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Abstract

Mast cells are tissue resident immune cells that play pivotal roles in initiating and amplifying
allergic/anaphylactic reactions in humans. Their activation occurs via multiple mechanisms, which
include crosslinking of the immunoglobulin E (IgE)-bound high-affinity IgE receptors (FceRlI) by
allergens or antigens (Ag) and the binding of anaphylatoxins such as C3a to its receptor, C3aR. We
have previously demonstrated that the Na*/H* exchanger regulatory factor 1 (NHERF1) promotes
C3aR functions in human mast cells. In the current study, we show that NHERF1 regulates mast
cell response following FceRI stimulation. Specifically, intracellular Ca2* mobilization, activation
of the mitogen activated protein (MAP) kinases (ERK1/2 and P38) and production of cytokines
(interleukin (IL)-13 and IL-6) following exposure to IgE/Ag were significantly reduced in mast
cells from NHERF1+/- mice. In agreement with our /n vitro data, mast cell-mediated passive
cutaneous anaphylaxis (PCA) and passive systemic anaphylaxis (PSA) were reduced in
NHERF1+/- mice and mast cell-deficient Kit WS"W-h mice engrafted with NHERF1+/- mast
cells. Mechanistically, the levels of micro (mi)RNAs that regulate mast cell responses, miRNA
155-3p and miRNA 155-5p, were altered in mast cells from NHERF1+/- mice. Moreover,
NHERF1 rapidly localized to the nucleus of mast cells following FceRI stimulation. In summary,
our results suggest that the NHERF1 acts as an adapter molecule and promotes IgE/Ag-induced
mast cell activation. Further elucidating the mechanisms through which NHERF1 modulates mast
cell responses will lend insights into the development of new therapeutic strategies to target mast
cells during anaphylaxis or other allergic diseases.
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INTRODUCTION

Allergic diseases such as anaphylaxis(1), rhinitis(2) and asthma(3) are among the major
causes of illness and disability in the United States for all ages. These diseases are caused by
an overzealous immune response to allergens or antigens (Ag) in which immunoglobulin E
(IgE) and mast cells play critical roles(4, 5). Thus, aggregation of high-affinity IgE receptor
(FceRI) on mast cells by Ag results in rapid histamine release and the generation of lipids
mediators and cytokines, which are responsible for the manifestations of the disease. The
humanized monoclonal anti-IgE antibody, omalizumab, is one of the best-characterized
mast-cell-targeted “bench to bedside” treatment for severe allergic asthma(6, 7). However,
omalizumab only works well on a subset of asthmatic patients and has adverse effects
including increased risk of heart disease and strokes(8). It is therefore imperative to identify
and design novel inhibitors that can target the FceRI pathway of mast cell activation to
prevent and/or treat allergic diseases.

The NHERF1 protein belongs to the NHERF family of PDZ (Post-synaptic density protein
95, Drosophila disc large tumor suppressor and Zonula occludens-1) scaffold proteins that
contain two PDZ modules and an ezrin-radixin-moesin (ERM)-binding domain(9, 10).
NHERF1 was identified as a regulator of the exchanger NHE3 and hence named Na*/H*
exchanger 3 (NHE3) regulatory factor 1(11, 12). NHERF1 is a major regulator of GPCR
signaling(9, 13). Most, if not all, of these GPCRs have a class | PDZ motif S-T-X-®, (where
“®” indicates hydrophobic amino acid and “X” indicates any amino acid) at their carboxyl-
terminus (C-terminus) that is recognized by NHERF1. Notably, the interaction between
NHERF1 and GPCRs regulate their trafficking, stability, and signaling properties.
Specifically, NHERF1 interacts with class | PDZ matif in the C-terminus of GPCRs and
anchors them to the membrane and restricts receptor internalization and desensitization(13,
14). Thus, NHERF1 functions as a positive regulator of GPCR signaling. Among the several
GPCRs that are regulated by NHERF1, some are involved in regulation of immune cell
migration and function including C-X-C chemokine receptor type 2 (CXCR2)(15, 16), the
receptor for interleukin (IL)-8 that mediates neutrophil migration to sites of inflammation.
NHERF1 also indirectly regulates GPCR signaling in a receptor-independent manner by
associating with downstream signaling proteins such as protein kinase A (PKA),
phospholipase C (PLC)-B, and protein kinase B (PKB/Akt)(11, 17-20). However, it is
currently unclear whether NHERF1 regulates mast cell-FceRI signaling and/or functions in
allergic diseases.

Mast cells express the C3aR(21, 22), a G protein-coupled receptor (GPCR) for the
anaphylatoxin C3a. Several reports have demonstrated that the C3aR plays a critical role in
mediating allergic responses in conjunction with the FceRI. Specifically, FceRI-mediated
activation of human mast cells results in the release of proteases that cleave the complement
component C3 to generate C3a(23-26). C3a causes mast cell activation by binding to its
receptor C3aR and thus potentiates mast cell response. C3aR possesses a class | PDZ motif
S-T-X-® at its C-terminus. Because NHERF1 is a class | PDZ domain interacting protein
that binds to several GPCRs and regulates their signaling, we examined the role of NHERF1
in affecting C3a-induced mast cell activation. Consequently, in a previous report(27), we
showed that although NHERF1 does not directly interact with the C3aR, it functions as an
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adapter molecule and promotes C3a-induced degranulation and chemokine production in
human mast cells. Based on these observations and a prior study by Schaffer et al.(26) that
showed that C3a amplifies FceRI-mediated anaphylaxis /n vivo, we hypothesized that
NHERF1 regulates IgE/Ag induced activation of mast cells. In the current study, we show
that NHERF1 promotes IgE/Ag-induced mast cell activation /n vivo. Passive cutaneous
(PCA) and passive systemic (PSA) anaphylaxis to IgE/Ag are significantly reduced in
NHERF1+/- mice as compared to littermate control NHERF1+/+ mice. Bone marrow-
derived mast cell (BMMC) engraftment experiments in mast cell-deficient Kit W-s/W-sh
mice revealed that mast cell-specific NHERF1 expression is required for optimal PCA and
PSA to IgE/Ag. /n vitro experiments with BMMCs cultured from NHERF1+/- mice
suggested that NHERF1 promotes IgE/Ag-induced Ca2* mobilization, activation of the
MAP kinases, ERK1/2 and P38 and cytokine (IL-13 and IL-6) production in mast cells.
Furthermore, the levels of miRNA 155-3p and miRNA 155-5p, two miRNAs that have been
shown to regulate mast cell activation, are differentially regulated in IgE/Ag-stimulated
NHERF1+/- BMMC. Interestingly, we observed rapid nuclear localization of NHERF1
following IgE/Ag exposure suggesting its role as an adapter molecule in mast cells. This
response however, is abrogated in mast cells from NHERF1+/- mice. Taken together, we
demonstrate that NHERF1 regulates FceRI mediated responses in mast cells and targeting
the FceRI-NHERF1 pathway of mast cell activation may alleviate anaphylaxis and allergic
diseases.

