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Abstract: Mast cells are important effector cells of the immune system, and mast cell-derived exosomes carrying 
RNAs play a role in immune regulation. However, the molecular function of mast cell-derived exosomes is currently 
unknown, and here, we identify differentially expressed genes (DEGs) in mast cells and exosomes. We isolated 
mast cells derived exosomes through differential centrifugation and screened the DEGs from mast cell-derived exo-
somes, using the GSE25330 array dataset downloaded from the Gene Expression Omnibus database. Biochemical 
pathways were analyzed by Gene ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway on the online tool DAVID. DEGs-associated protein-protein interaction networks (PPIs) were constructed 
using the STRING database and Cytoscape software. The genes identified from these bioinformatics analyses were 
verified by qRT-PCR and Western blot in mast cells and exosomes. We identified 2121 DEGs (843 up and 1278 
down-regulated genes) in HMC-1 cell-derived exosomes and HMC-1 cells. The up-regulated DEGs were classified 
into two significant modules. The chemokine receptor CCR1 was screened as a hub gene and enriched in cytokine-
mediated signaling pathway in module one. Seven genes, including CCR1, CD9, KIT, TGFBR1, TLR9, TPSAB1 and 
TPSB2 were screened and validated through qRT-PCR analysis. We have achieved a comprehensive view of the 
pivotal genes and pathways in mast cells and exosomes and identified CCR1 as a hub gene in mast cell-derived 
exosomes. Our results provide novel clues with respect to the biological processes through which mast cell-derived 
exosomes modulate immune responses.
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Introduction

Exosomes are nano-sized, endosome-derived 
vesicles that ranging in diameter from 30-150 
nm in. These vesicles are released into the 
extracellular environment by a variety of cell 
types, including immune cells, stem cells, neu-
rons, tumor cells and other cell types [1]. 
Exosomes have been found in body fluids, 
including saliva [2], blood plasma [3], urine [4], 
breast milk [2], and cerebrospinal fluid [5]. 
Exosomes have an outer lipid bilayer that 
encapsulates multiple proteins, mRNAs and 
microRNAs [6], and can actively transfer this 
molecular information to neighboring cells or 
distant organs. In addition, exosomes can shu- 
ttle functional RNAs from one mast cell to 
another [6]. In recent years, the immunological 
function of exosomes has been extensively 

studied and exosomes have been found to  
play roles in T cell activation, Th2 cell diffe- 
rentiation [7], and tolerance development [8]. 
Furthermore, dendritic cell-derived exosomes 
can trigger potent antigen-specific antitumor 
immune responses [9], epithelial cell-derived 
exosomes can enhance proliferation and che-
motaxis of undifferentiated macrophages dur-
ing asthmatic inflammation [10], and Treg ce- 
lls suppress Th1 cell responses through a non-
autonomous gene silencing process that is 
mediated by microRNA-containing exosomes 
[11]. All in all, these findings underscore the 
properties of exosomes as powerful tools for 
intercellular communication. 

Mast cells are important effector cells of the 
immune system that have been suggested to 
participate in the pathophysiology of anaphy-
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laxis [12], asthma [13], tumors [14, 15], auto-
immune disease [16, 17], inflammatory disea- 
se [18], lymphomas [19], and other disorders. 
Mast cell-derived exosomes carrying RNAs ha- 
ve also been found to play a role in immune 
regulation, and the functions of mast cell-
derived exosomes in B cells, T cells, DCs, lung 
cancer, and hepatocellular carcinomas have 
been studied extensively. Exosomes released 
from mast cells, upon exposure to oxidative 
stress, have the capacity to induce oxidative 
stress tolerance in other cells. The mRNA con-
tent of exosomes produced under oxidative 
stress differs extensively from that of exo-
somes produced under normal conditions [20]. 
A recent study has shown that exosomes 
derived from bone marrow mast cells (BMMCs) 
can bind to free IgE via FcεRI and exhibit an 
anti-IgE effect, which results in decreased IgE 
levels and inhibition of mast cells activation. 
This effect was also validated in a mouse mo- 
del of allergic asthma [21] and implies that 
mast cell-derived exosomes have the poten- 
tial to be developed into a novel anti-IgE agent. 
The functions of mast cell-derived exosomes 
are mainly dependent on the content of exo-
somes, although the functions of exosomes  
are not completely understood. Furthermore, 
the differentially expressed genes (DEGs) be- 
tween mast cell-derived exosomes and mast 
cells have not been investigated. 

The purpose of this study is to identify vital 
DEGs and pathways that are important for the 
function of mast cell-derived exosomes. We 
downloaded an original microarray datasets 
GSE25320 [8] from the Gene Expression Om- 
nibus (GEO) database and performed gene 
ontology annotation and pathway enrichment 
analyses and constructed protein-protein inter-
action (PPI) network to identify DEGs. We iden-
tified mast cell exosome-enriched biological 
functions and pivotal pathways and discover- 
ed differentially expressed genes that we sub-
sequently verified by qRT-PCR and Western 
blot. Our results provide insight into the roles of 
mast cell exosomal RNAs in immunoreactions 
and disease.

