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Mast cells are immune cells derived from hematopoietic progenitors. When they are activated by stimuli,
they immediately release granule-associated mediators, leading to allergic inflammation. Several factors
controlling mediator release have been identified; however, little is known whether microRNAs (miRNAs)
are involved in this process. miRNAs are a small class of non-coding RNAs that negatively regulate gene
expression. In this study, we investigated the relationship between miRNAs and degranulation in LAD2
cells, a human mast cell line. We demonstrated that silencing of Dicer, a key enzyme of miRNA biogen-
esis, attenuates degranulation, indicating that miRNAs are involved in mast cell degranulation. We fur-
thermore discovered that the overexpression of miR-142-3p enhances FceRI-mediated degranulation
and that miR-142-3p rescues the reduction of degranulation by silencing Dicer. Similar effects were
observed in bone marrow-derived mast cells obtained miR-142-3p-deficient mice. Our studies suggest
that miR-142-3p is a potential therapeutic target in pathological conditions caused by mast cells, such
as mastocytosis and allergies.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Mast cells are immune cells derived from hematopoietic
progenitors in the bone marrow that mature in peripheral tissues.
Mast cells are characterized by secretory granules containing ac-
tive mediators, such as histamine, proteases and cytokines. When
they are activated by stimuli, they immediately release granule-
associated mediators that induce allergic inflammation [1,2]. The
major mechanism underlying the stimulation of mast cells is the
interaction between antigens and IgE bound to its high-affinity
receptor, FceRI, on the cell surface. Receptor aggregation initiates
a signaling cascade leading to the release of mediators, a process
referred to as degranulation. On the other hand, mast cells can also
be stimulated by a large number of chemical molecules known as
basic secretagogues that elicit degranulation through an IgE/FceRI-
independent mechanism [1].

Recent studies suggest that microRNAs (miRNAs), a family of
21–25 nucleotide small RNAs, regulate gene expression via transla-
tional repression and/or mRNA degradation by binding to the 30

untranslated regions (30 UTRs) of their target mRNAs [3]. They
are involved in important biological events, such as proliferation,
apoptosis, differentiation and stem cell maintenance. The
inappropriate expression of miRNAs is associated with cancer
and a variety of other pathologies [4,5].

While some miRNAs have already been shown to be important
for differentiation and proliferation of mast cells [6,7], little is
known regarding the role of miRNAs in mast cell degranulation.
In this study, we therefore investigated whether miRNAs are in-
volved in the degranulation of LAD2 cells, a human mast cell line.
We observed that the degranulation activity in LAD2 cells transfec-
ted with Dicer siRNA is decreased, thus suggesting that miRNAs are
involved in mast cell degranulation. Specifically, we found that
miR-142-3p enhances FceRI-mediated degranulation in LAD2 cells.
A similar function was observed in the bone marrow-derived mast
cells obtained miR-142-3p-deficient mice. Overall, our studies pro-
vide new insight into the role of miRNAs regulating mast cell
degranulation, indicating that miR-142-3p is a potential therapeu-
tic target in pathological conditions caused by mast cells, such as
mastocytosis and allergies.

2. Materials and methods

2.1. Cell culture and transfection

LAD2 cells [8] were obtained from the National Institutes
of Health. The cells were cultured in Stem Pro-34 SFM (Life
Technologies, Carlsbad, CA) containing Stem-Pro supplement,
2 mM L-glutamine, 100 U/ml penicillin, 50 lg/ml streptomycin
and 100 ng/ml SCF.

Transfection of oligonucleotides into LAD2 cells was performed
using a Gene Silencer (Genlantis, San Diego, CA). Pre-miR miRNA
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Precursors (Life Technologies) were used as synthetic miRNA mim-
ics. Synthesized fully 20-O-methylated RNA oligonucleotide, whose
sequence was complementary to the mature miRNA sequence, was
used as miRNA antisense. Anti-miR miRNA Inhibitors (Life Tech-
nologies) were used as synthetic miRNA inhibitors. siRNAs were
purchased from Life Technologies and Dharmacon (Chicago, IL).
The target sequences of the siRNAs were listed in the Supplemental
methods.