MATERIALS AND METHODS

Mice

C57BL/6 (B6, NHERF1+/+), NHERF+/- mice (on the B6 background) and mast cell-
deficient Kit W-s""W-shmice (fully congenic for the B6 background) were obtained from The
Jackson Laboratory (Bar Harbor, ME). All mice were bred and housed under specific
pathogen-free conditions. Both male and female mice (6-8 weeks old) were used for
experiments. The Animal Care and Use Committee at the Michigan State University
approved all the animal experiments.

Anaphylaxis assays

PCA: Mice were injected intradermally (i.d.) with 20 pl of anti-dinitrophenyl (DNP) mouse
IgE (Sigma-Aldrich, St. Louis, MO, clone SPE7, 20 ng/mouse) in the left ear and with 20 pl
of PBS in the right ear. After 16 h, mice were given 100 pl of antigen (DNP-human serum
albumin (HSA), 100 pg/mouse, Sigma-Aldrich) containing 1 % Evans Blue dye in PBS i.v.
The animals were euthanized 30 min after the antigen injections; the ears were removed,
weighed, dried at 50°C for 2 h and placed in acetone:saline (7:3) for 48 h. The absorbance of
the supernatant was measured at 650 nm. For some experiments, following sensitization
with the IgE, the ears were injected with the antigen (DNP-HSA). Ear thickness was
measured before and after injection of the antigen using a micrometer thickness gauge
(Peacock thickness gauge, G-1A) and change in ear thickness was calculated.

PSA: Mice were injected i.p. with anti-DNP IgE (20 pg/mouse in 100 pl of PBS). The next
day, antigen (DNP-HSA, 1 mg/mouse in 100 pl of PBS) was administered i.p. The rectal
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temperature was recorded at different time points after antigen injection. Mice were
euthanized after 2 h and blood and peritoneal lavage fluid were collected by injection of PBS
(5 ml) i.p. Serum histamine levels were estimated by LC-MS/MS as described
previously(28, 29). The peritoneal lavage fluid was stained with toluidine blue to visually
evaluate degranulation.

Mouse BMMC were obtained by flushing bone marrow cells from the femurs of mice and
culturing the cells for 4-6 weeks in Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10% fetal calf serum (FCS), L-glutamine (2 mM), penicillin (100 1U/ml),
streptomycin (100 pg/ml) and 1L-3 (10 ng/ml) (Peprotech, Cranbury, NJ). After 4 weeks in
culture, >95% of these cells were mast cells, as judged by morphology and surface
expression of FceRI and c-Kit (CD117). For some experiments, BMMC were generated by
culturing bone marrow cells in IMDM medium supplemented with mouse stem cell factor
(SCF, from Peprotech, 10 ng/ml) and IL-3 (10 ng/ml) for 4-6 weeks. Human LAD2 mast
cells were maintained in complete StemPro-34 medium supplemented with human stem cell
factor (100 ng/ml, Peprotech). Rat basophilic leukemia (RBL-2H3) and HEK-293T cells
were obtained from the American Type Culture Collection (Manassas, VA) and were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), L-glutamine (2 mM), penicillin (100 1U/ml) and streptomycin (100 pg/
ml). All cell culture reagents were obtained from Invitrogen (Carlsbad, CA).

Flow cytometric analysis of FceRI expression

BMMC (5 x 10° cells) were washed with cold FACS buffer (PBS containing 2% FBS) and
stained with PE-conjugated c-Kit antibody (BD Biosciences, San Jose, CA) and APC-
conjugated FceRI antibody (BD Biosciences) at 4°C for 30 min in the dark. Cells were
washed twice with cold FACS buffer and fixed in 250 pl of 1.5% formaldehyde in PBS.
Samples were acquired on LSR 11 flow cytometer (BD Biosciences) and analyzed using
FlowJo software (FlowJo LLC, Ashland, OR).

Ca?* mobilization

BMMC (5 x 10* cells/well) and RBL-2H3 (2 x 10* cells/well) were sensitized with anti-
DNP mouse IgE (clone SPE7, 1 pg/ml) for 12-16 h in cytokine-free media. For some assays,
LAD?2 cells (5 x 10* cells/well) were sensitized with biotin conjugated IgE (Enzo Life
Sciences, Farmingdale, NY, 0.5 ug/ml). The cells were washed, resuspended in media and
incubated with the FLIPR® Calcium 6 dye (Molecular Devices, San Jose, CA) for 2 h at
37°C and 5% CO,. Cells were then stimulated with different concentrations of the antigen
(DNP-BSA for BMMC and RBL-2H3 cells and Steptavidin for LAD2 cells) and
intracellular Ca?*mobilization was measured using a FlexStation® 3 multi-mode plate reader
(Molecular devices) with an excitation wavelength of 495 nm and an emission wavelength of
520 nm.
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Western blotting