Materials and methods

Mice

Male Wild-type(WT) BALB/c mice, at four weeks 
of age, were purchased from Shanghai Sippr/

BK Laboratory Animal Co. Ltd and housed in a 
specific pathogen-free environment. All animal 
experiments were carried out under the ap- 
proval of the Institutional Review Board of the 
Shanghai General Hospital, Shanghai JiaoTong 
University School of Medicine, and the serial 
number for our study is “2017KY214”. 

Cell culture 

The human mast cell line HMC-1 was main-
tained at 37°C, with 5% CO2, and 95% humi- 
dity, in RPMI 1640 medium supplemented wi- 
th 10% exosomes-free FBS and 100 units per 
milliliter of penicillin/streptomycin. 

Bone marrow mast cells (BMMCs) were pre-
pared as previously described. In brief, male 
BALB/c mice (Shanghai Sippr-BK Laboratory 
Animal Co. Ltd) were housed in specific patho-
gen-free conditions in the Animal Experimental 
Center of Shanghai General Hospital. All pro- 
tocols for animal experiments were approved 
by the Animal Ethics Committee of Shanghai 
General Hospital, Shanghai Jiao Tong Univer- 
sity School of Medicine (Shanghai, China). Spe- 
cific steps are as follows. Firstly, the mice were 
euthanized by neck dislocalisation. The fe- 
murs and tibias were removed the muscle tis-
sue and flushed with RPMI-1640 complete 
medium: RPMI-1640 supplemented with 10% 
heat-inactivated FBS, 1% Penicillin-Streptomy- 
cin, 2 mM L-glutamine, 1 mM sodium pyruvate, 
and 0.1 mM nonessential amino acids. The 
cells were collected and resuspended with 
complete medium, enriched with 10 ng/mL 
rmIL-3 (PeproTech, Rocky Hill, NJ, USA) and 20 
ng/mL rmSCF (PeproTech, Rocky Hill, NJ, USA). 
Next, the cell concentration was adjusted to 
1×106 cells/mL, the cells were incubated for 
4-6 weeks at 37°C in a humidified atmos- 
phere with 5% CO2, and the culture medium 
was replaced weekly. Mast cell phenotype was 
confirmed through the expression levels of  
KIT and IgE high affinity receptor (FcεRI) by flow 
cytometry.

Isolation and identification of exosomes

Exosomes were isolated from the superna- 
tant of HMC-1 cells and BMMCs by differen- 
tial centrifugation as previously described [22]. 
In brief, the initial steps were designed to elimi-
nate large dead cells and large cell debris 
through successive centrifugation at 300× g 
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for 10 min, 2000× g for 10 min, and 10000× g 
for 30 min. In each step, the pellets were dis-
carded and the supernatants were used for  
the following steps. Next, to pellet exosomes, 
the supernatant was pelleted through ultra- 
centrifugation at 100000× g for 70 min. Exo- 
somes were washed in a large volume of PBS 
followed by ultracentrifugation at 100000× g 
for 70 minutes to eliminate contaminated 
proteins. 

Exosome morphology was identified through 
transmission electron microscopy (TEM, FEI 
Tecnai 12, Philips, Netherlands). 20 μL of fre- 
shly isolated exosome solution was adsorbed 
onto 200 mesh copper grids for 1 min, and 
stained with a 2% uranyl acetate solution for  
1 min, and dried under a half-watt lamp. Ima- 
ges were taken with a pixel size of 0.3 nm  
and a direct magnification of 67,000× using  
an Gatan CCD camera. The size distribution 
and number of exosomes were calculated by 
nanoparticle tracking analysis (NTA) using a 
ZetaView PMX 110 (Particle Metrix, Meerbus- 
ch, Germany) equipped with fast video cap- 
ture and particle tracking software. The expres-
sion of the mast cells exosomal makers TSG- 
101 (Abcam, USA) and CD63 (Abcam, USA)  
was analyzed using Western blot. All experi-

ments were independently repeated three 
times. 

Microarray data information and DEGs identi-
fication

The GSE25320 array data was downloaded 
from the Gene Expression Omnibus (GEO)  
database (http://www.ncbi.nlm.nih.gov/geo/). 
This dataset based on the GPL570 platform 
(Affymetrix Human Genome U133 Plus 2.0 
Array, Affymetrix, Santa Clara, CA, USA) was 
contributed by Karin et al [8], and comprised 
11 samples, including four HMC-1 exosomal 
RNA samples, four HMC-1 cell RNA samples, 
and three HMC-1 exosomal versus HMC-1 cell 
miRNA samples. In our study, the four HMC-1 
exosomal RNA samples and four HMC-1 cell 
RNA samples were used for analysis. 

The raw data were preprocessed by Bio- 
conductor R packages (Seattle, Washington), 
and the preprocessing included background 
correction, normalization, and calculation of 
gene expression. The limma package [23]  
was used to perform the differential analyses, 
and |log2 fold change (FC)| >2 and adjusted 
P<0.01 were considered as statistically sig- 
nificant.

