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Bone marrow stromal cells derived exosomal miR-
10a and miR-16 may be involved in progression of
patients with multiple myeloma by regulating
EPHAS8 or IGF1R/CCND1

Ye Peng’, Xiaolu Song, Jianping Lan, Xiaogang Wang, Manling Wang

Abstract N\
Interaction with bone marrow stromal cells (BMSCs) has been suggested as an important mechanism for the progression of multiple |
myeloma (MM) cells, while exosomes are crucial mediators for cell-to-cell communication. The study was to investigate the miRNA
profile changes in exosomes released by BMSCs of MM patients and explore their possible function roles.

The microarray datasets of exosomal miRNAs in BMSCs were downloaded from the Gene Expression Omnibus database
(GSE110271: 6 MM patients, 2 healthy donors; GSE78865: 4 donors and 2 MM patients; GSE39571: 7 MM patients and 4 controls).
The differentially expressed miRNAs (DEMs) were identified using the LIMMA method. The target genes of DEMs were predicted by
the miRwalk 2.0 database and the hub genes were screened by constructing the protein—protein interaction (PPI) network, module
analysis and overlapping with the differentially expressed genes (DEGs) after overexpression or knockout of miRNAs.

Three downregulated DEMs were found to distinguish MM from normal and MM-MGUS controls in the GSE39571 dataset; one
downregulated and one upregulated DEMs (hsa-miR-10a) could differentiate MM from normal and MM-MGUS controls in the
GSE110271-GSE78865 merged dataset. Furthermore, 11 downregulated (hsa-miR-16) and 1 upregulated DEMs were shared
between GSE39571 and merged dataset when comparing MM with normal samples. The target genes were predicted for these 17
DEMs. PPI with module analysis showed IGF1R and CCND1 were hub genes and regulated by hsa-miR-16. Furthermore, EPHA8
was identified as a DEG that was downregulated in MM cells when the use of has-miR-10a mimics; while IGF1R, CCND1, CULS3, and
ELAVL1 were also screened as DEGs that were upregulated in MM cells when silencing of hsa-miR-16.

BMSCs-derived exosomal miR-10a and miR-16 may be involved in MM progression by regulating EPHA8 or IGF1R/CCND1/
CULS3/ELAVLA1, respectively. These exosomal miRNAs or genes may represent potential biomarkers for diagnosis of MM and
prediction of progression and targets for developing therapeutic drugs.

Abbreviations: BC = betweenness centrality, BMSCs = bone marrow mesenchymal stromal cells, CC = closeness centrality,
CCND1 = cyclin D1, CDK = cyclin-dependent kinase, CUL3 = cullin 3, DC = degree centrality, DEGs = differentially expressed
genes, DEMs = differentially expressed miRNAs, EC = eigenvector centrality, ELAVL1 = ELAV like RNA binding protein 1, EPHA8S =
Eph tyrosine kinase receptor A8, FC = fold change, FDR = false discovery rate, GEO = Gene Expression Omnibus, GO = Gene
ontology, IC = information centrality, IGF1R = insulin like growth factor 1 receptor, IL-6 = interleukin-6, KEGG = Kyoto Encyclopedia
of Genes and Genomes, LAC = local average connectivity, LIMMA = Linear Models for Microarray Data, MCODE = Molecular
Complex Detection, MGUS = monoclonal gammopathy of undetermined significance, miRNA = microRNA, MM = multiple myeloma,
mRNAs = messenger RNAs, NC = network centrality, PPI = protein—protein interaction, PTEN = phosphatase and tensin homolog,
SC = subgragh centrality, SEMA5A = semaphorin 5A, STRING = Search Tool for the Retrieval of Interacting Genes.
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1. Introduction

Multiple myeloma (MM) is a common hematological cancer,
with an estimated incidence of 4.7 to 5.0/100,000 person-years
that accounts for about 13% of all hematological neoplasms.!"’
MM is characterized by accumulation of monoclonal plasma
cells in bone marrow (BM), which frequently leads to osteolysis,
anemia, renal impairment, and immune dysfunction, causing the
death or disability of patients.”! Despite advances have been
made in therapies (i.e., chemotherapy, plasmapheresis, autolo-
gous stem cell transplantation), MM remains an incurable disease
and the 5-year survival rate is lower than 50%."*! Thus, there is
an urgent need to further understand the molecular mechanisms
of MM to develop novel therapeutic strategies.

Accumulating evidence suggests that interaction with BM
mesenchymal stromal cells (BMSCs) may be an important
mechanism for the progression of MM cells.*~! The main cause
is that MSCs secrete various molecules to MM cells. For example,
Zhang et al found that gap junction gene Cx43 was upregulated
in BMSC:s of patients with MM compared with BMSCs of normal
donors. Co-culture with BMSCs promoted the migration of MM
cells, while this process can be inhibited by the use of gap junction
inhibitor 18a-glycyrrhetinic acid.'®! Corre et al identified that the
concentration of interleukin (IL)-6 was higher in MM BMSCs
than that of normal BMSCs.[”! Co-culture with MM BMSCs
increased proliferation of MM cells, while the addition of an anti-
IL-6 monoclonal antibody!”! or siRNA!®! in MSCs inhibited MM
cell growth in vitro and in vivo. The study of Zhao et al showed
that BMSCs co-culture could upregulate the expression of key
stemness genes in MM cells by Bruton tyrosine kinase signal
pathway and increase their clonogenicity.””! Shen et al demon-
strated that microRNA (miRNA)-202 was weakly expressed in
BMSCs of MM patients. Overexpression of miR-202 in BMSCs
and then co-culture with MM cells significantly inhibited MM
cell survival and growth."® These findings imply that genes
secreted by BMSCs may be potential targets for the treatment of
MM. However, there is a question unanswered that how these
BMSCs genes are transferred to MM.