BMMC (4 x 106 cells) were stimulated with DNP-specific IgE (1 ug/ml, 37°C, 5% CO,, 16
h) and DNP-BSA (30 ng/ml) for the indicated time intervals. The cells were washed twice in
ice-cold PBS and lysed with RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5% Sodium-
deoxycholate, 0.10% SDS, 50 mM Tris [pH 8.0], 5 mM EDTA, 10 mM NaF, and 10 mM
Na-pyrophosphate) containing protease inhibitor cocktail (Roche Applied Sciences;
Mannheim, Germany). Proteins (30 pg) were separated on 10% SDS PAGE gels,
immunoblotted onto nitrocellulose membranes (GE Healthcare, Chicago, IL), and probed
with the phospho-specific antibodies for P38 and ERK1/2 (both from Cell Signaling
Technology, 16 h) followed by incubation with LiCor IRDye® 680RD or IRDye® 800CW
conjugated secondary antibodies for 2 h in the dark. Blots were washed and imaged using
the Li-COR Odyssey Imaging System. Equal loading was confirmed by stripping and re-
probing these membranes with P38 and ERK1/2 antibodies (Cell Signaling Technology,
Danvers, MA). For assessing the NHERF1 levels in BMMC, LAD2, and RBL-2H3 cells,
cells (3 x 108) were lysed in RIPA and proteins (25 pug) were separated on 10% SDS PAGE
gels, immunoblotted onto nitrocellulose membranes and probed with the NHERF1 antibody
(Abcam, Cambridge, MA, 16 h). The blots were washed and incubated with LiCor IRDye®
800CW conjugated secondary antibody (2 h in dark) and imaged as above. The membranes
were stripped and re-probed with the p-Actin antibody (Cell Signaling Technology). Nuclear
lysates were prepared from RBL-2H3 cells (3 x 108), NHERF1+/+ BMMCs and NHERF1+/
- BMMCs (both at 5 x 106) following stimulation with IgE/Ag using the NE-PER™ nuclear
and cytoplasmic extraction reagents (Pierce, ThermoFisher Scientific, Waltham, MA) and
probed for NHERF1 expression as described as above. The nuclear protein membranes were
stripped and re-probed with the Lamin B1 antibody (Cell Signaling Technology) for
endogenous control. Blots were analyzed using ImageJ software.

Cytokine assay

BMMC were incubated with anti-DNP mouse IgE (1 pug/ml) for 12-16 h in cytokine-free
media, washed and exposed to varying concentrations of DNP-BSA for 6 h at 37°C and 5%
CO». Cytokines were measured from the supernatants using sandwich ELISA kits for IL-6
and IL-13 (both from Invitrogen) as described by the manufacturer.

Gene and miRNA expression analysis

Ear samples taken from mice were homogenized in liquid N5 using a mortar and pestle.
RNA was extracted using TRIzol™ reagent according to the manufacturer’s protocol. RNA
(2 pg) was transcribed to cDNA using the high capacity cDNA reverse transcription kit from
Applied Biosystems (Foster City, CA). RNA levels (7nf, /6 and //13) were quantified using
gene expression assays with TagMan™ Fast Advanced Master Mix and validated TagMan™
probes. For miRNA analysis, BMMC were sensitized with IgE (1 pg/ml) for 16 h and
stimulated with antigen (DNP-BSA, 30 ng/ml) for 2 h. cDNA was amplified from the
MRNA using the TagMan™ Advanced miRNA cDNA synthesis kit (Applied Biosystems)
and miRNA (miR155-3p, miR155-5p, miR126-3p and miR126-5p) expression levels were
determined with TagMan™ Fast Advanced Master Mix and validated miRNA probes from
Applied Biosystems.
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Lentiviral transduction and NHERF1 knockdown

Generation of lentivirus(27): HEK-293T cells (5 x 106) were transfected with the viral
packaging plasmids: p-CMV-VSV-G, pHR’8.2AR, and NHERF1 shRNA (Sigma,
TRCNO0000043736 for NHERF1) or scrambled-sequence control shRNA (Sigma, SCH002)
using the Lipofectamine® 2000 reagent (Invitrogen). Viral supernatants were harvested 72 h
post-transfection, 0.45 um sterile-filtered, and concentrated using Vivaspin™ protein
concentrators (100 kDa MWCO, GE Healthcare).

Lentiviral transduction(27): LAD2 and RBL-2H3 cells (5 x 10%) were washed twice and
plated in complete media with hexadimethrine bromide (polybrene, Sigma-Aldrich, 4 pg/
mL). Concentrated viral supernatant was then added to cells, centrifuged at 700g for 1 h, and
incubated for 8-10 h in 37°C and 5% CO,. Media was changed and cells were exposed to
puromycin (2 ug/mL) for selection of stable clones and viable cells were used for Ca2*
mobilization experiments.

Mast cell engraftment in Kit W-sh/W-sh mijce

Mast cell engraftment studies were performed as described previously(30). Briefly, BMMCs
derived from NHERF1+/+ and NHERF+/— mice were injected i.d. (2 injections per ear; 1 x
108 cells in 20 uL of PBS per injection) into Kit WSWW- mice 8 weeks before initiating the
PCA experiments. Similarly, for PSA assays, Kit WS- mice were injected i.p. with
NHERF1+/+ and NHERF+/- BMMC (5 x 10° cells/mouse in 200 pL of PBS) and allowed
to engraft for 8 weeks. Mast cell reconstitution in these mice was assessed by toluidine blue
staining of the ear sections and peritoneal lavage fluid.