Table 1. Specific primer sequences
A, Human
Gene Forward (5’-3’) Reverse (5’-3’) Amplicon (bp)
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 197
CCR1 GACTATGACACGACCACAGAGT CCAACCAGGCCAATGACAAATA 128
CD9 TTCCTCTTGGTGATATTCGCCA AGTTCAACGCATAGTGGATGG 172
KIT CGTTCTGCTCCTACTGCTTCG CCCACGCGGACTATTAAGTCT 117
TGFBR1 ACGGCGTTACAGTGTTTCTG GCACATACAAACGGCCTATCTC 101
TLR9 CTGCCACATGACCATCGAG GGACAGGGATATGAGGGATTTGG 121
TPSAB1 ACCACATTTGTGACGCAAAATAC CCAGTCCAAGTAGTAGGTGACAC 245
TPSB2 GTGAAGGTCCCCATAATGGAAAA CACAGCATGTCGTCACGGA 101
B, Mouse
Gene Forward (5’-3’) Reverse (5’-3’) Amplicon (bp)
GAPDH TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA 178
CCR1 CTCATGCAGCATAGGAGGCTT ACATGGCATCACCAAAAATCCA 142
CD9 ATGCCGGTCAAAGGAGGTAG GCCATAGTCCAATAGCAAGCA 103
KIT AGGCTATCCCTGTTGTGTCTG ACATGGAGTTCACGGATGTAGA 111
TGFBR1 TCTGCATTGCACTTATGCTGA AAAGGGCGATCTAGTGATGGA 100
TLR9 ACAACTCTGACTTCGTCCACC TCTGGGCTCAATGGTCATGTG 116
TPSAB1 GCCAATGACACCTACTGGATG GCTTACGGAGCTGTACTCTGA 130
TPAB2 CTGGCTAGTCTGGTGTACTCG CCAGGGCCACTTACTCTCA 93
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Gene ontology (GO) and pathway enrichment 
analyses

Gene ontology (GO) is a tool for gene annota-
tion that uses a defined, structured, and con-
trolled vocabulary [24]. The Kyoto Encyclopedia 
of Genes and Genomes (KEGG) is a database 
used to assign sets of DEGs to specific path-
ways [25].

The online Database for Annotation, Visua- 
lization and Integrated Discovery (DAVID; ht- 
tps://david.ncifcrf.gov) is an exploratory visual-
ization tool for gene biological function analy-
ses. Functional and pathways enrichments of 
candidate DEGs were analyzed using DAVID, 
with gene counts ≥5 and a P<0.05 set as 
threshold values.

Protein-protein interaction (PPI) network con-
struction of DEGs and modules selection

In order to reveal the protein-protein interac- 
tion network (PPI) of DEGs, we made use of  
the STRING online database (Available online: 
http://string-db.org) [26]. Integrated scores > 
0.95 and all upregulated DEGs with integrated 
scores >0.7 were chosen for the PPI network 
construction. Constructed PPI networks were 
visualized using Cytoscape software [27]. Fur- 
thermore, to select hub genes from the PPI  
network, cluster analysis was performed using 
the Cluster ONE plug-in of Cytoscape [28] with 
default parameters and P<0.01. GO-Biological 
Process (BP) terms and KEGG pathway enrich-
ment analyses of modular genes were imple-
mented using DAVID.

Figure 1. Identification and characterization of mast cell-derived exosomes. A. Bone marrow mast cells (BMMCs) 
show a large number of purple-red granules following toluidine blue staining (400×). CD117 and IgE high affinity 
receptor (FcεRI) on BMMCs were detected by flow cytometry. B. Mast cell exosomes were isolated through differen-
tial centrifugation. Transmission electron micrographs of the isolated exosomes revealed rounded structures with 
a diameter of approximately 30-150 nm. C. The average size of exosomes was measured by Nanoparticle Track-
ing analysis (NTA). D. Western blot analysis of the exosomes shows the presence of the exosomal marker proteins 
TSG101 and CD63. The results show that TSG101 has not significant differences in cells and exosome expression, 
while CD63 is enriched in exosomes but a little in cell lysates.



CCR1 in mast cells exosomes

356	 Am J Transl Res 2018;10(2):352-367

Total RNA extraction, cDNA synthesis, and 
qRT-PCR 

To confirm that genes were differentially ex- 
pressed in exosomes and mast cell samples, 
qRT-PCR was performed using iQSYBR Green 
real-time PCR master mix (Bio-Rad, Hercules, 
CA) on the Applied Biosystems StepOneTM Re- 
al-Time PCR System. Briefly, total RNAs were 
extracted from exosomes and mast cells us- 
ing Trizol reagent (Invitrogen, Carlsbad, CA). 
First-strand cDNAs were synthesized from 1  
μg of total RNA from the exosome or mast cell 
samples, using the iScript cDNA synthesis kit 
(Bio-Rad, Hercules, CA) following manufacturer-
provided protocols. Gene-specific primers for 
human and mouse candidate genes (Table 1) 
were designed using the Primer Bank (https://
pga.mgh.harvard.edu/primerbank/). The mean 
threshold cycle number (CT values) of target 
genes were normalized to endogenous GAPDH 
and calculated using the 2-ΔΔCt method [29,  
30]. After normalization to GAPDH gene ex- 
pression levels, ratios were expressed as fold-
changes, in comparison with respective expr- 
ession levels in the control samples (mast cells  
as control group, exosomes as case group).