Recently, cell-to-cell communication mediated by exosomes
(also known as microvesicles), naturally occurring 40- to 100-nm
membrane vesicles of endocytic origin that carry messenger
RNAs (mRNAs), miRNAs, and proteins, are gaining much
attention. There has a study to show that PSMA3 and PSMA3-
AS1 in MSCs could be packaged into exosomes and transferred
to MM cells, thus promoting proteasome inhibitor resistance.
Intravenous administration of siPSMA3-AS1 increased the
chemotherapy sensitivity in mice.""! Roccaro et al identified
that miR-15a was downregulated in MM BMSC-derived
exosomes compared with normal BMSCs. Overexpression of
miR-15a in exosomes isolated from BMSCs significantly
inhibited MM cell proliferation.*?! The results of Umezu et al
showed that exosomal miR-10a expression was high in MM-
BMSCs. The proliferation of MM cells was enhanced when miR-
10a derived from MM-BMSCs was transferred."'*! MM MSCs
was also proved to induce a rapid and continued activation of
mitogen-activated protein kinases and translation initiation in
MM cells, which promoted cell viability, proliferation and
migration."* However, the exosomal genes released by BMSCs
remain rarely studied in MM. This study was to further
investigate the miRNA profile changes in exosomes released
by BMSCs of MM patients and explored their possible function
roles.
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2. Materials and methods

2.1. Microarray data of exosomal miRNAs

The microarray datasets of exosomal miRNAs in BMSCs were
downloaded from the Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE110271,"!  GSE78865,""1  and  GSE39571.1'*! " The
GSE110271 dataset!™®! analyzed the miRNA profile changes in
BMSCs derived from 6 MM patients, 2 healthy donors, and 3
monoclonal gammopathy of undetermined significance (MGUS)
patients. The GSE78865 dataset!'>'*! included human BMSCs
samples derived from 4 donors and 2 MM patients. GSE110271
and GSE78865 datasets were provided by the same author (Umezu
T) and done using the same microarray platform (GPL13987,
Tagman Array Human MicroRNA A Card v2.0) and they were
merged for the following analysis. In the GSE39571 dataset,!*!
exosomes were isolated from cell culture supernatant of BMSCs
in 7 MM patients, 2 MGUS patients, and 4 normal controls
and then miRNA profiling was determined by using Applied
Biosystems Human TagMan Low Density Array (platform,
GPL15838TLDA). MGUS is generally defined as asymptomatic
premalignant clonal plasma cell disorder and should be identified
from MM. Thus, we also included the samples from these patients.
Patientconsent and ethical approval were not necessary since this is
a study to analyze the data from the public database.

2.2. Differential analysis for exosomal miRNAs

The series matrix data were downloaded and quantile normal-
ized using the Linear Models for Microarray Data (LIMMA)
package (version 3.38.3; https://bioconductor.org/packages/
release/bioc/html/limma.html) in R (version 3.5.2; http://www.
R-project.org/).l'®! The differentially expressed miRNAs
(DEMs) between MM and healthy donors as well as between
MM and MGUS were identified using empirical Bayes moderated
t-statistics from the LIMMA package in R. [log2fold change
(FC)| > 1 and P <.05 were set as the threshold to define DEMs.
Heat map was created using the “pheatmap” package (version:
1.0.8; https://cran.r-project.org/web/packages/pheatmap) based
on the Euclidean distance. Moreover, Venn diagram (http:/
bioinformatics.psb.ugent.be/webtools/Venn/) was also drawn to
compare the difference in different groups of the same dataset or
the difference between two datasets.

2.3. Target gene prediction for exosomal miRNAs

The target genes of crucial exosomal DEMs were predicted using
the miRwalk database (version 2.0; http://www.zmf.umm.uni-
heidelberg.de/apps/zmf/mirwalk2),""”! which is a comprehensive
archive for miRNA-target interactions predicted by 12 algo-
rithms (miRWalk, MicroT4, miRanda, miRBridge, miRDB,
miRMap, miRNAMap, PICTAR2, PITA, RNA22, RNAhybrid,
and Targetscan). Only the genes that were predicted in >8
databases were considered to be targets of exosomal DEMs.

2.4. Function enrichment analysis of target genes

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses for target genes
of exosomal DEMs were performed using the clusterProfiler tool
(version 3.2.11; http://www.bioconductor.org/packages/release/
bioc/html/clusterProfiler.html).!*®! False discovery rate (FDR) <
0.05 was considered to be statistically significant.
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2.5. Protein-protein interaction (PPI) network

PPI pairs between target genes of crucial exosomal DEMs were
collected from STRING (Search Tool for the Retrieval of
Interacting Genes; version 10.0; http://string.db.org/) data-
base.'” Only interactions with combined score >0.4 were
selected to construct the PPI network. Eight topology measures of
the nodes (protein) in the PPI network were calculated using the
CytoNCA plugin in the Cytoscape software (http:/apps.cyto
scape.org/apps/cytonca)®”! to screen hub genes, including
subgragh centrality (SC), degree centrality (DC), eigenvector
centrality (EC), betweenness centrality (BC), closeness centrality
(CC), information centrality (IC), network centrality (NC) and
local average connectivity (LAC). Moreover, several function-
related modules were also extracted from the PPI network using
the Molecular Complex Detection (MCODE; version, 1.4.2;
http://apps.cytoscape.org/apps/mcode) plugin of the Cytoscape
software. Modules with MCODE score > 4 and a node number
> 6 were considered to be significant.

2.6. Validation of target genes of exosomal miRNAs in MM
cells

The mRNA expression profile changes before or after miRNA
treatment in MM cells were analyzed using the microarray data
deposited in GEO, including the GSE118282 dataset!*?! which
analyzed the difference between MM cell lines RPMI8226, KMS-
11 and U266) transfected with miR-10a mimic (n=3) and
scrambled control (n=3), and the GSE24522 dataset which
analyzed the difference between two MM cell lines (RPMI and
MMS1) undergoing miR-16 knockout (with three repeat in each
cell line, total n=6) and scrambled control (with three repeat in
each cell line, total n=6). The differentially expressed genes
(DEGs) between miRNA treatment and controls were identified
by the LIMMA method or using GEO2R, which were then
overlapped with the target genes of exosomal miRNAs.