2.2. Degranulation assay of LAD2 cells

LAD2 cells were sensitized with 0.3 lg/ml human myeloma IgE
(Athens Research & Technology, Athens, GA) for 24 h. For cell acti-
vation, the cells were stimulated with 10 or 15 lg/ml anti-human
IgE antibody (Dakocytomation, Carpinteria, CA) or 0.5 lg/ml com-
pound 48/80, a mixture of polymers derived from N-methyl-p-
methoxy-phenylethylamine (Sigma–Aldrich, St. Louis, MO) for
20 min in Tyrode’s buffer (126.1 mM NaCl, 4.0 mM KCl, 1.0 mM
CaCl2, 0.6 mM MgCl2, 0.6 mM KH2PO4, 10 mM HEPES, 5.6 mM D-
glucose, 0.1% Bovine Serum Albumin (pH 7.4)). The enzymatic
activity of b-hexosaminidase in the supernatants was measured
with 4-nitrophenyl N-acetyl-b-D-glucosaminide (Sigma–Aldrich)
in 0.1 M sodium citrate (pH 4.5). The absorbance was read at
405 nm using ARVOsx (Perkin Elmer, Waltham, MA). Following cal-
culation of the enzymatic activity, 1% Triton X-100 was added and
the absorbance was measured again. The degranulation activity
was calculated as the percentage by dividing the absorbance of
the supernatant by that of the detergent-solubilized cells.
Triplicate wells were used for each condition.

2.3. Intracellular Ca2+ measurement

IgE-sensitized LAD2 cells were labeled with the 1 lM of fluores-
cent Ca2+ indicator, Fluo 4-AM (Dojindo, Japan). The cells were
suspended in Ca2+ assay buffer (20 mM HEPES, 115 mM NaCl,
5.4 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 13.8 mM D-glucose,
2.5 mM Probenecid (Sigma–Aldrich), 0.2% BSA, pH 7.4). For
the measurement of Ca2+ mobilization, the Fluo-4 fluorescence
intensity in each well was monitored with FDSS6000 (Hamamatsu
Photonics, Japan). The intensity was monitored every second and
plotted as the ratio to the resting calcium level.

2.4. Luciferase miRNA target reporter assay

The MREs (miR-142-3p recognition element) of human and
murine LPP mRNAs were inserted between the XhoI–NotI restric-
tion sites of the psiCHECK-2 vector (Promega), immediately 30

downstream from the Renilla luciferase gene. The wild-type and
mutant sequences in MREs are described in Fig. 3A.

HepG2 cells (ATCC) were co-transfected with 500 ng of reporter
vector and 20 nM of miR-142-3p mimic or miRNA mimic negative
control (Ambion) using Lipofectamine 2000 (Life Technologies).
Firefly and Renilla luciferase activities were measured consecu-
tively using the Dual-Glo Luciferase Assay System (Promega) and
ARVOsx (Perkin Elmer) 24 h after transfection. All the experiments
were done in triplicate.

2.5. Generation of miR-142-3p-deficient mice

A vector was constructed to replace the endogenous pre-miR-
142 site with a PGK-neo cassette using homologous recombination
in ES cells. The 50 and 30 sequences flanking the endogenous 87-bp
pre-miR-142 site were amplified via PCR from a murine genome,
generating 2.0-kb and 6.0-kb fragments, respectively. The
sequence of the endogenous 87-bp was as follows: 50-GACAGTG-
CAGTCACCCATAAAGTAGAAAGCACTACTAACAGCACTGGAGGGTGTA
GTGTTTCCTACTTTATGGATGAGTGTACTGTG-30.

These homology arms were cloned into a vector incorporating
both a neomycin resistance gene for positive selection, and a diph-
theria toxin (DTA) gene for negative selection. The targeting vector
was transfected into ES cells. Positive clones were selected follow-
ing culture in medium containing G418 antibiotics, and screened
by means of PCR amplification. The successfully recombined ES
cells were injected into blastocysts, and chimeric mice were bred
with C57BL/6 mice to obtain germline transmission of the mutant
allele.

All experiments were approved by the Animal Care and Use
Committee of Kyowa Hakko Kirin and the handling of the mice
and the experimental procedures were in accordance with the
requirements of the Committee.