Statistical analysis

All qRT-PCR amplifications were performed in 
triplicate. Relative mRNA levels of genes and 

GAPDH control between mast cell and mast 
cell-derived exosomes were quantified by the 
comparative 2-ΔΔCt method using the student’s 
t-test, and differences with P<0.05 were con-
sidered statistically significant. Expression of 
genes by qRT-PCR was analyzed using Gra- 
phPad prism 5 software.

Results

Characteristics of bone marrow mast cells and 
their exosomes

In order to more effectively validate differen-
tially expressed genes by the bioinformatics 
analyses, we cultured mouse bone marrow-
derived mast cells (BMMCs) and extracted exo-
somes. Figure 1A presents the morphology of 
BMMCs, which contain a large number of pur-
ple granules by toluidine blue staining. Flow 
cytometry analysis identified KIT and FcεRI 
expression on BMMCs and suggested that over 
95% of the cells were mast cells. Mast cell-
derived exosomes were isolated by differential 
centrifugation, and electron microscopy analy-
sis revealed that exosomes derived from HMC-1 
cells and BMMCs were 30-150 nm in diamet- 
er and displayed vesicular round structures 
(Figure 1B). The size distribution of mast cell-
derived exosomes revealed an abundance of 
smaller vesicles in the range of 50-150 nm 

Figure 2. Box plot of expression data before and after normalization. The lateral axis represents names of samples 
and the longitudinal axis represents expression levels. The black line in each box represents the expression levels 
of each sample. (A) Data before normalization and (B) data after normalization.
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lated extracellular vesicles are indeed exo- 
somes.

Data preprocessing and DEG analysis

The boxplots of samples before and after nor-
malization are presented in Figure 2. Our 
results indicate that the expression levels of 
each sample were similar after data nor- 
malization.

A total of 2121 DEGs (Table S1) (843 up and 
1278 down-regulated) were identified between 
HMC-1 exosomes RNA samples and RNA sam-
ples from HMC-1 cells RNA with P<0.01 and 
|log2 FC| >2. The top 100 up-regulated and 
down-regulated genes are shown in Table 2. 
Volcano plots are presented in Figure 3 and 
heat map by clustering analysis are presented 
in Figure 4.

GO and pathway enrichment analyses

To functionally classify DEGs from up-regulated 
and down-regulated clusters, we performed GO 
and KEGG pathway analyses. The top five GO 
terms from the functional classification are  
presented in Table 3. As shown in Figure 5,  
in the biological process group, up-regulated 
DEGs were mainly enriched in the GO terms of 

Table 2. 2121 differentially expressed genes (DEGs) were identified from GSE25320, including 843 
up-regulated genes and 1278 down-regulated genes in HMC-1 exosome, compared to HMC-1 cell 
(The top100 up-regulated genes were listed, and top100 down-regulated were listed)
DEGs Genes Name
Up-regulated ZNF595, ZNF160, ZC3H7B, NLN, MZT2B, FKSG49, FBXW12, DBT, CMBL, CCDC152, ATP8B1, 

SLC35E1, DDX59, SLC22A3, RASEF, PRDX2, PGF, HAUS2, FAM63A, FAM161B, CDK13, 
XRCC2, TCF7, SCD5, MIR7113, SERPINB6, PRR11, UACA, FOXQ1, NUMBL, ZNF721, RPS11, 
APOPT1, ACPT, C9orf64, NPY, RPL27A, ARHGEF1, POLR1B, ZNF611, RNF183, OCIAD1, 
SLC25A16, ERVH-1, CNTD2, ADAM33, DLGAP4, GGT1, UBXN2A, SPG21, SH2B2, AVIL, 
ALMS1, RIOK3, MB21D1, TRIM16L, FGFR1, DAPP1, ATF7IP, UBE2D4, PRINS, HEY1, SFTPB, 
KRTAP8-1, KIAA0556, ANAPC16, COLCA1, TMEM241, GZMK, SPRR4, OR7E104P, OPHN1, 
OR7E37P, IGKV1OR2-118, APOBEC2, PIGT, PAPPA2, SYT6, GTSE1, FMO2, EDAR, SP2-AS1, 
PODNL1, AVPI1, ZNF536, FAM106A, S1PR4, TSR1, D21S2088E, ABLIM2, WDPCP, EXOC3L2, 
SPATA24, PAX2, MYO1C, PRKAG3, FBXW9, CLDN19, XAGE2, PRKAR2A