3. Results

3.1. Differentially expressed exosomal miRNAs

Among the 644 miRNAs included in GSE39571 dataset, 68 of
them were found to be differentially expressed in BMSCs of MM
patients compared with the normal control, including 66
downregulated and 2 upregulated miRNAs (Table S1, http:/
links.lww.com/MD/F431); while in comparison with MGUS
patients, 13 of them were found to be DEMs in BMSCs of MM
patients, including 8 downregulated and 5 upregulated ones
(Table S1, http:/links.lww.com/MD/F431). Among the 376
miRNAs included in the merged dataset of GSE78865 and
GSE110271, 97 and 160 miRNAs were respectively identified as
downregulated and upregulated DEMs in BMSCs of MM
patients compared with the normal control (Table S1, http:/
links.Iww.com/MD/F431); while 1 and 16 miRNAs were
screened as downregulated and upregulated DEMs between
MM and MGUS patients, respectively (Table S1, http:/links.
lww.com/MD/F431). The heat maps of these DEMs in two
datasets are shown in Figure 1.

In order to screen crucial DEMs for MM, we first compared the
MM-normal and MM-MGUS comparison groups in the
GSE39571 and merged datasets. As a result, three downregulated
miRNAs (hsa-miR-573, hsa-miR-544, and hsa-miR-545) were
found to be common in MM-normal and MM-MGUS groups of
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the GSE39571 dataset (Fig. 2A; Table 1); one downregulated
(hsa-miR-382) and one upregulated miRNA (hsa-miR-10a) were
found to be shared in MM-normal and MM-MGUS groups of the
merged dataset (Fig. 2B; Table 1). These findings indicated that
these five miRNAs can distinguish MM from normal and MGUS
controls. Then, we also compared the DEMs in two datasets in
order to screen their overlap. The results showed that there were 1
commonly upregulated (hsa-miR-211) and 11 commonly down-
regulated (hsa-miR-618, hsa-miR-422a, hsa-miR-744, hsa-miR-
128, hsa-miR-484, hsa-miR-539, hsa-miR-99b, hsa-miR-195,
hsa-miR-30b, hsa-miR-16, and hsa-miR-15b) DEMs between the
GSE39571 and merged datasets when comparing MM with
normal samples (Fig. 2C; Table 1). No common DEMs were
observed between the GSE39571 and merged datasets when
comparing the MM with MGUS samples (Fig. 2D).

3.2. Target gene prediction of exosomal miRNAs

Using the miRwalk 2.0 database, 1371 genes were predicted to be
regulated by 3 miRNAs (hsa-miR-573, hsa-miR-544, and hsa-
miR-545) in the GSE39571 dataset (Table S2, http:/links.Ilww.
com/MD/F432); 341 and 236 genes were predicted to be
regulated by hsa-miR-382 and hsa-miR-10a in the merged
dataset, respectively (Table S2, http://links.lww.com/MD/F432);
1047 and 773 genes were predicted to be respectively modulated
by 11 commonly upregulated miRNAs and 1 downregulated
miRNA in two datasets (Table S2, http:/links.lww.com/MD/
F432).

3.3. Function enrichment analysis of target genes

The above target genes of exosomal DEMs were uploaded to the
DAVID database to predict their function. The results showed
that 12 significant GO biological process terms were enriched,
such as GO:0000122~negative regulation of transcription from
RNA polymerase II promoter (CCND1, cyclin D1; CUL3, cullin
3), GO:0048013~ephrin receptor signaling pathway (EPHAS,
Eph tyrosine kinase receptor A8) and GO:0007165~signal
transduction (IGF1R, insulin like growth factor 1 receptor)
(Table 2; Fig. 3A). Furthermore, 25 KEGG pathways were also
enriched, such as hsa05205:Proteoglycans in cancer (CCNDI1,
IGF1R), hsa04151:PI3K-Akt signaling pathway (IGF1R,
CCND1), hsa04068:FoxO signaling pathway (IGF1R, CCND1),
hsa04510:Focal adhesion (IGF1R, CCND1), hsa04360:Axon
guidance (EPHAS8), hsa04310:Wnt signaling pathway (CCND1),
hsa04120:Ubiquitin mediated proteolysis (CUL3), hsa04152:
AMPK signaling pathway (IGF1R, CCND1; ELAVL1, ELAV
like RNA binding protein 1), et al (Table 2; Fig. 3B).

3.4. Selection of crucial target genes of exosomal DEMs
by PPI network

The PPI data of the 420 genes enriched in the above 25 KEGG
pathways were collected from the STRING database, including
6346 interaction pairs among 419 nodes (such as CUL3-
CCND1, EPHAS8-SEMASA [semaphorin 5A], ELAVL1-IGF1R/
CCND1) (Table S3, http:/links.lww.com/MD/F433). CCND1
may be a hub gene in the PPI network because it ranked the top 20
in all eight topological measures (Table 3). Furthermore, IGF1R
was also important because it ranked the top 20 in seven
topological measures except LAC (Table 3). In addition, six
significant modules (Fig. 4; Table 4) were extracted from this PPI
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A Normal MGUS MM  MGUS

——
B MM MGUS Normal MM MGUS MM

Figure 1. Hierarchical clustering and heat map analysis of differentially expressed miRNAs. (A) GSE39571; (B) merged GSE110271-GSE78865 dataset. The color
to red, high expression; the color to light blue, low expression. MGUS = monoclonal gammopathy of undetermined significance, MM = multiple myeloma.
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Figure 2. Venn diagram. (A) the shared differentially expressed miRNAs between MM-normal and MM-MGUS comparisons in GSE39571 dataset; (B) the shared
differentially expressed miRNAs between MM-normal and MM-MGUS comparison in merged GSE110271-GSE78865 dataset; (C) common differentially
expressed miRNAs between GSE39571 and merged dataset when comparing the MM with normal samples; (D) common differentially expressed miRNAs between
GSE39571 and merged dataset when comparing the MM with MGUS samples. MGUS = monoclonal gammopathy of undetermined significance, MM = multiple

myeloma.

network. Both of the above hub genes were enriched in significant
modules: hub gene IGF1R was included in module 2; hub gene
CCND1 was included in module 3; their interacted CUL3 and
ELAVL1 were respectively enriched in module 1 and 4. EPHAS
was also enriched in module 3. Thus, the miRNA-mRNA
regulatory network was constructed using the 96 genes of the
significant modules and their corresponding 10 miRNAs (Fig. ),
such as hsa-miR-16-5p-CCND1/IGF1R/CUL3/ELAVL1 and
hsa-miR-10a-5p-EPHAS.