Confocal microscopy

RBL-2H3 cells (1 x 10%) were cultured on glass coverslips, sensitized with anti-DNP IgE (1
ug/ml, 16 h) and stimulated with antigen (DNP-BSA, 30 ng/ml). The cells were fixed with
4% paraformaldehyde, and permeabilized with 0.5% saponin for 10 min. The slides were
incubated with PBS containing 1% BSA at room temperature for 1 h, washed with PBS with
0.1% Tween (PBST) and incubated with anti-NHERF1 antibody (Abcam, 1:500 dilution) at
room temperature for 1 h. Cells were washed with PBST and incubated with Alexa Fluor
555-conjugated anti-rabbit 1gG secondary antibody (Invitrogen, 1:300 dilution) for 1 h at
room temperature in the dark followed by incubation in 300 uM DAPI (1:1000 dilution).
Slides were washed and mounted using the ProLong™ Diamond antifade mounting media
(Invitrogen). Confocal images were obtained with the Olympus FV 1000 confocal laser
scanning microscope (Olympus America, Center Valley, PA) with a 40X objective and
images were analyzed using the ImageJ software.

Statistical analysis

Statistical analyses were performed using GraphPad PRISM software (San Diego, CA) and
explained in the figure legends or the results sections. A p-value less than or equal to 0.05
was deemed to be significant.
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RESULTS
NHERF1 promotes PCA and PSA to IgE/Ag

In a prior study, we demonstrated that NHERF1 promotes the activation of mast cells and
augments their degranulation and cytokine production to C3a(27). Given that IgE/Ag-
dependent PCA in mice is enhanced by the C3a-C3aR pathway(26), we hypothesized that
NHERF1 would also modulate the anaphylaxis reaction to IgE/Ag. To determine the role of
NHERF1 in regulating mast cell response /in7 vivo, we first performed PCA assays to IgE/Ag.
We used NHERF1+/— mice for our experiments because NHERF1-/— mice suffer from
several abnormalities such as reduced bone mineral density(31), defective kidney and colon
functions(32), and hydrocephaly(33, 34). In addition, female NHERF1-/- mice have high
mortality rates and die very early after birth; and those that survive have multiple bone
fractures and must be euthanized within 4-6 weeks of age. We injected the ears of
NHERF1+/+ and NHERF1+/- mice with anti-DNP IgE and 18 h later i.v. administered Ag
(DNP-BSA) to these mice. As expected, we observed a significant reduction in PCA (as
indicated by the O.D. reading after extraction of the Evans blue dye from the ears) to IgE/Ag
in NHERF1+/- mice as compared to the littermate control NHERF1+/+ mice (Figs. 1A and
1B). We also measured ear thickness and analyzed the gene expression of pro-inflammatory
cytokines ( 7nf, 116 and 1/113) secreted by mast cells in different cohorts of mice. As indicated
in Figs. 1C and 1D, NHERF1+/- mice showed significant reduction in ear thickness and
decreased 7nf, 116, and 1113 expression levels in the ears following IgE/Ag exposure.

To investigate the role of NHERF1 in mediating PSA, we injected NHERF1+/+ and
NHERF1+/- mice with IgE i.p. and 18 h later exposed the mice to the Ag, DNP-BSA (i.p.).
This model of activation stimulates mast cells rapidly to release histamine, which in turn,
induces anaphylaxis resulting in a significant decrease in body temperature. Our data
suggests that NHERF1 potentiates PSA responses to IgE/Ag in vivo. Specifically, we
observed a drastic decrease in body temperature in NHERF1+/+ mice within 40 min after
Ag injection, which recovered with time (Fig. 1E). This change in body temperature was
significantly attenuated in NHERF1+/— mice. In addition, there was a significant decrease in
the number of degranulated mast cells in the peritoneum of NHERF1+/- mice (Fig. 1F).
Some NHERF1+/+ mice (n=5) died due to the PSA reaction induced by IgE/Ag exposure;
however, as shown in Fig. 1G, the mortality rate was lower in NHERF1+/— mice when
compared to control NHERF1+/+ mice. The histamine levels in the serum were also
diminished in NHERF1+/- mice, suggesting that these mice were protected from PSA (Fig.
1H). Collectively, our data suggest that NHERF1 promotes both IgE/Ag-induced PCA and
PSA in vivo.

Mast cell numbers and their maturation in the skin and peritoneum of NHERF1+/- mice

Since the anaphylaxis response to IgE/Ag is primarily mediated by mast cells, we next
assessed mast cell numbers and maturation in the NHERF1+/- mice. In addition, to
determine if IgE receptor expression levels are altered in NHERF1+/— mast cells, we
cultured mast cells ex vivo and performed flow cytometric analysis on these cells.
Specifically, bone marrow cells from NHERF1+/+ and NHERF1+/- mice were cultured in
the presence of IL-3 for 4 weeks to obtain BMMC. Mast cells from both mice expanded in
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culture with similar growth characteristics (data not shown). We examined NHERF1
expression levels in BMMC by western blotting. As expected, NHERF1 expression was
reduced by ~50% in NHERF1+/- BMMC (Fig. 2A). Flow cytometry analysis indicated that
there was no difference in FceRIa and CD117 (c-Kit) expression levels between NHERF1+/
—and NHERF1+/+ BMMC and >90% of these cells expressed both these markers
suggesting that most of the ex vivo cultured cells were mast cells (Fig. 2B). Furthermore,
toluidine blue staining of skin sections and Alcian blue/Safranin staining of peritoneal
lavage cytospin slides revealed that both the number of mast cells and their maturation,
based on the morphology revealed by our histological methods, appeared identical between
the NHERF1+/- and NHERF1+/+ mice (Figs 2C-2E).