2.6. Generation of murine mast cells and degranulation assay

Cultured murine mast cells were generated from the femoral
bone marrow cells of mice according to the method of Supajatura
[9]. Following 4–6 weeks of culture, the cells were analyzed using a
degranulation assay.

The primary cultured murine mast cells were sensitized with
1 ng/ml murine monoclonal anti-trinitrophenyl (TNP) IgE antibod-
ies (BD Pharmingen, Franklin Lakes, NJ) in the culture medium for
24 h. Following sensitization, the cells were washed and sus-
pended in Tyrode’s buffer. The cells were stimulated with 1 ng/
ml of TNP derivatives of bovine serum albumin (LSL Co., Japan)
for 20 min. The degranulation activity was calculated by measuring
the enzymatic activity of b-hexosaminidase in the supernatants.
3. Results

3.1. Effects of silencing Dicer on mast cell degranulation

To elucidate whether degranulation in mast cells is regulated by
miRNAs, we measured the degranulation activity of the LAD2 cells
after silencing of the Dicer expression by siRNA transfection. Dicer
is a key enzyme of the miRNA biogenesis; therefore, silencing Dicer
is expected to lead to the global repression of miRNAs [3,10].

We selected LAD2 cells as human mature mast cells. LAD2 cells
were originally established from a patient with mast cell sarcoma-
leukemia and closely resemble the primary cultures of CD34+-
derived human mast cells [8]. For example, LAD2 cells express
FceRI and c-Kit without mutations and are dependent on the cyto-
kine stem cell factor (SCF) and can be stimulated to degranulation
in an FceRI-dependent manner. LAD2 cells were sensitized with
IgE, and were stimulated by anti-human IgE antibodies leading to
the crosslinking of FceRI. The release of b-hexosaminidase was
used as a measure of the extent of degranulation.

Two different siRNAs against human Dicer were transfected
into LAD2 cells, and the degranulation activities were measured.
Compared to that observed in the cells transfected with control
siRNA (Lamin A/C siRNA) and cells without siRNA (mock), the
transfection of Dicer siRNA reduced the degranulation activity
(Fig. 1A). This result indicates that the global repression of miRNAs
reduced the degranulation activity in the LAD2 cells, suggesting
that miRNAs are involved in mast cell degranulation.

3.2. Identification of miRNA regulating degranulation in LAD2 cells

We next investigated the specific miRNAs related to degranula-
tion in LAD2 cells. We constructed a small RNA library of LAD2
cells and found that miR-142-3p was the most abundant clone,
with an overall abundance of the 24% in LAD2 cells (Supplemental
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Fig. 1. miR-142-3p regulate degranulation in LAD2 cells. (A) Silencing of Dicer attenuates degranulation in LAD2 cells. Seven days after transfection of siRNA (30 nM), the
degranulation activity was measured with or without anti-IgE (15 lg/ml) stimulation. The data represent the average ± SD of three experiments. (B) LAD2 cells were
transfected with 30 nM of miR-142-3p mimic, antisense and Dicer-siRNA. Three days after transfection, the degranulation activity was measured with or without anti-IgE
(10 lg/ml) stimulation. (C) The degree of Ca2+ mobilization was measured 3 days after transfection of miRNA mimics or inhibitors. IgE-sensitized LAD2 cells were preloaded
with Fluo 4-AM and then stimulated with Ca2+ assay buffer or the indicated concentrations of anti-IgE at 15 s. The relative fluorescence intensity was plotted.

982 Y. Yamada et al. / Biochemical and Biophysical Research Communications 443 (2014) 980–986
Table S1). Several miRNAs were selected based on their expression
abundance and specificity in LAD2 cells, and were overexpressed
by transfection of miRNA mimics into the LAD2 cells. Then,
FceRI-induced degranulation activity was assessed. We found that
LAD2 cells transfected with miR-142-3p was significantly in-
creased (Fig. 1B and Supplemental Fig. S1). Conversely, we also
introduced miR-142-3p antisense into LAD2 cells to inhibit endog-
enous miR-142-3p. As shown in Fig. 1B, miR-142-3p antisense
decreased the degranulation activity.