3.5. Validation of the expression of target genes

Among these 10 miRNAs, 2 (hsa-miR-16 and hsa-miR-10a; both
had the adjusted P-value < .05 in the analysis of GSE78865-
GSE110271 dataset) were previously investigated to explore their
downstream genes in MM cells using microarray data. Thus, we

also analyzed the GSE118282 dataset to obtain the differentially
expressed targets of hsa-miR-10a mimic treatment. Unfortunate-
ly, the results of GSE118282 dataset seemed to be poor and only
one gene (PQLC2) was found to be significantly downregulated
using the LIMMA method according to P-value < .05; while 73
were identified to be significantly downregulated using the
GEO2R method. Among them, only EPHAS8 (Table 5) was
overlapped with the target genes of hsa-miR-10a in Figure 5.
Thus, exosomal hsa-miR-10a in BMSCs may be involved in the
progression of MM by downregulating EPHAS8 in MM cells.
GSE24522 explored the effects of hsa-miR-16 silencing on MM
cells. The expression of a total of 3174 genes was found to be
changed with P < .05 using the LIMMA method. Among them, 15
(including 10 upregulated) were overlapped with the target genes
of hsa-miR-16 predicted by the miRwalk database (Table 5). Nine
of 10 upregulated genes were also confirmed to be differentially
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Table 1
Expression of exosomal miRNAs in BMSCs of patients with MM compared with normal control.
GSE39571 GSE78865-GSE110271
miRNA logFC P FDR logFC P FDR
hsa-miR-573 —13.48 2.34E-03 0.24
hsa-miR-544 —3.51 4.28E—02 0.42
hsa-miR-545 517 3.83E—-03 0.24
hsa-miR-382 —8.38 2.44E-10 2.12E—08
hsa-miR-10a 597 6.67E—03 1.20E—-02
hsa-miR-618 -3.20 8.15E—04 0.21 —15.97 5.67E—03 1.03E—02
hsa-miR-422a —1.46 1.13E-02 0.31 —3.45 5.25E—-04 1.49E-03
hsa-miR-744 —1.16 1.28E—02 0.31 —2.46 2.46E—02 3.88E—02
hsa-miR-128 —1.55 2.23E-02 0.37 —-4.19 1.10E-03 2.27E-03
hsa-miR-484 —1.21 3.39E—02 0.42 —1.84 1.91E-02 3.05E—02
hsa-miR-539 —1.43 3.77E-02 0.42 —4.14 6.67E—04 1.49E-03
hsa-miR-99b —-1.10 3.88E—02 0.42 —1.80 1.87E—-02 3.00E—02
hsa-miR-195 —1.46 419E-02 0.42 —2.32 4.48E-04 1.49E-03
hsa-miR-30b —1.18 4.56E—02 0.42 —5.41 1.35E—-03 2.71E—03
hsa-miR-16 —1.83 4.57E—-02 0.42 —2.43 2.38E-03 4.68E—03
hsa-miR-15b —1.51 4.96E—02 0.42 —7.21 2.09E—05 3.60E—04
hsa-miR-211 6.23 4.67E-02 0.42 2.64 2.54E—-03 4.94E—-03
BMSCs = bone marrow mesenchymal stromal cells, FC = fold change, FDR = false discovery rate, MM = multiple myeloma.
Table 2
Function enrichment analysis for target genes of crucial miRNAs.
Term Genes FDR Count
(G0:0045944~positive regulation of transcription from RNA polymerase Il promoter CTNNB1, MAPK3, VEGFA, MAPK14, PIK3R1 3.89E—12 239
G0:0000122~negative regulation of transcription from RNA polymerase Il promoter CTNNB1, VEGFA, CCND1, CUL3 2.75E—-07 172
(0:0045893~positive regulation of transcription, DNA-templated CTNNB1, MAPK1, MAPK3, CDH1, IGF1 413E-07 132
G0:0006468~protein phosphorylation MAPK1, MAPK3, MAPK8, CCND1, PIK3R1 1.79E—05 115
(0:0048013~ephrin receptor signaling pathway CDC42, RHOA, EPHA8 4.66E—05 35