NHERF1 enhances activation of BMMCs to IgE/Ag in vitro

C3a enhances IgE-dependent anaphylaxis(24, 26). So, the observed decrease in the PCA and
PSA experiments (Fig. 1) could be either due to the role of NHERF1 in regulating mast cell
activation through the IgE receptor directly, or via the C3a pathway. To dissect this, we
performed /n vitro assays with BMMCs as they do not express the C3aR(25). Intracellular
Ca?* mobilization and MAP kinase activation represent early events of mast cell activation,
whereas the delayed phase consists of the production and release of cytokines such as IL-13
and IL-6. NHERF1+/+ and NHERF1+/- BMMCs cultured in IL-3 were exposed to IgE/Ag
and intracellular Ca2* mobilization and MAP kinase activation assays were performed. IgE-
sensitized NHERF1+/+ BMMC showed a dose-dependent increase in intracellular Ca2*
mobilization (as indicated by a change in fluorescence intensity following labeling with a
Ca?* sensitive fluorescent dye) following Ag exposure (Fig. 3A). However, this response
was significantly attenuated in NHERF1+/- BMMCs. Mast cell stimulation via FceRI
results in activation of MAP kinases such as P38 and ERK1/2. Accordingly, we observed an
increase in phospho-ERK1/2 and phospho-P38 levels when NHERF1+/+ BMMCs were
exposed to IgE/Ag. In contrast, NHERF1+/- BMMCs showed reduced activation of these
MAP kinases after Ag stimulation (Fig. 3B-D). Consistently, IgE-exposed NHERF1+/-
BMMCs produced significantly lower levels of IL-13 and IL-6 when compared to control
NHERF1+/+ BMMCs over the range of Ag concentrations (0-100 ng/ml) tested (Figs. 4A
and 4B). Additionally, we performed mast cell activation experiments with NHERF1+/+ and
NHERF1+/- BMMC cultured in the presence of both SCF and IL-3. Our data demonstrates
that intracellular Ca2* mobilization and cytokine (IL-13 and 1L-6) production were
significantly decreased in BMMC that had reduced expression levels of NHERF1
(Supplemental figure 1). Taken together, these data suggested that NHERF1 regulated both
the early and delayed phases of mast cell activation via FceRl.

Micro (mi)RNAs are small noncoding RNAs that can bind to the 3’ untranslated regions of
multiple targets to degrade mRNA and regulate gene expression. Thus, miRNAs are
involved in many developmental and pathologic processes. Previous reports have shown that
miRNA-126(35) and miRNA-155(36, 37) play critical roles in regulating mast activation. To
test whether NHERF1 modulated these miRNAs, we examined the expression levels of
mMiRNA-126 and miRNA-155 in NHERF1+/+ and NHERF1+/- BMMCs following exposure
to IgE/Ag. Interestingly, there was no change in miRNA-126 (both 3p and 5p) (Fig. 4C),
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however miRNA-155-3p was substantially reduced while miR-155-5p was elevated in
NHERF1+/- BMMCs (Fig. 4D).

Mast cell-specific NHERF1 expression plays a critical role in mediating PCA and PSA

Our data in Fig. 1 shows that NHERF1 regulates PCA and PSA to IgE/Ag. To affirm that
NHERF1 expression on mast cells contributed to the reduced anaphylaxis response observed
in the NHERF1+/- animals, we adopted the well-established mast cell engraftment approach
(“knock-in”) in mast cell-deficient Kit W="W-h mice. Specifically, we reconstituted K7t
W-sh/W-sh mice with in vitro cultured NHERF1+/+ or NHERF1+/- BMMCs via i.d.
injections in the ears (for PCA) or i.p injections (for PSA) and performed the anaphylaxis
assays 8-12 weeks after engraftment. As expected, Kit WS"W-mice engrafted with
NHERF1+/+ BMMCs exhibited PCA (Fig. 5A) and PSA (Fig. 5C) to IgE/Ag. However,
these responses were significantly attenuated in mice reconstituted with NHERF1+/-
BMMCs. Kit WsWW-shmice that were not engrafted with BMMCs did not show any notable
PCA or PSA reaction to IgE/Ag (Figs. 5A and 5C). Notably, there was no difference in the
numbers of mast cells in the ears or the peritoneal lavage fluid in different cohorts of mice
(Figs. 5B and 5D) indicating that NHERF1 does not affect engraftment of mast cells into
these tissues. These data suggest that NHERF1 expression in mast cells does indeed regulate
PCA and PSA to IgE/Ag /n vivo.

NHERF1 amplifies IgE/Ag-induced Ca?* mobilization in human and rat mast cells that
express FceRl

The human and rat mast cell lines LAD2 and RBL-2H3 respectively, have been extensively
used as tools to study the signaling mechanisms of FceRI. To determine if NHERF1 also
regulates IgE/Ag-induced responses in human and rat mast cells, we knockdown the
expression of NHERF1 in both LAD2 and RBL-2H3 cells using the lentiviral transduction
approach. We achieved ~70% knockdown of NHERF1 in these cells, as shown in the
western blots in Figs. 6A and 6C. In agreement with the data obtained with BMMC (Fig.
3A), silencing NHERF1 expression in LAD2 and RBL-2H3 cells resulted in attenuation of
Ca2* mobilization (Figs. 6B and 6D) suggesting that NHERF1 regulates 1gE/Ag-induced
responses in both human and rat mast cell lines that express FceRI.

Subcellular localization of NHERF1 following IgE/Ag stimulation of mast cells

NHERF1 is predominantly a cytosolic protein; however, nuclear expression of NHERF1 has
been described in certain cancer cells. Additionally, it has been suggested that upregulation
of NHERF1 in the nucleus is a prognostic marker for breast and colon cancers(38, 39). To
determine if the localization of NHERF1 in mast cells is altered following activation, we
exposed RBL-2H3 cells to IgE/Ag and analyzed NHERF1 expression in the cytoplasmic and
nuclear compartments by confocal microscopy. NHERF1 is expressed both in the cytoplasm
(especially, near the plasma membrane) and nucleus at resting conditions (Fig. 7A).
However, 15 mins following stimulation with IgE/Ag, NHERFL1 is significantly upregulated
in the nucleus of RBL-2H3 cells (Fig. 7A-7C); the cytoplasmic expression levels are
however unaltered (Fig. 7A and 7B). We also prepared nuclear lysates from IgE/Ag-
stimulated RBL-2H3 cells and determined NHERF1 levels by western blotting. We observed
increased NHERF1 protein levels in the nucleus of samples stimulated with IgE/Ag (Fig.
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7D). To further confirm this observation, we determined nuclear NHERF1 levels in IgE/Ag-
stimulated NHERF1+/+ or NHERF1+/- BMMCs (Fig. 7E). In agreement with our data with
RBL-2H3 cells, nuclear NHERF1 level was upregulated in NHERF1+/+ BMMC stimulated
with IgE/Ag. Interestingly, NHERF1+/- BMMCs showed a reduction of NHERF1 in the
nucleus (fold increase over control was 1.5+0.07 for NHERF1+/+ BMMC vs 1.1+0.07 for
NHERF1+/- BMMCs).