It has been shown that the activation of mast cells triggered by
FceRI crosslinking leads to calcium influx [11]. Therefore, we intro-
duced miR-142-3p mimic or inhibitor into LAD2 cells, and Ca2+

mobilization was measured. Among the control RNA-transfected
LAD2 cells, no intracellular Ca2+ increases were observed in the
cells without stimulation; however, the 10 and 50 lg/ml concen-
trations of anti-human IgE antibodies induced a Ca2+ response
(Fig. 1C). The miR-142-3p-transfected LAD2 cells exhibited an
elevated level of intracellular Ca2+ following stimulation with hu-
man-IgE antibodies. On the other hand, the miR-142-3p inhibitor
decreased the Ca2+ levels from the control RNA.

These data showed that the level of Ca2+ mobilization was in
proportion to the level of miR-142-3p, comparable with the phe-
nomena observed in association with b-hexosaminidase release.
These results suggest that miR-142-3p originally controls the
FceRI-mediated degranulation activity to enhance.

3.3. miR-142-3p rescues the reduction of degranulation by silencing
Dicer

As we found that miR-142-3p is highly expressed in LAD2 cells,
we speculated that the reduction of degranulation activity
achieved by silencing Dicer mRNA was primarily attributed to
the reduction of endogenous miR-142-3p. Therefore, we investi-
gated whether the overexpression of miR-142-3p rescues the
reduction of the degranulation activity in Dicer siRNA-transfected
LAD2 cells, in which most miRNAs were repressed.

When Dicer siRNA was introduced into the LAD2 cells, miR-
142-3p was reduced as Dicer mRNA was reduced (Fig. 2A and B).
Meanwhile in the LAD2 cells transfected with both Dicer siRNA
and miR-142-3p mimic, the Dicer mRNA was reduced, while
miR-142-3p was increased (Fig. 2A and B).

We assessed the FceRI-induced degranulation activity under
these conditions. In the LAD2 cells transfected with Dicer siRNA
and miR-142-3p mimic, the degranulation activity was increased
compared to that observed in the LAD2 cells transfected with Dicer
siRNA and control miRNA mimic. The level of degranulation activ-
ity in the LAD2 cells transfected with Dicer siRNA and miR-142-3p
mimic was similar to that observed in the LAD2 cells without
transfection (Fig. 2C). These results suggest that the cause of the
reduction of degranulation activity following stimulation with
anti-human IgE antibodies in Dicer siRNA-transfected LAD2 cells
was the reduction of the miR-142-3p expression level triggered
by the reduction of Dicer mRNA and that the increase in the
amount of miR-142-3p rescued the degranulation activity.

3.4. Role of miR-142-3p in degranulation following stimulation with
compound 48/80

Mast cells are activated not only by IgE/FceRI stimulation, but
also by FceRI-independent stimulation. For example, compound
48/80, a basic secretagogue, induces degranulation independently
of FceRI [1,12]. Therefore, we investigated the degranulation activ-
ity in LAD2 cells following stimulation with compound 48/80, not
human anti-IgE antibodies.

When Dicer siRNA was introduced into the LAD2 cells, the com-
pound 48/80-induced degranulation activity was decreased
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compared with that observed in the control (Fig. 2D), consistent
with the reaction noted following anti-human IgE antibody stimu-
lation. On the other hand, in the LAD2 cells transfected with miR-
142-3p mimic, the degranulation activity did not change compared
with that observed in the control (Fig. 2D).

Moreover, we found that the degranulation activity following
stimulation with compound 48/80 in the LAD2 cells transfected
with both Dicer siRNA and miR-142-3p mimic was decreased, as
in the LAD2 cells transfected with Dicer siRNA only (Fig. 2D).
Namely, miR-142-3p did not rescue the reduction of degranulation
activity that occurred following stimulation with compound 48/80
in the LAD2 cells silenced Dicer mRNA, unlike that observed fol-
lowing stimulation with anti-human IgE antibodies. These results
suggest that miR-142-3p is not independent of pathways triggered
by compound 48/80 and that it is involved in FceRI-dependent
pathways.
3.5. miR-142-3p target prediction