G0:0007411~axon guidance BDNF, MAPK1, MAPK3, NRAS, EPHA8 2.09E—-04 51
G0:0006366~transcription from RNA polymerase Il promoter MEF2C, AKNA, MEF2A, RNMT, LM04, STAT5B, TBP, REST, FOX03, FOX04 2.15E—-04 122
(G0:0035556~intracellular signal transduction MAF;K'1;1, MAP3K4, CRKL 1.49E—-03 98
G0:0018105~peptidyl-serine phosphorylation MAPK1, MAPK14, MAPK3, MAPK8 6.29E—03 40
G0:0061024~membrane organization SGCZ, YWHAZ, CCDC88A, PRKCI, CHP1, LPCAT2, YWHAE, YWHAG, YWHAH, 6.38E—-03 17
YWHAQ . . .
G0:0030182~neuron differentiation MEF2C, WNT5A, EDN3, COPS2, CDK5R1, WNT3A, MYEF2, HOXD1, ITM2C, 7.77E—-03 33
WNT2 . ..
G0:0007165~signal transduction MAPK1, MAPK14, IGF1R, PIK3RT . . . 2.59E-02 226
hsa05205:Proteoglycans in cancer CTNNB1, CDC42, RHOA, MAPK1, CCND1, VEGFA, MAPK3, IGF1R, PIK3R1, 2.79e-07 68
IGF1, NRAS, MAPK14
hsa04722:Neurotrophin signaling pathway CDC42, BDNF, RHOA, PIK3R1, MAPK1, NRAS, MAPK14, MAPK3, MAPK8 1.79E-05 45
hsa04010:MAPK signaling pathway CDC42, BDNF, MAPK1, MAPK3, MAPK8, NRAS, MAPK14, MAP3K4 2.91E-05 75
hsa05200:Pathways in cancer CTNNB1, MAPK1, VEGFA, MAPK3, MAPK8, CDC42, RHOA, CCND1, CDH1, 6.93E—-05 103
IGF1R, PIK3R1, IGF1, NRAS, LAMC1
hsa04360:Axon guidance CDC42, RHOA, MAPKT, NRAS, EPHA8, MAPK3 1.25E—04 45
hsa04022:cGMP-PKG signaling pathway RHOA, MAPK1, MAPK3 1.65E—-04 52
hsa04151:PI3K-Akt signaling pathway MAPK1, CCND1, VEGFA, MAPK3, IGF1R, PIK3R1, IGF1, NRAS, LAMC1 1.68E—04 92
hsa04068:Fox0 signaling pathway IGF1R, PIK3R1, IGF1, MAPK1, NRAS, CCND1, MAPK14, MAPK3, MAPK8 7.11E-04 45
hsa04510:Focal adhesion CTNNB1, CDC42, RHOA, MAPK1, CCND1, VEGFA, MAPK3, MAPKS, IGF1R, 7.61E-04 61
PIK3R1, IGF1, LAMC1
hsa04014:Ras signaling pathway CDC42, RHOA, MAPK1, MAPK3, VEGFA, MAPKS, IGF1R, PIK3R1, IGF1, NRAS 9.62E—04 65
hsa04152:AMPK signaling pathway IGF1R, PIK3R1, CCND1, ELAVL1 1.11E-03 42
hsa04310:Wnt signaling pathway CTNNB1, RHOA, CCND1, MAPK8 1.77E-03 45
hsa05220:Chronic myeloid leukemia PIK3R1, NRAS, MAPK1, CCND1, MAPK3, CRKL 2.02E-03 29
hsa04015:Rap1 signaling pathway CTNNB1, CDC42, RHOA, MAPK1, MAPK3, VEGFA, CDH1, IGF1R, PIK3RT1, 3.48E—03 60
IGF1, NRAS, MAPK14, CRKL
hsa04611:Platelet activation RHOA, PIK3R1, MAPK1, MAPK14, MAPK3 5.52E—03 42
hsa04666:Fc gamma R-mediated phagocytosis CDC42, PIK3R1, MAPK1, MAPK3, CRKL 6.84E—03 31
hsa05214:Glioma IGF1R, PIK3R1, IGF1, NRAS, MAPK1, CCND1, MAPK3 9.25E—-03 26
hsa05211:Renal cell carcinoma CDC42, PIK3R1, NRAS, MAPK1, VEGFA, MAPK3, CRKL 1.27E-02 26
hsa04550:Signaling pathways regulating pluripotency of stem cells CTNNB1, IGF1R, PIK3R1, IGF1, MAPK1, NRAS, MAPK14, MAPK3 1.72E—-02 43
hsa04520:Adherens junction CDH1, CTNNB1, CDC42, IGF1R, RHOA, MAPK1, MAPK3 1.73E—02 27
hsa04066:HIF-1 signaling pathway IGF1R, PIK3R1, IGF1, MAPK1, VEGFA, MAPK3 1.76E—02 33
hsa04120:Ubiquitin mediated proteolysis UBE2Z, XIAP, UBE2G1, BTRC, UBAG, SAE1, UBE3C, UBE2R2, PRPF19, CUL3 2.32E-02 42
hsa04114:0ccyte meiosis IGFIR, IGF1, MAPK1, MAPK3 2 7802 36
hsa04668:TNF signaling pathway PIK3R1, MAPK1, MAPK14, MAPK3, MAPK8 3.03E-02 35
hsa04012:ErbB signaling pathway PIK3R1, MAPK1, NRAS, MAPK3, MAPK8, CRKL 4.44E—-02 30