DISCUSSION

NHERF1 is a member of a large family of PDZ domain binding proteins, and its role in
regulating GPCR function via interaction with the PDZ domains is well characterized.
Specifically, NHERF1 tethers GPCRs onto the membrane and inhibits their internalization;
thus, NHERF1 generally acts as a positive regulator of GPCR signaling(9, 13). We have
previously shown that NHERF1 promotes C3aR responses in mast cells independent of its
PDZ domain binding function but rather by acting as an adapter molecule to promote
downstream signaling(27). In the present study, we show that NHERF1 enhances FceRl
signaling in mast cells. We used multiple strategies including /n7 vitro assays with BMMC
from NHERF1+/- mice and lentiviral ShRNA-mediated knockdown of NHERF1 protein in
rat and human mast cell lines, and /n vivo mast cell-induced anaphylaxis assays using
NHERF1+/- mice to clearly demonstrate that NHERF1 regulates both the early (Ca2*
mobilization and MAP kinase signaling) and delayed (cytokine production) phases of mast
cell activation. Importantly, we have used NHERF1+/— mice for most of the experiments in
this study, suggesting that even a partial reduction of NHERF1 levels is enough to regulate
mast cell activation.

NHERF1 has been shown to function as an adapter/scaffolding protein that regulates the
responses of different signaling and Ca2* channel proteins such as phosphatase and tensin
homologue (PTEN)(40), PLC-B(18), PKB (AKt)(19), transient receptor potential
(TRP)C4/5(41) and TRPV6(42) in several cell types. In the present study, we demonstrate
that NHERF1 promotes CaZ* mobilization and phosphorylation of P38 and ERK1/2
following IgE/Ag activation of mast cells. While PTEN(43), PLC-B(44), and TRP(45, 46)
proteins have been implicated to play a role in modulating FceRI signaling, whether
NHERF1 modulates mast cell responses by regulating the functions of these proteins is
currently unknown. We observed a dramatic reduction in /n vitro cytokine (IL-6 and IL-13)
production in NHERF1+/- BMMC. The defect in cytokine production could be a result of
reduced proximal signaling due to decreased Ca2* influx or aberrant activation of P38 or
ERKZ1/2 in these cells. However, since NHERF1 can also interact with cytoskeletal elements
such as ERM family of proteins and a-actinin(9, 47, 48), it is possible that the reduction in
cytokine production observed in NHERF1+/- BMMC is due to abrogation of the NHERF1-
ERM /NHERF1-a-actinin interactions resulting in diminished exocytosis and release of the
cytokines.

The in vitro findings with BMMC corroborate with our /in vivo results where we observed a
significant reduction in mast cell-mediated cutaneous (PCA) and systemic (PSA)
anaphylaxis in NHERF1+/- mice or mast cell-deficient Kit Ws"W-sh mice engrafted with
NHERF1+/-BMMC:s. It is important to note that mast cell maturation and numbers in the
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skin and peritoneal tissues were not altered in these mice suggesting that the reduced
anaphylaxis response was because of the lack of NHERF1 expression in mast cells and not
due to reduced mast cell maturation or numbers. It has been proposed that mast cell
activation via FceRlI results in the generation of C3a that can amplify IgE/Ag-induced
response via the C3aR expressed on these cells(24-26). Since NHERF1 attenuated C3a-
induced human mast cell activation and given that C3a amplifies the IgE/Ag response, it is
possible that the reduction in PCA and PSA response is actually a reflection of NHERF1
modulating the C3a-C3aR pathway that is downstream of FceRI. However, NHERF1 also
promotes IgE/Ag induced activation of BMMC, which does not express the C3aR(25). Thus,
NHERF1 does affect mast cell activation following FceRI stimulation independent of the
C3a-C3aR pathway. In support of this notion, we also observed a significant reduction in
intracellular Ca?* mobilization in NHERF1 silenced RBL-2H3 cells that lack the C3aR.
Consequently, NHERF1 regulation of anaphylactic responses /n vivo may occur via its
effects on either FceRI or C3aR or both of these receptors.

Previous reports have suggested that NHERF1 is post-translationally modified, affecting its
functions in several cell types. NHERF1 possesses two PDZ domains (PDZ1 and PDZ2) and
an ERM binding domain. Hall et al. showed that G-protein receptor kinase (GRK) 6
interacts with PDZ1 motif of NHERF1 to promote its phosphorylation at Ser289(49). Given
that GRK6 associates with and phosphorylates NHERF1, it is possible that this modification
may provide a mechanism for FceRI-induced mast cell activation. Interestingly, PKC also
phosphorylates NHERF1 at Ser162 (PDZ2 domain) and Ser337/338 (C-terminus)(50). It is
noteworthy that FceRI -induced mast cell responses are dependent on PKC activation(51,
52) and PKC binds to NHERF1 through the PDZ domain(53). Thus FceRI, PKC, and
NHERF1 can form a signaling complex to promote phosphorylation of downstream
signaling proteins to support mast cell activation. Whether these or other mechanisms
regulates NHERF1 functions in mast cells remains to be determined.

