4A6A antibody using 

Western blots of cell lysates from transfected LAD2 MCs shows selectivity of the Ab for 
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cells transfected with MS4A6A-GFP over FcεRIβ-GFP. The predicted weight of MS4A6A 

is 26 kDa, and GFP is 25 kDa. (D) Western blotting with the validated antibody confirms 

lentivirus knockdown of natively expressed MS4A6A with shRNA (predicted weight is 26 

kDa); (E) Lentivirus knockdown with shMS4A6A significantly reduces protein expression 

by >60% compared to scramble; (F) qRT-PCR shows mRNA expression of MS4A6A is 

reduced by >80% after lentivirus knockdown with shMS4A6A compared to scramble; 

(G) Streptavidin-induced degranulation of LAD2 MCs treated with biotinylated IgE is 

reduced upon knockdown of MS4A6A (white) compared to scramble control (black); (H) 
Ratiometric calcium signaling after streptavidin stimulation at arrow shows a reduced Ca2+ 

response in MC with shMS4A6A knockdown (white) compared to scramble control (black). 

(I) Flow cytometric analysis shows surface expression of FcεRIα is significantly reduced 

upon shMS4A6A knockdown (white) compared to scramble control (black). Data are the 

mean±SEM from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, 

paired t-test (E), (F) & (I), or ANOVA with post-test (G).
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Figure 5: FcεRIβ and MS4A6A exhibit redundancy in FcεRIα surface expression.
A-F Following the same approach as with FcεRIβ, splice switching oligonucleotides 

(SSO) were successfully employed to eliminate the expression of the full length variant of 

MS4A6A and splicing was switched to the truncated form. Exon skipping was rapidly and 

selectively achieved in both LAD2 MCs and primary human MCs derived from umbilical 

cord blood (CMBCs) and lung (HLMCs). (A) Selective and efficient exon skipping of 

both FcεRIβ and MS4A6A shown by RT-PCR of LAD2 MCs; (B) Western blot data 

demonstrating that full length FcεRIβ and MS4A6A proteins are reduced after exon 
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skipping (arrows) after 24 hours (left panels), 48 hours (middle panels) and 5 days (right 

panels). B actin was used as a loading control; (C) Total number of viable LAD2 cells 

after treatment with a standard control, FcεRIβ and MS4A6A SSOs for exon skipping; (D) 
The percentage of viable cells after SSO treatment shows little effect; (E) Flow cytometric 

analysis of surface expression of FcεRIα in LAD2 cells treated with SSOs for individual 

and combined exon skipping; (F) QRT-PCR of FcεRI α and γ subunits expression in 

LAD2 cells treated with FcεRIβ or MS4A6 SSOs. Black bars represent standard control 

oligonucleotide. Blue bars represent FcεRIβ SSO. Green bars represent MS4A6A SSO. 

Red bars represent FcεRIβ + MS4A6A SSOs. Data are the mean±SEM from at least three 

independent experiments. **P < 0.01, **** P < 0.0001, n.s. = not significant, ANOVA with 

post-test.
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Figure 6: FcεRIβ and MS4A6A exhibit redundancy in IgE-dependent human mast cell 
degranulation.
(A) Dose-responsive degranulation of LAD2 cells stimulated with streptavidin following 

treatment with standard control oligonucleotide (black), FcεRIβ SSO (blue), MS4A6A 

SSO (green), and combined FcεRIβ + MS4A6A SSOs; (B) LAD2 cells treated with SSOs 

degranulate in response to stimulation with Compound 48/80 through an IgE-independent 

mechanism; (C) Dose-responsive degranulation of HLMCs stimulated with α-IgE following 

treatment with standard control oligonucleotide (black), FcεRIβ SSO (blue), MS4A6A 
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SSO (green), and combined FcεRIβ + MS4A6A SSOs; (D) HLMC cells treated with 

SSOs degranulate in response to stimulation with thapsigargin through an IgE-independent 

mechanism. (E) Western blot analysis of MS4A6A and FcεRIα expression with and without 

IL-4 treatment for 7 days. Β-actin was used as a loading control. (F) Dose-responsive 

degranulation of CBMCs stimulated with α-IgE following treatment with standard control 

oligonucleotide (black), FcεRIβ SSO (blue), MS4A6A SSO (green), and combined FcεRIβ 
+ MS4A6A SSOs (red). Data are the mean±SEM from at least three independent 

experiments. *P < 0.05, **P < 0.01, ANOVA with post-test.
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Figure 7: FcεRIβ and MS4A6A promote differential phosphorylation of Syk, but not PLCγ1.
(A) Western blot analysis and quantification of phosphorylated Syk (Y525) corrected for 

total Syk using dual colour analysis with Licor Odyssey imaging. (B) Western blot analysis 

and quantification of phosphorylated PLCγ1 (Y783) corrected for total PLCγ1. (A-B) Black 

bars represent standard control oligonucleotide. Blue bars represent FcεRIβ SSO. Green 

bars represent MS4A6A SSO. Red bars represent FcεRIβ + MS4A6A SSOs. (C) IL-8 

ELISA data from HLMC challenged with anti-IgE (1000 ng/mL). Each colour represents a 

different HLMC donor. The same donors were used for each SSO condition. Data are the 

mean±SEM from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 

0.001, ANOVA with post-test (A, B) or paired two tailed t-test (C).
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