FDR = false discovery rate, GO = Gene ontology, KEGG = Kyoto encyclopedia of genes and genomes. Only the hub genes enriched in GO or pathways were listed.
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Figure 3. Function enrichment analysis for target genes of differentially expressed miRNAs. (A) GO terms; (B) KEGG pathways. GO = gene ontology, KEGG =

Kyoto Encyclopedia of Genes and Genomes.

expressed using the GEO2R method. Therefore, downregulated
exosomal hsa-miR-16 in BMSCs may lead to the progression of
MM by upregulating these 9 targets, especially IGF1R and CUL3
(which had the adjusted P-value <.05) in MM cells.

4. Discussion

Using three microarray datasets and a series of bioinformatic
analyses, we identified upregulation of exosomal hsa-miR-10a
and downregulation of exosomal hsa-miR-16 in BMSCs may be
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Topology measures for nodes of the PPl network.
SC DC EC IC LAC BC CC NC

MAPK3  1.37E+21  MAPK3 171  MAPK3  0.19  MAPK3 1489  UBE2Q1 30 MAPK3 ~ 11987.87 MAPK3  0.62 MAPK3  117.18
MAPK1 1.06E+21  MAPK1 148  MAPK1 017  MAPK1 1469  UBESC 29.88 MAPKT 9465.96  MAPK1 ~ 0.59  MAPK1 94.16
VEGFA 1.04E+21 RHOA 135 VEGFA  0.17  RHOA 1455 UBE2J1 29.88 CTNNB1 ~ 9329.19  CINNB1 0.59  RHOA 86.82
RHOA 9.10E+20 CTNNB1 134 ~ RHOA  0.15 CINNB1 ~ 14.54 IGF1 29.46  RHOA 7752.85  VEGFA 059  VEGFA  82.56
CTNNBT  9.07E+20  VEGFA 133  CTNNB1  0.15  VEGFA 1453  VEGFA  29.05 VEGFA  6987.20 RHOA  0.58 CINNB1  79.70
CDC42  8.33E+20 CDC42 121 (CDC42 0.15 CDC42 1438 UBE2Z 2897 MAPK8  6486.17  MAPK8 057 CDC42  72.93
MAPK8  8.15E+20 MAPK8 120 MAPK8 0.15 MAPK8 1436  MAPK3 2876 CDC42 528259  CDC42 0.57 MAPK8  69.27
PIK3R1 7.49E+20  CDH1 109  PIK3RT  0.14  CDH1 1420  KLHL13  28.48  CDH1 4037.51 CDH1 0.57  CDH1 61.09
CDH1 7.42E+20  PIK3R1 103  CDH1 0.14  PIK3R1 14.09  UBE4A 2824 PRKCA  3062.30 NRAS ~ 0.55  PIK3R1 57.98
IGF1 7.35E+20  NRAS 100 IGF1 0.14  NRAS 14.04  UBE2H  28.24  RACt 2845.44  PIK3R1  0.55 IGF1 56.48
CCND1 6.48E+20 IGF1 97  CCND1 0.3 IGF1 1398 UBE2R2 28.24  NRAS 279493  MAPK14 0.55  NRAS 53.36
NRAS 6.40E+20  CCND1 94 NRAS ~ 0.13  CCND1 13.91 FGF2 ~ 28.16  SIRT 2703.91 IGF1 0.55  CCND1 53.28
IGF1R 6.34E+20 MAPK14 94 IGFIR 013 MAPK14  13.91 SHC1 27.95 MAPK14  2595.51 CCND1  0.55 FGF2 50.07
FGF2 6.08E+20  RAC1 el FGF2 013 RACT 13.85  TRIM37  27.94  BDNF 2517.18 FGF2 0.55 MAPK14  49.67
MAPK14 ~ 5.63E+20  IGFIR 88 MAPK14 012  IGFIR 13.78  PIK3R1 ~ 27.61  PIK3R1 2473.35 IGFIR  0.54  RAC1 47.68
KDR 5.56E+20  BDNF 88 KDR 0.12  BDNF 13.78 ~ CCND1  27.49  CCND1 242710  MAP2K1  0.54  BDNF 47.07
BDNF 5.29E+20 FGF2 87 BDNF 0.2 FGF2 1375  UBE2W 2749  IGFIR 2356.76 ~ PRKCA  0.54 KDR 44.41
MAP2K1  5.19E+20 KDR 87  MAP2K1  0.12 KDR 13.75  UBE2G1  27.39 IGF1 2353.36 KDR 0.54  IGFIR 43.30
PTPN11  5.18E+20 MAP2K1 82  PTPN11  0.12 MAP2K1 13.623  CUL5  27.37  SOCST 2345.63 RAC1 0.54 MAP2K1  42.79
SHC1 5.16E+20  PRKCA 81 SHC1 012 PRKCA  13.60 RHOA 2713  PTPN11  2292.86 BDNF  0.54 PTPN11  41.90

BC = betweenness centrality, CC = closeness centrality, DC = degree centrality, EC = eigenvector centrality, IC = information centrality, LAC = local average connectivity, NC = network centrality, PPl = Protein-
protein interaction, SC = subgragh centrality.

D

Figure 4. Significant modules extracted from the protein—protein interaction network. (A) Module 1; (B) module 2; (C) module 3; (D) module 4; (E) module 5; (F)
module 6.
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significant module screened from the PPI network.

Cluster Score (Density*#Nodes) Nodes Edges

Node IDs

1 32 32 496

BTRC, WWP1, UBE2B, SMURF1, UBE2H, UBE2D1, UBE2W, CUL3, KLHL13, SOCS1, UBE2G1,

UBE2R2, CUL2, HUWE1, UBE4A, UBE2D3, SIAH1, FBXO032, UBE2K, UBAG, UBE2J1, UBE2Z,
FBXW?7, NEDD4, ITCH, UBE3C, CULS5, UBE2Q1, CDC23, CDC27, TRIM37, NEDDAL

2 16.085 48 378

FOXO1, IRS2, WNT3A, FZD4, FZD6, WNT2, CDC42, BDNF, SIRT1, AXIN2, SOD2, VEGFA, FGF2,

SEMASF, PTGS2, VCAM1, PLXNC1, SEMASE, AR, WNT5A, WIF1, FZD5, FGF9, RAFT,
SEMA4F, KLF4, YWHAZ, CTNNB1, DVL3, PIK3R1, SEMAGD, CREBBP, IGF1R, LRP6, IGF1,
SHC1, MMP14, SEMAGA, CXCR4, SEMASA, CDH1, FOX04, FLT1, FZD3, EPHB6, SFRP1,
PPARG, PTPN11

MAPK14, NTN1, EPHAG, FOX03, AKT3, EPHAS, EPHB1, SNAI2, MAP2K1, RHOA, EFNA5,

MAPK1, EPHA7, EPHA2, EFNB2, EPHA4, CCND1, EFNB3, RPS6KB1, MMP2, EPHAS, EFNBT,
IRS1, AKT2, SMAD4, EPHA1

4 9.913 47 228

VWF, KITLG, ATF2, KDR, BMI1, FRS2, XIAP, GHR, PGR, ELAVL1, YWHAE, LPAR1, KSR2, NRAS,

VASP, ADCY1, DUSP1, RAP1A, PTGER3, MAP3K1, MEF2C, MAPK3, PLCG1, PTCH1,
ANGPT1, IL1B, CRKL, ITGB1, INSR, ETS1, SELE, CBL, MAP3K5, MAPKS, 1GF2, IKBKB,
STATSB, YWHAG, ADCY6, YWHAH, ACTG1, PPARGC1A, ERBB3, RET, CX3CL1, NRG1, PDGFB