An interesting and surprising finding of the present study was that NHERF1 inversely
regulates miRNA 155-3p and 155-5p levels after IgE/Ag stimulation. These miRNAs have
been shown to regulate mast cell responses such as degranulation and cytokine production.
Specifically, /n vitromast cell degranulation and cytokine production and /n vivo PCA
responses via IgE are enhanced in mMiRNA 155-/- mice(37) that lack miRNA 155-5p,
suggesting that miRNA 155-5p inhibits mast cell response. Consistent with these
observations, miRNA 155-5p is significantly upregulated in NHERF1+/- BMMCs. In
another study, Qayum et al.(36) showed that IL-10 amplified mast cells responses /17 vitro
and /n vivo, and that miRNA 155-3p contributes to the increase in mast cell activation. We
also observed a similar pattern in the current study, where miRNA 155-3p was substantially
reduced in NHERF1+/- BMMCs. These data suggest that NHERF1 appears to regulate mast
cell responses, at least in part, by altering the levels of miRNA 155-5p and miRNA 155-3p.
It is currently unknown how NHERF1 regulates these miRNAs. In addition, there is no
literature till date that describes the role of NHERFL1 in controlling miRNA levels in any cell
type. Thus, the finding that NHERF1 regulates miRNA 155-3p and 155-5p in mast cells is
novel and warrants further investigation. Further experiments using miRNA 155-knock mice
or miRNA 155-deficient BMMC need be performed to conclusively determine the role of
NHERF1 in regulating mast cell activation via miRNA 155.
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To determine if NHERF1 modulated responses in human and rat mast cell lines, we knocked
down its expression in RBL-2H3 and LAD2 cells. Consistent with our observation with
mouse BMMCs, reduction in NHERF1 levels resulted in an attenuated Ca2* mobilization
induced by IgE/Ag in RBL-2H3 and LAD?2 cells. Given that we have used NHERF1+/-
BMMCs and NHERF1 knockdown-RBL-2H3 and -LAD2 cells that still express some
NHERF1, it is possible that a complete deletion of NHERF1 would result in a more drastic
phenotype. However, we were not able to obtain BMMCs from NHERF1-/- mice to test
this contention; the female NHERF1-/— mice die very early after birth and the bone marrow
cells from male NHERF1-/- mice did not proliferate well ex vivo (data not shown). Another
alternative would be to use peritoneal mast cells from male NHERF1-/- mice. Recent
reports(54, 55) however suggest that there are sex-based differences in IgE/Ag mast cell
responses with females showing enhanced responses as compared to males. Thus
NHERF1-/- mast cells from both male and female mice are required to effectively delineate
the role of NHERF1. Generation of mice with NHERF1 deletion specifically in mast cells or
using conditional deletion models where NHERF1 can be deleted in mast cells following
maturation will hopefully shed more light into the role of NHERF1 in regulating mast cell
responses.

Our data reveals that NHERF1 is rapidly accumulated in the nucleus following IgE/Ag
stimulation of mast cells. Additionally, we observed reduced nuclear localization of
NHERF1 in NHERF1+/- BMMC suggesting that the decreased mast cell responses
observed in the NHERF1+/- BMMC may be because of the aberrant nuclear localization of
NHERF1. It is however, also possible that the decreased nuclear localization in the
NHERF1+/- BMMC is because of the lower expression levels of NHERF1 in these cells.
Interestingly, the cytoplasmic expression levels of NHERF1 were unaffected. Nuclear
expression of NHERF1 is found in malignant breast cancer cells(38). A recent study by Du
et al.(56) suggested that a mutation or truncation in the PDZ1 domain of NHERF1 was
responsible for its nuclear localization. IgE/Ag stimulation of mast cells may alter the PDZ1
domain of NHERF1, resulting in its accumulation in the nucleus. It is currently unclear if
NHERF1 translocates from the cytoplasm to the nucleus, or if its release from the nucleus is
halted. However, because the cytoplasmic NHERF1 levels are unaltered, it is tempting to
speculate that the nuclear export is affected. In conclusion, we have identified NHERF1 as a
novel adapter molecule that regulates mast cell activation via FceRI. This study thus
uncovers a novel mechanism for the regulation of FceRI signaling in mast cells that can be
exploited further for development of new therapies for mast cell-dependent pathologic
conditions such as anaphylaxis, asthma, and other allergic disorders.
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Key Points:
. NHERF1 promotes mast cell activation following FceRI stimulation /n vitro
. NHERF1 regulates IgE mediated mast cell-dependent anaphylactic reactions
invivo
. NHERF1 localized to the mast cell nucleus following IgE/Ag stimulation
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Figure 1: NHERF1+/- mice show decreased PCA and PSA to IgE/Ag.
(A-D) NHERF1+/+ and NHERF1+/- mice were injected with anti-DNP IgE (20 ng, left ear)

and PBS (right ear). DNP-HSA (Ag, 100 ug) in 1% Evan’s Blue in PBS was administered
i.v in these mice after 18 h. Mice were culled after 30 min, the ears were weighed, the dye
was extracted, and the absorbance was measured at 650 nm. (A). Representative pictures of
the ears from 3 different mice for each cohort are shown. (B) The line graph shows O.D. of
the extracted dye per 100 mg of the ear tissue after the PBS or the Ag injections. (C, D)
Mice were exposed to IgE/Ag, and (C) ear thickness was measured at different time points
after Ag injection, and the change in ear thickness is shown. (D) Mice were sacrificed and
the ear samples were collected. Bar graph shows the fold change (2724€1) in the mRNAs of
TNF, IL-6, and IL-13 relative to GAPDH levels. (E-H) NHERF1+/+ and NHERF1+/- mice
were sensitized with anti-DNP IgE (20 g, i.p.) for 16 h. and were injected with DNP-HSA
(Ag, 1 mg) i.p. (E) The rectal temperature was measured before and after Ag treatment at the
indicated time points (0-120 min) and the change in temperature is shown. (F) Bar graph
shows numbers of degranulated mast cells in the peritoneal lavage fluid. (F) Some mice died
following the DNP-HSA injection, the mortality rate was estimated and is shown in the
graph. (H) Histamine levels in the serum of mice is shown. Data shown are mean + S.E.
from 2-3 experiments (n=5-10 mice/group). Statistical significance was determined by
unpaired Student’s #test. * p<0.05 and ** p<0.01.
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Figure 2: Characterization of mast cells from NHERF1+/- mice.
(A) Blots show expression levels of NHERF1 protein in BMMCs from NHERF1+/+ and