In general, one miRNA regulates multiple mRNA expressions,
which results in the formation of a complex regulatory network.
We predicted several candidate mRNAs of miR-142-3p primarily
based on pairing between the miRNA and assessed the effects of
candidate mRNAs in the FceRI-induced degranulation activities.
Among the siRNAs of the target candidate mRNAs, silencing of
LPP, WASL and c-cbl (CBL) mRNA enhanced the degranulation
activity following stimulation with anti-human IgE antibodies
(Supplemental Fig. S2A). These siRNAs were obviously confirmed
to be potential to silence target mRNAs (Fig. S3). Supplemental
Fig. S2B and C shows the putative miR-142-3p recognition ele-
ments (MREs) in their 30 UTRs. The degranulation activity silenced
by these mRNAs was similar to that of the overexpression of miR-
142-3p; therefore, we speculate that these mRNAs may be parts of
target genes of miR-142-3p.

Among these target genes, we constructed a luciferase reporter
plasmid that inserted miR-142-3p MRE, as well as MRE with a mu-
tated seed region, in the human and murine LPP mRNA at the
downstream of Renilla luciferase gene, and tested the luciferase
activity. As shown in Fig. 3, we observed a marked reduction in
luciferase activities in cells co-transfection of miR-142-3p and
the reporter vector compared with co-transfection of the negative
control miRNA and the reporter vector. In contrast, no change in
the mutant reporter vector was observed in the presence of miR-
142-3p. These results indicated that LPP would be a direct target
of miR-142-3p.
3.6. Degranulation activity in primary mast cells derived from miR-
142-3p-deficient mice

We further investigated whether miR-142-3p has the same
function other than LAD2 cells. To examine the effects on the
degranulation activity of miR-142-3p in murine mast cells, we
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generated miR-142-3p-deficient mice. Based on the information in
miRBase (http://www.mirbase.org), the murine miR-142-3p locus
is located on the 11 chromosome and the mature sequence is iden-
tical to that of human miR-142-3p; thus, we deleted the
endogenous pre-miR-142 site. The targeting was performed by
introducing a neomycin resistance gene into murine embryonic
stem cells (Fig. 4A). Targeted embryonic stem (ES) cell clones were
used to generate chimeric mice, which transmitted the mutant

http://www.mirbase.org
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allele through the germline, yielding heterozygous mice. Breeding
of these mice yielded homozygous for the miR-142-3p deletion,
which were viable.

We next isolated bone marrow cells from homozygous, hetero-
zygous and wild-type mice, and developed murine mast cells
in vitro. Then, the b-hexosaminidase released from these mast cells
upon TNP and anti-TNP IgE stimulation was assessed. While the
activity of the mast cells derived from the heterozygous mice
was at the same level as that observed in the wild-type mast cells,
the activity of the mast cells derived from the homozygous mice
was decreased by more than half compared with that observed
in the wild-type mice (Fig. 4B). These results indicate that the loss
of miR-142-3p reduces the degranulation activity upon IgE stimu-
lation in mice, suggesting that murine miR-142-3p has the same
function as human miR-142-3p in enhancing degranulation in an
IgE/FceRI-dependent manner.
4. Discussion

Although numerous studies have revealed that miRNAs are in-
volved in important biological events, little is known regarding
the role of miRNAs in mast cell degranulation. In this study, we
showed that the total repression of endogenous miRNAs by silenc-
ing Dicer attenuates the FceRI-mediated degranulation activity,
suggesting that miRNAs intrinsically control the degranulation
activity. Among miRNAs, endogeneously expressed in LAD2 cells,
we found that miR-142-3p regulates the degranulation activities.
miR-142-3p has been previously shown to be expressed in hema-
topoietic tissue [13], which is consistent with our observation that
miR-142-3p is highly expressed in LAD2 cells, a type of immune
cells. By focusing on the relationship between miRNAs and degran-
ulation in mast cells, we provide new insight into the role of miR-
142-3p.