Down-regulated HSPA5, IGFBP2, MAP3K8, PSMB8, TCIRG1, TPST2, UBE2M, AGO2, EMC9, PKD1P1, GRN, 
NCAPH, RBM10, SLC39A10, UBAC2, CERS4, COX2, IL3, JOSD1, NRROS, FBLN2, HSPA13, 
WHAMM, ZFAND2B, ISL2, APOBR, CCL2, PSAP, ATP2A3, FOS, NDUFAF1, SNORA11E, 
TPSB2, ND4, COX1, LIG1, HLA-A, MIR6849, TMED10, ZNF77, TST, KIRREL2, ZNF189, 
HCG11, ITGA2B, ORC3, POR, GPS1, LIPA, PCOLCE, SLC39A6, SLC3A2, NCAPD3, NSUN5P1, 
AK1, CES4A, ERI3, GATAD1, GORASP1, TNF, RANGRF, ATP6AP1, FAM219A, FNBP1L, ND2, 
SERINC1, SLC6A6, TMEM117, SMAD7, SGK1, MTMR6, TACC3, PPFIA4, ZNF638-IT1, IL32, 
CDC37, RHOB, PRCC, DNMT1, SAC3D1, WAPL, ARGLU1, ITM2B, PAG1, ETFB, TPP1, SLC2A3, 
TRIM33, UBAC1, FAM64A, EBLN3P, FOSB, ATP6V1E2, CDKN1B, PWAR6, ERI1, MTFR1L, 
P4HB, CEP192, NAGK

Figure 3. Volcano plot of differentially expressed 
genes in HMC-1 exosomes and cells. Red, signifi-
cantly upregulated genes; green, significantly down-
regulated genes. FC, fold change.

(Figure 1C), and western blot analysis indicated 
that the exosomes expressed TSG101 and 
CD63 (Figure 1D). The results show that TS- 
G101 has not significant differences in cells 
and exosome expression, while CD63 is en- 
riched in exosomes but a little in cell lysates. 
Taken together, our data confirms that the iso-
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CCR1 in mast cells exosomes

358	 Am J Transl Res 2018;10(2):352-367

Figure 4. Heat map of the top 100 differentially expressed genes.

fibrinolysis, chemical synaptic transmission, 
xenobiotic metabolic process, cell adhesion, 
and cytokine-mediated signaling pathway. Fur- 
thermore, down-regulated DEGs were primarily 

associated with the protein sumoylation, DNA 
replication, aging, sister chromatid cohesion, 
antigen processing, and presentation of pep-
tide antigen via MHC class I categories. In the 
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cellular component group, up-regulated genes 
were enriched in integral component of plas- 
ma membrane, extracellular region, plasma 
membrane, extracellular space, and cell sur-
face terms, while the down-regulated genes 
were enriched in membrane, endoplasmic re- 
ticulum, endoplasmic reticulum membrane, 

nucleoplasm, and extracellular exosome com-
ponents. Moreover, in the molecular function 
group, up-regulated genes were enriched in 
monooxygenase activity, iron ion binding, oxi- 
doreductase activity, oxygen binding, and he- 
me binding functions, and down-regulated ge- 
nes were enriched in protein binding, nucleic 

Table 3. GO analysis of DEGs (P<0.05)
GO ID Term Count P-Value
Up-regulated
    GO-BP terms
        GO:0042730 Fibrinolysis 7 6.52×10-5

        GO:0007268 Chemical synaptic transmission 20 9.08×10-4

        GO:0006805 Xenobiotic metabolic process 10 1.67×10-3

        GO:0007155 Cell adhesion 30 1.89×10-3

        GO:0019221 Cytokine-mediated signaling pathway 13 2.34×10-3

    GO-CC terms
        GO:0005887 Integral component of plasma membrane 75 3.72×10-4

        GO:0005576 Extracellular region 83 4.00×10-4

        GO:0005886 Plasma membrane 178 1.49×10-3

        GO:0005615 Extracellular space 69 1.60×10-3

        GO:0009986 Cell surface 33 3.09×10-3

    GO-MF terms
        GO:0004497 Monooxygenase activity 10 1.49×10-4

        GO:0005506 Iron ion binding 14 2.41×10-3

        GO:0016705 Oxidoreductase activity 8 3.25×10-3

        GO:0019825 Oxygen binding 7 5.20×10-3

        GO:0020037 Heme binding 12 7.68×10-3

Down-regulated
    GO-BP terms
        GO:0016925 Protein sumoylation 21 7.10×10-5

        GO:0006260 DNA replication 24 1.98×10-4

        GO:0007568 Aging 25 1.99×10-4

        GO:0007062 Sister chromatid cohesion 18 3.72×10-4

        GO:0002474 Antigen processing and presentation of peptide antigen via MHC class I 9 5.38×10-4

    GO-CC terms
        GO:0016020 Membrane 237 3.34×10-17

        GO:0005783 Endoplasmic reticulum 108 1.19×10-12

        GO:0005789 Endoplasmic reticulum membrane 103 6.94×10-10

        GO:0005654 Nucleoplasm 249 6.88×10-9

        GO:0070062 Extracellular exosome 236 3.15×10-6

    GO-MF terms
        GO:0005515 Protein binding 716 1.01×10-17

        GO:0003676 Nucleic acid binding 91 9.96×10-4

        GO:0001618 Virus receptor activity 13 1.96×10-3

        GO:0003756 Protein disulfide isomerase activity 7 2.44×10-3

        GO:0008094 DNA-dependent ATPase activity 8 4.21×10-3

GO, gene ontology; BP, biological process; CC, Cell Component; MF, molecular function.
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Figure 5. Gene Ontology analysis and significant enriched GO terms of up-regulated. (A) and down-regulated (B) 
DEGs in HMC-1 exosomes and HMC-1 cells. 