NHERF1+/- mice. The blots were stripped and re-probed with B-actin for loading control.
(B) Flow cytometric plots show the expression of FceRI and CD117 on NHERF1+/+ and
NHERF1+/- BMMCs. (C) Representative pictures showing mast cells (bold arrows) in the
toluidine blue stained sections of the ear tissue are shown. (D) The mast cells were counted
and total numbers of mast cells per mm? in the ears of mice are plotted. (E-F) The peritoneal
lavage from mice were stained with Alcian blue and Safranin stains. (E) Representative
images showing peritoneal mast cells (PMC, bold arrows) and (F) total numbers of PMC in
lavage fluid are shown. Scale bar = 20 puM. Data shown are representative of n=3-4 mice in
each group.
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Figure 3: Ca?* influx and MAP kinase (P-38 and ERK1/2) activation is reduced in NHERF1+/~
BMMCs.
(A) IgE-sensitized NHERF1+/+ and NHERF1+/- BMMCs were loaded with Calcium 6 dye

reagent and stimulated with indicated concentrations of DNP-BSA (Ag). Bar graphs show
change in fluorescence intensities following Ag exposure. (B-D) NHERF1+/+ and
NHERF1+/- BMMCs were pretreated with IgE and stimulated with DNP-BSA (30 ng/mL)
for the indicated time intervals. Western blotting was performed on cell lysates with the
appropriate primary and secondary antibodies. (B) Representative blots from three similar
experiments are shown. (C, D) Bar graphs represent relative intensities of analyzed phospho-
protein bands normalized to the respective total proteins. Data are mean + SEM from three
independent experiments. Statistical significance was determined by unpaired Student’s #
test. * p <0.05.
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Figure 4. NHERF1+/- BMMCs showed decreased IL-6 and IL-13 production and altered
mMiRNA 155 levels following exposure to IgE/Ag.

NHERF1+/+ and NHERF1+/- BMMCs were pretreated with IgE and were stimulated with
DNP-BSA for 6h. (A) IL-13 and (B) IL-6 production was determined by ELISA. (C-D)
BMMCs were stimulated with IgE and DNP-BSA for 1 h and miRNA expression of (C)
126-3p and 126-5p and (D) 155-3p and 155-5p was analyzed by real-time PCR. Values are
plotted as fold change (2724Ct) normalized to GAPDH levels. Data are mean + S.E. from 3
experiments (n=5 mice/group). Statistical significance was determined by unpaired
Student’s #test. * indicates p<0.05, and ** indicates p<0.01.
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Figure 5: PCA and PSA responses are reduced in mast cell deficient Kit W-shW-sh ice engrafted

with NHERF1+/- BMMCs.

Kit WshW-sh mice (1), Kit W-SW-sh mice engrafted with NHERF1+/+ BMMCs (11) or Kit
W-sh/W-sh mice reconstituted with NHERF1+/- BMMCs (111) were subjected to (A, B) PCA
and (C, D) PSA assays 8 weeks post engraftment. (A) The line graph shows O.D. of the
extracted Evan’s Blue dye per 100 mg of the ear tissue from each mouse after PBS or
IgE/Ag injections. (B) The ear sections from different cohorts of mice were stained with
toluidine blue and the number of mast cells in the ears was counted. (C) Graph shows
change in rectal temperature at different time points following the exposure to IgE/Ag in
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different groups of mice. (D) The peritoneal lavages of mice were stained with toluidine blue
and numbers of mast cells were counted and plotted. Data shown are mean + S.E. from 3
experiments (a total of n=5-11 mice/group). Statistical significance was determined by
unpaired Student’s #test. * p <0.05.
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Figure 6: Knockdown of NHERF1 in LAD2 and RBL-2H3 cells results in reduced intracellular
CaZ* mobilization.
LAD2 human mast cells and RBL-2H3 cells were transduced with scrambled shRNA

lentivirus (control) or a sShRNA lentivirus that targets NHERF1 (NHERF1 KD). (A and C)
Western blotting was performed to determine NHERF1 levels in control and NHERF1
silenced LAD2 and RBL cells. Representative images of the blots are shown. The blots were
probed with B-actin as loading control. (B) Control or NHERF1 knock down LAD2 cells
(LAD2-NHERF1 KD) were pretreated with biotin-IgE (10 ng/mL, 24 h) and stimulated with
different concentrations streptavidin and intracellular Ca?* mobilization assay was
performed. (D) Control or NHERF1 shRNA transduced RBL-2H3 cells (RBL-NHERF1
KD) were exposed to DNP-specific IgE and DNP-BSA (Ag) and intracellular Ca2*
mobilization assay was performed. Data are mean £ SEM of three independent experiments.
Statistical significance was determined by unpaired Student’s #test. * p <0.05.
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Figure 7: NHERF1 localizes to the nucleus following IgE/Ag stimulation.
RBL-2H3 cells were plated on poly-L-lysine coated slides, pre-treated with IgE and

stimulated with Ag at different time points. Cells were fixed with 4% paraformaldehyde and
stained with fluorescent antibodies to detect NHERF1. (A) Representative images of
NHERF1 expression (red) and DAPI staining (nucleus, blue) are shown. (B) Z-stack
confocal microscopy images with cross-sectional views taken at 100 x magnification show
localization of NHERF1 (red) after Ag stimulation. Scale bar = 10 um. (C) Bar graph shows
mean fluorescence intensities in the red channel that co-localized with the blue color
intensities corresponding to NHERF1 expression in the nucleus. Data represent mean + S.E.
from 3 experiments with 14-19 cells analyzed in each group. Statistical analysis was done
using unpaired £test. * p<0.05. (D, E) RBL-2H3 cells (D) and NHERF1+/+ and NHERF1+/
- BMMCs (E) were stimulated with IgE/Ag for 15 min and NHERF1 protein levels in the
nucleus was determined by western blotting. A representative image of the blot is shown.
The blots were stripped and re-probed with lamin B1 as loading control.
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