On the other hand, the effects of miR-142-3p on the degranula-
tion activity following stimulation with compound 48/80 were dif-
ferent from those observed following stimulation with anti-human
IgE antibodies. The results indicate that miR-142-3p enhances the
degranulation activity via an FceRI-dependent pathway, not an
FceRI-independent pathway. Because compound 48/80 also in-
duces Ca2+ mobilization before degranulation [14,15], miR-142-
3p may function in the signal cascade that occurs between FceRI
aggregation and Ca2+ mobilization. The fact that LAD2 cells trans-
fected with Dicer siRNA reduced the degranulation activity follow-
ing stimulation with compound 48/80 shows that other miRNAs,
not miR-142-3p, control the degranulation via FceRI-independent
pathway.

We generated miR-142-3p-deficient mice in order to elucidate
the role of miR-142-3p in other than LAD2 cells, a human mast cell
line. Mice homozygous for the miR-142-3p deletion were born and
viable, suggesting that miR-142-3p does not have any influence on
lethality, although it is involved in the differentiation of the
hematopoietic lineage. While several miRNA deficient mice have
been reported to date, most have not been shown to be lethal or
have a severe phenotype, and some phenotypes have appeared
only upon the application of certain internal or external stresses
[16–18]. miR-142-3p-deficient mice exhibit the phenotype only
under stimulation, as shown in other miRNA knockout mice,
characteristic of the function of miRNAs.

We herein revealed that the degranulation activity in mast cells
derived from miR-142-3p-deficient mice is decreased, suggesting
that the function of miR-142-3p in mast cells may be the same
in humans and mice. Although we cannot exclude the possibility
that miR-142-3p-deficient murine cells exhibit impaired differen-
tiation into mature mast cells rather than degranulation, the defi-
ciency is likely to affect degranulation based on the observation in
LAD2 cells. Meanwhile, degranulation was not completely sup-
pressed even though the expression of miR-142-3p was completely
suppressed. This is because miR-142-3p is not related to the initi-
ation of degranulation, or there is an alternative mechanism to
compensate for the loss of miR-142-3p. The degranulation activity
was not affected in the mast cells derived from heterozygous miR-
142-3p-deficient mice, indicating that more than half the level of
inhibition of endogenous miR-142-3p is required to attenuate
degranulation.

We did not examine the degranulation activity in murine mast
cells following stimulation with compound 48/80. This is because
murine mast cells derived from bone marrow cannot be activated
via FceRI-independent pathways, such as stimulation with com-
pound 48/80 [1,19]. However, the fact remains that miR-142-3p
enhances the degranulation activity in an FceRI-dependent
manner.

Because the deleted sequence of pre-miR-142 contains both
miR-142-3p and miR-142-5p, the phenotype of miR-142-3p-
deficient mice may also be affected by the loss of miR-142-5p.
However, based on the fact that miR-142-5p was expressed at a
lower level than miR-142-3p in the LAD2 cells (Supplemental
Table S1) and in bone marrow-derived murine mast cells as
reported [6], we speculate that the influence of miR-142-5p may
be small.

miRNAs can act through regulating multiple target genes nega-
tively. Among these potential target genes, we demonstrated that
LPP would be one of the direct target genes for miR-142-3p. LPP
regulates actin filament assembly by binding to a-actinin and
vasodilator-stimulated phosphoprotein (VASP), which are involved
in actin polymerization [20]. Previous studies have shown that the
actin cytoskeleton regulates the association between crosslinked
IgE–FceRI and raft components [21] and that the inhibition of actin
polymerization increases degranulation in mast cells [22]. There-
fore, we speculate that LPP is associated with mast cell degranula-
tion by organizing actin filament. It has been shown that individual
miRNAs can directly downregulate hundreds of genes and that
comprehensive downregulation determines the characteristics of
miRNAs [23]. We herein proposed LPP as potential target genes
of miR-142-3p, however, the degranulation in the LAD2 cells si-
lenced by these genes was not as attenuated as that observed in
the miR-142-3p-transfected LAD2 cells. Consequently, it is
believed that this gene is only part of target genes and that
miR-142-3p can regulate other target genes to enhance the
degranulation activity.

In summary, we discovered that miR-142-3p enhances degran-
ulation in an FceRI-dependent manner in human LAD2 mast cell
lines and murine primary mast cells. Our study suggests that
miR-142-3p is a potential therapeutic target for the pathological
conditions caused by mast cells, such as mastocytosis and allergies.
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