Table 4. Pathway enrichment analysis for DEGs (top five pathways)
KEGG ID Pathway Count P-value Genes
Up-regulated DEGs

    hsa04713 Circadian entrainment 9 0.01347155 GNAO1, ADCY2, PLCB4, NOS1AP, GRIN2A, GUCY1A3, ADCY10, CAMK2A, 
PLCB2

    hsa05204 Chemical carcinogenesis 8 0.016721213 CYP3A4, CYP3A5, CYP1B1, ADH4, KYAT1, CYP1A2, GSTM5, UGT2B28

    hsa04514 Cell adhesion molecules 
(CAMs)

11 0.019733043 ALCAM, SIGLEC1, SDC1, CLDN19, NFASC, CTLA4, NLGN2, MADCAM1, 
CLDN10, HLA-DMB, SPN

    hsa04080 Neuroactive ligand-recep-
tor interaction

17 0.021992572 GPR156, F2RL2, GABRB2, NPY2R, DRD5, LHCGR, GABRA5, GRIN2A, 
BRS3, PLG, P2RY4, LPAR6, S1PR4, HTR6, AVPR1B, HTR2A, GRID1

    hsa00982 Drug metabolism-cyto-
chrome P450

7 0.025033146 CYP3A4, CYP3A5, ADH4, FMO2, CYP1A2, GSTM5, UGT2B28

Down-regulated DEGs

    hsa04141 Protein processing in endo-
plasmic reticulum

33 1.25×10-7 RAD23B, TRAF2, SEC24B, DERL2, GANAB, PDIA3, RAD23A, RNF185, 
PDIA6, EDEM3, LMAN1, SEC62, EDEM1, SEC63, SSR1, STT3B, BAK1, 
ERO1A, HSPA6, YOD1, HSPA5, RPN2, SEC61A1, SEC23A, P4HB, 
MAN1A1, HYOU1, BAX, SIL1, NFE2L2, PPP1R15A, EIF2AK3, SEL1L

    hsa04142 Lysosome 26 5.64×10-7 GNPTG, GM2A, ATP6AP1, LGMN, CTSA, TPP1, GALC, MCOLN1, IDUA, 
TCIRG1, LAPTM4B, LAPTM4A, LIPA, PSAP, GUSB, CD164, M6PR, CTSV, 
GNS, LAMP1, LAMP2, IGF2R, SUMF1, CTSD, NEU1, ATP6V0A2

    hsa04110 Cell cycle 25 3.25×10-6 MAD1L1, CREBBP, ATR, WEE1, MCM5, TGFB1, CDC25B, MCM6, CDC45, 
CDKN1B, CDKN2B, CDKN2C, PLK1, CDKN2D, GADD45G, TFDP2, PCNA, 
SMC1A, CCNA1, GADD45B, ORC1, MYC, CCNA2, ORC2, ORC3

    hsa05169 Epstein-Barr virus infection 27 6.01×10-4 TRAF2, NFKBIE, POLR2D, POLR2B, AKT1, IL10RB, HSPA6, CCNA1, 
CCNA2, MYC, TRAF5, SYK, PIK3CG, CREBBP, HLA-A, HLA-C, POLR3A, 
HLA-B, HLA-G, TYK2, CDKN1B, PSMC4, PSMD11, MAPK14, CD58, 
IKBKB, EIF2AK3

    hsa03430 Mismatch repair 8 6.79×10-4 POLD4, MSH6, RFC3, RFC2, MSH2, LIG1, POLD1, PCNA

acid binding, virus receptor, protein disulfide 
isomerase, and DNA-dependent ATPase ac- 
tivities. 

KEGG pathways enrichments of DEGs are  
presented in Table 4 and Figure 6. The up- 

regulated DEGs were enriched in circadian 
entrainment, chemical carcinogenesis, cell ad- 
hesion molecules (CAMs), neuroactive ligand-
receptor interaction, and drug metabolism-
cytochrome P450 pathways, while down-regu-
lated DEGs were enriched in lysosome, protein 
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processing in endoplasmic reticulum, cell cy- 
cle, Epstein-Barr virus infection, and mismatch 
repair pathways. 