5 7.129 63 221

CCNE1, RHOBTB1, HTR7, CAMK2D, SOS2, RHOBTB2, PLCB4, TGFB2, CCND2, RDX, COL5A3,

MAP3K3, ARPC2, ADCY9, YWHAQ, RAC1, MYLK, CDKG, VCL, MAP3K7, FGF18, IL7R, GNB1,
LIF, CREB3L4, COL4A4, RALA, PPP2R1B, PPP2R5C, COL24A1, EDNRB, CREB3L2, RABSA,
TFRC, NTRK3, NTRK2, RASGRP1, FGFR1, COL3A1, RASA1, ANGPT2, ADCY3, COL1A1, SYK,
PRKCA, YES1, ARHGEF12, LAMC1, MAP3K4, IQGAP1, COL4A1, ADRATA, PDGFRA, CRK,
CREB5, PIK3R3, PPP3CC, ADRB2, TAB2, TGFBR2, TGFBR1, BIN1, CSF1

ATP1A2, ATP2B1, ITPR1, ATP2B4, SLC8A2

underlying mechanisms to result in the progression of MM cells.
Upregulated hsa-miR-10a may be transferred to MM cells and
inhibit the expression of EPHAS8 and influence the ephrin
receptor signaling pathway and axon guidance by interacting
with downstream SEMA3F; while downregulated exosomal hsa-
miR-16 lead to the high expression of CUL3 and ELAVL1, which
may promote MM cell proliferation and metastasis by interacting
with CCND1 and IGF1IR/CCND1 and then activating AMPK
and PI3K-Akt pathways.

Extensive studies have demonstrated that hsa-miR-10a may be
an oncogenic miRNA for hematological cancers. Dumas et al
reported that miR-10a was the most significantly upregulated
miRNA in atypical myeloproliferative neoplasms.'*!! Zhi et al
detected that the serum level of miR-10a-5p was significantly
higher in patients with acute myeloid leukemia than that of the
controls.””?! miR-10a-5p expression can be used for diagnosis
(with the area under the receiver operator characteristic curve
ranging from 0.8129 to 0.9531) and prediction of poor overall
survival for acute myeloid leukemia patients.**?3! Transfection
of miR-10a mimics promoted proliferation of leukemia cells,**!
while inhibition of miR-10a expression increased leukaemic cell
death, cell cycle arrest and reduced clonogenic capacity.**! Thus,
we speculated that hsa-miR-10a transferred to MM cells by
exosomes may also promote deterioration of MM, which was
confirmed by the study of Umezu et al.'*3! Furthermore, it is
consensus that miRNAs play important roles in various
physiological and pathological processes by negatively regulating
gene expression at the post-transcriptional and/or translational
level by binding with their 3’-untranslated region. Thus, the
target genes of miR-10a were also explored previously to explain
its function mechanisms. Tao et al used the luciferase activity
assays to identify phosphatase and tensin homolog (PTEN) as a
direct target of miR-10a in non-small cell lung cancer. Down-
regulation of PTEN by siRNA or miR-10a promoted the
migration and invasion of SPC-A-1 cells.”®! Xiong et al
confirmed that transcription factor activating protein 2 gamma

(TFAP2C) was a target of miR-10a-5p. High miR-10a-5p
expression levels and low TFAP2C expression levels were
independent adverse prognostic factors in patients with human
pancreatic ductal adenocarcinoma.”?”! Targeting of PTEN,
annexin A7, cyclin-dependent kinase 6 (CDK6) and transferrin
receptor protein 1'% by miR-10a were proved as important
mechanisms for proliferation of MM cells. However, the
downstream mechanisms of miR-10a in MM remain rarely
reported. In this study, by miRwalk2 database prediction, PPI
screening and expression profile validation after miR-10a
overexpression, we inferred that EphAS8, a receptor of ephrin,
may be a potential target gene of miR-10a. Although this
interaction between miR-10a and EphA8 was previously
reported in glioma cells,?® it was firstly demonstrated for
MM. There was also no direct evidence to study the roles of
EphAS8 in MM. Nevertheless, the research on its family genes may
indirectly indicate the function of EphA8 in MM. For example,
Ding et al found that high expressed EphA4 promoted
proliferation and cell adhesion-mediated drug resistance of
MM cells via interacting with cell cycle gene CDKS and then
activating AKT pathway.””! La Rocca et al found that EphA3
was overexpressed in MM-derived cell lines compared to healthy
controls. Silencing of EphA3 by using siRNA and antibody
significantly inhibited in vivo tumor growth in mouse xenograft
models.*®" More interestingly, we predicted EphA8-mediated
signaling pathway may be involved in MM progression by
regulating the expression of an axon guidance molecule
SEMASA. SEMASA was also identified to be highly expressed
in newly diagnosed MM patients and led to their decreased
survival time.*!! Ectopic expression of SEMASA significantly
enhanced tumorigenesis, growth and metastasis in vivo as well as
proliferation and invasiveness in vitro for pancreatic cancer.*?
Our results also showed EphA8 was enriched in axon guidance
pathway. Therefore, exosomes-mediated miR-10a-EphAS8-
SEMASA axis may represent a novel, credible mechanism for
explaining the progression of MM.


http://www.md-journal.com

Peng et al. Medicine (2021) 100:4 Medicine

I/

>

vE@MI B

Figure 5. miRNA-mMRNA regulatory network. Triangle, miRNAs; circular, target genes. Pink was miRNAs that had the target genes (brown green) to be
demonstrated in validation datasets; green were miRNAs that had the target genes (blue) to be only predicted by miRwalk database.

Overlapped differentially expressed genes regulated by miR-10a and miR-16.