Protein-protein interaction Network (PPI) and 
module analysis

The constructed PPI network of DEGs is shown 
in Figure 7 and contains 243 nodes and 395 
interactions with PPI scores >0.95, based on 
the STRING database (Figure 7A). Red nodes 
represent upregulated genes and green no- 
des represent downregulated genes, while the 
whole network contains a little of upregulated 
genes. Next, we constructed a second PPI  
network for all the up-regulated genes, which 
are highly expressed in exosomes, with PPI 
scores >0.7 (Figure 7B), and this network con-
tains 138 nodes and 320 edges. In the up- 
regulated PPI network, the genes with the top 
ten expression levels were ADCY2, CXCL10, 
GNAT3, S1PR4, CCL28, TAS2R4, OXER1, P2- 
RY4, CCR1, and CORT (Table 5), and these ge- 

nes were selected as the hub nodes for exo-
somes. Two modules (Figure 7C, 7D) that we- 
re obtained from the PPI network of all up-re- 
gulated DEGs were analyzed further, and the 
significant GO-BP terms and KEGG pathway 
enrichment analyses for the genes from each 
module are presented in Table 6. The GO-BP 
terms and pathway enrichments for all DEGs  
in module one included the chemokine signal-
ing pathway, immune response, and chemo- 
taxis, and genes in module two were mainly 
associated with protein ubiquitination and in- 
tracellular signal transduction.

Validation of DEGs 

To verify our bioinformatic predictions of DEGs 
from the GEO database, seven differentially-
expressed genes (CCR1, CD9, KIT, TGFBR1, 
TLR9, TPSAB1, and TPSB2) were subjected to 
qRT-PCR analysis, with three biological repli-
cates for each sample (Figure 8A, 8B). We 
found that the relative fold changes of these 
genes were consistent with the results of our 

Figure 6. Significantly enriched pathway terms of DEGs. DEGs functional and signaling pathway enrichments were 
performed using KEGG Pathway online analyses.
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Figure 7. Protein-protein interaction (PPI) network and modular analysis of DEGs. A. Red nodes represent up-regulat-
ed DEGs while green nodes represent the down-regulated genes. B. Another PPI network was constructed for all the 
up-regulated genes with a PPI score >0.7. C, D. Two modules were obtained from the PPI network of all up-regulated 
DEGs and CCR1 (yellow) is a hub gene.

Table 5. Top 10 genes with high node de-
grees in protein-protein interaction network
Node Degree
ADCY2 23
CXCL10 15
GNAT3 15
S1PR4 13
CCL28 13
TAS2R4 13
OXER1 12
P2RY4 12
CCR1 12
CORT 12

bioinformatics analysis (Figure 8C), which sug-
gests that the results from the identified can- 
didate genes are highly reliable. We found that 
CCR1 and TLR9 levels were up-regulated, whi- 
le the expression of CD9, KIT, TGFBR1, TPSAB1, 
and TPSB2 were reduced in mast cell exo-
somes. Besides, consistent results were ob- 
tained from both human and mouse mast ce- 
lls. Furthermore, we have examined the pro- 
tein expression level of CCR1 in mast cells  
and exosomes (Figure 8D). This result shows 
that CCR1 protein expression levels in mast 
cell-derived exosomes is higher than mast 
cells, and the result is consistent with those of 
qRT-PCR.
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Table 6. Significant GO-BP terms and KEGG pathway enrichment analysis of modules genes function
A, Module 1
Term Description Count P-value
GO:0007204 Positive regulation of cytosolic calcium ion concentration 5 1.82×10-6

GO:0007193 Adenylate cyclase-inhibiting G-protein coupled receptor signaling pathway 4 4.44×10-6

hsa04062 Chemokine signaling pathway 4 2.00×10-3

GO:0006955 Immune response 4 2.90×10-3

GO:0006935 Chemotaxis 3 3.29×10-3

hsa04080 Neuroactive ligand-receptor interaction 4 6.19×10-3

B, Module 2
Term Description Count P-value
GO:0016567 Protein ubiquitination 7 6.30×10-10

GO:0035556 Intracellular signal transduction 4 4.47×10-4

Figure 8. Validation of DEGs in mast cells exosomes. A and B. Quantitative real-time PCR was performed to check 
fold changes of DEGs in mast cell-derived exosomes and mast cells, *P<0.05, **P<0.01. C. Fold-changes of the 
mast cells RNAs versus exosomal RNAs were verified by qRT-PCR, which suggested that the results from the identi-
fied candidate genes were highly reliable. D. Western blot analysis to confirm the expression levels of CCR1 protein 
in mast cells and exosomes. The result showed that CCR1 protein expression levels in mast cell-derived exosomes 
was higher than mast cells. GAPDH was used as internal control.

Discussion

Exosomes from mast cells have been exten-
sively studied as “messengers” that modulate 
the microenvironment of recipient cells. It has 

been reported that mast cell-derived exosomes 
carry the mast cell markers, such as KIT and 
FcεRI. Our previous study showed that KIT was 
transferred by mast cells-derived exosomes to 
promote lung adenocarcinoma cell proliferation 



CCR1 in mast cells exosomes

364	 Am J Transl Res 2018;10(2):352-367

and migration [31]. Furthermore, BMMCs exo-
somes express FcεRI and bind to free IgE, 
which results in the reduction of IgE levels and 
subsequent inhibition of mast cell activation 
via PLCγ1-PKC signaling. BMMCs exosomes al- 
so inhibit the development of airway hyperre-
sponsiveness (AHR), airway inflammation, and 
airway remodeling in mouse models of allergic 
asthma [21]. These results imply that mast  
cell-derived exosomes have potential as anti-
IgE agents. The above results motivated our 
current investigation of mast cell-derived exo-
some contents, which provide a basis for their 
biological functions, and to determine exo-
some-specific contents, we investigated DEGs 
between mast cell exosomes and mast cells, 
and may help to identify novel mast cell-deriv- 
ed biomarkers and therapeutic targets in some 
diseases.