GSE118282 GSE24522
logFC P FDR logFC P FDR

miR-10a EPHAB(GEO2R) ~0.37 461E—02 1.00

miR-16 IGFTR(LIMMA) 0.87 9.34E—04 0.08
IGF1R(GEO2R) 0.87 1.88E—05 2.97E-02
MAP3K4(LIMMA) 0.28 5.02E—03 0.14
MAP3K4(GEO2R) 0.32 5.96E—03 0.19
CUL3(LIMMA) 0.27 7.92E-03 0.17
CUL3(GEO2R) 0.46 2.75E—05 3.38E-02
CCND1 (LIMMA) 0.27 444E—02 0.33
CCND1 (GEO2R) 0.50 7.01E-03 0.20
CRKL(LIMMA) 0.24 2.73E-02 0.27
CRKL(GEO2R) 0.34 3.65E—02 0.36
ELAVLY (LIMMA) 0.23 4.36E—03 0.13
ELAVLI (GEO2R) 0.32 1.05E—02 0.23
CCND2(LIMMA) 0.23 9.90E—03 0.18
CCND2(GEO2R) 0.34 1.80E—02 0.28
LAMCT 0.16 3.85E—02 0.31
AR(LIMMA) 0.16 3.51E-02 0.30
AR(GEO2R) 0.32 8.51E-03 0.21
PPP2R5C(LIMMA) 0.15 3.25E-02 0.29
PPP2R5C(GEO2R) 0.42 2.46E—02 0.31

FC = fold change, FDR = false discovery rate.
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Previous research had verified the tumor suppressor roles of
hsa-miR-16 in MM. miR-16 was found to be significantly
decreased in MM specimens,®¥! peripheral blood samples'** and
BM aspirates>*! compared with normal control. Overexpression
of miR-16 significantly inhibited MM cell proliferation and
angiogenesis in vitro and in vivo.*®3”! Experimental mechanism
analyses showed that downregulated miR-16 may contribute to
the progression of MM by upregulating calcineurin binding
protein 1,33 WT183¢! or vascular endothelial growth factor A.1”!
miR-16 was also predicted to regulate IGF1IR, CCND2 and
CCND1 to participate in MMP¥; while these regulatory
relationships had been validated in other cancers, such as
osteosarcoma.*®3% In line with these studies, we also identified
these interaction axes by the miRwalk2 prediction and more
importantly, our microarray analysis directly demonstrated
IGF1R, CCND2, and CCND1 were upregulated when silencing
of miR-16 in MM cells. Also, IGF1R, CCND2, and CCND1 also
had been implied to be upregulated in MM“°~*21; amplification
of them was a significantly unfavorable parameter with regard to
shorter overall survival*****3; mechanism studies showed upon
binding by IGF-1, IGF1R promoted the growth and migration of
MM cells by activating the PI3K-Akt signaling pathway,**!
which subsequently upregulated cell cycle genes CCND2 and
CCND1.15%! This signaling pathway was also enriched in our
study by IGF1R and CCND1. In addition to these known target
genes, our study also suggested CUL3 and ELAVLI1 as underlying
novel targets of miR-16 in MM. E3 ubiquitin ligase CUL3!*7:4%]
had been correlated with other cancers, with high expressed cells
showing higher proliferative, migration and invasive rates.
However, no studies focused on its roles in MM and their
interactions with miR-16 were also not reported. In our study, we
predicted CUL3 may interact with CCND1. Its mechanism may
be similar to CCNE1: Cul3 mediated N-terminal ubiquitinylation
of cyclin D by recognition of the degron on cyclin D, which led to
increased activity of cyclin D.*’! There was only one study to
report the roles of ELAVL1, an RNA binding protein, in MM: it
induced MM cell proliferation by interacting with FUT4 and then
stabilizing its mMRNA.P? Thus, further mechanism investigation
is still needed. In this study, we found ELAVL1 was enriched in
AMPK pathway and interacted with IGF1R and CCND1. This
theory can be indirectly explained by the fact that: Wang et al
demonstrated AMPK activation decreased both the cytoplasmic
ELAVL1 levels and associative transcripts encoding proliferative
genes'l; while activation of AMPK was reported to induce
apoptosis of MM cells.*?! Accordingly, miR-16-IGF1R/CCND1,
miR-16-CUL3-CCND1, and miR-16-ELAVL1-IGF1R/CCND1
interaction axes may represent potentially believable mechanisms
for MM progression.

There were some limitations in this study. First, the sample size
was not large, although 3 datasets were included in our study.
Second, several diseases (severe burns, traumas, major bleeding,
major surgery, sepsis, acute GvHD, and macrophage activation
syndromes) are associated with hyper-inflammatory and hyper-
proliferative pathways, which were also identified in our results
(Table 2, such as TNF signaling pathway). Thus, in addition to
healthy donor, these diseases should be selected as the controls in
future high-throughput experiment (microarray or sequencing)
to identify MM-specific genes. Third, although our study
preliminarily demonstrated the crucial exosomal miRNAs may
function by regulating their target genes in MM cells, the
exosomal delivery mechanisms remained not directly investigated
by co-culture experiments. Fourth, the expression and regulatory
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relationships between miR-10a and EphA8 as well as between
miR-16 and CUL3/ELAVL1 need further experiment validation
(such as PCR, Dual luciferase reporter assay, overexpression or
knockout). Fifth, the diagnostic and prognostic values of these
two exosomal miRNAs for MM need confirmation in a cohort of
patients in our hospital.l*?!

In conclusion, BMSCs-derived exosomal miR-10a and miR-16
may be involved in MM progression by regulating EPHAS-
SEMASA or CUL3-CCND1/ELAVL1-IGF1R, respectively. These
exosomal miRNAs or genes may represent potential biomarkers
for diagnosis of MM and prediction of progression and targets for
developing therapeutic drugs. (Figure S1, http:/links.lww.com/
MD/F429, Figure S2, http://links.lww.com/MD/F430).
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