From the Affymetrix microarray analysis of 
Karin et al [8], a total of 2121 DEGs were iden- 
tified within the GSE25320 array dataset, in- 
cluding 843 genes that were up-regulated and 
1278 that were down-regulated in HMC-1 exo-
somes compared to HMC-1 cells. GO terms  
and KEGG pathway analyses of DEGs reveal- 
ed that up-regulated DEGs were enriched in 
fibrinolysis, chemical synaptic transmission, ox- 
idoreductase activity, and oxygen binding ac- 
tivities, and down-regulated DEGs were enri- 
ched in antigen processing and cell cycle func-
tions. Mast cell-derived exosomes participate 
in the upregulation of DEGs enrichment path-
ways, although the specific functions of exo-
somes in such pathways have not been thor-
oughly investigated. Indeed, mast cell-derived 
exosomes play a key role in the deposition of 
fibrin near the site of injury during inflamma-
tion. They contain proteins required to attach  
to endothelial cells, and may be activated by 
thrombin [32]. Interestingly, mast cells and 
neurons can communicate with each other th- 
rough exosomes, and mast cell-derived exo-
somes have been found to stimulate the sen-
sory nerve endings to release substance P, 
which activates mast cells [33]. From our 
enrichment analysis of down-regulated DEGs, 
we suspect that mast cells can participate in 
antigen processing [34] and the cell cycle [35]. 

Furthermore, our PPI results showed that the 
whole network contained a little of upregulat-  
ed genes (Figure 7A), and therefore we con-

structed another PPI network for all up-regu- 
lated genes (Figure 7B). To select hub genes 
from the PPI network, cluster analysis was  
performed using the Cluster ONE plug-in in 
Cytoscape, and the two most significant mod-
ules were filtered from the PPI network com-
plex. Module one (Figure 7C) was enriched in 
chemokine signaling pathway and immune re- 
sponse, and genes in module two (Figure 7D) 
were predominantly associated with protein 
ubiquitination and intracellular signal transdu- 
ction. Among these potential genes, we found 
an interesting molecule, CC chemokine recep-
tor (CCR1), from module one that CC has been 
reported, along with FcεRI, to be expressed  
on the surface of mast cells [36-38]. In vitro, 
costimulation of FcεRI and CCR1 results in 
greater mast cells degranulation than does 
stimulation of either receptor alone [39]. In 
addition, CCL3/MIP-1α has critical roles in reg-
ulating mast cells in ocular allergic disease, 
and exerts its effects on the maturation and 
activation of mast cells through binding CCR1 
[40]. Notably, in comparison with mast cells,  
we found that CCR1 was up-regulated in mast 
cell-derived exosomes in our study, which im- 
plies that CCR1-rich mast cell-derived exo-
somes may transfer CCR1 to other mast cells, 
thus the allergic responses that are mediated 
by mast cells.

Experimental validation is necessary to con- 
firm the predictions of bioinformatic analys- 
es. We validated seven DEGs (CCR1, CD9, KIT, 
TGFBR1, TLR9, TPSAB1, and TPSB2) by qRT-
PCR and western blot analyses, among which 
CCR1 was previously shown to regulate mast 
cells mediated allergic responses [39]. KIT, 
TPSAB1, and TPSB2 are mast cells-specific 
molecules, CD9 is a marker of exosomes, and 
TLR9 and TGFBR1 are randomly selected up-
regulated and down-regulated molecules. In ad- 
dition, we have also noticed that Toll-like recep-
tor 9 (TLR9) ligands (cytosine phosphate gua-
nosine oligonucleotides) given at the time of 
sensitization to peanut suppresses peanut 
sensitization in mice. Moreover, TLR9 agonists 
coupled to ragweed have been used in human 
trials for allergic rhinitis with some success 
[41]. However, the function of TLR9 in mast  
cell-derived exosomes should be further stud-
ied. We have proven that seven candidate ge- 
nes have the same expression trend as pre- 
dicted by qRT-PCR (P<0.05) (Figure 8). Together, 
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these findings may be useful for understand- 
ing the underlying molecular functions of mast 
cell-derived exosomes in cell to cell com- 
munication.

Conclusions

In conclusion, we have used by bioinformatic 
analyses to achieved a comprehensive view of 
the pivotal genes and pathways that differ 
between mast cell-derived exosomes and mast 
cells. The candidate genes validated by qRT-
PCR and western blot in this study constitute 
unique resources, and the further characteriza-
tion of these genes will open up new avenues  
of research for better understanding the pro-
cesses by which mast cells contribute to the 
development of different pathologies and wh- 
ether exosomes are therapeutic targets for 
immune diseases.
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