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Highly Expressed Integrin-a8 Induces Epithelial to
Mesenchymal Transition-Like Features in Multiple
Myeloma with Early Relapse

Jiyeon Ryu', Youngil Koh? Hyejoo Park’, Dae Yoon Kim', Dong Chan Kim', Ja Min Byun?, Hyun Jung

Lee®, and Sung-Soo Yoon"**

Despite recent groundbreaking advances in multiple mye-
loma (MM) treatment, most MM patients ultimately experi-
ence relapse, and the relapse biology is not entirely un-
derstood. To define altered gene expression in MM relapse,
gene expression profiles were examined and compared
among 16 MM patients grouped by 12 months progres-
sion-free survival (PFS) after autologous stem cell trans-
plantation. To maximize the difference between prognostic
groups, patients at each end of the PFS spectrum (the four
with the shortest PFS and four with the longest PFS) were
chosen for additional analyses. We discovered that integ-
rin-a8 (/ITGAS8) is highly expressed in MM patients with
early relapse. The integrin family is well known to be in-
volved in MM progression; however, the role of integrin-a8
is largely unknown. We functionally overexpressed integ-
rin-a8 in MM cell lines, and surprisingly, stemness features
including HIF1a, VEGF, OCT4, and Nanog, as well as epi-
thelial mesenchymal transition (EMT)-related phenotypes,
including N-cadherin, Slug, Snail and CXCR4, were in-
duced. These, consequently, enhanced migration and in-
vasion abilities, which are crucial to MM pathogenesis.
Moreover, the gain of integrin-a8 expression mediated
drug resistance against melphalan and bortezomib, which
are the main therapeutic agents in MM. The cBioPortal
genomic database revealed that ITGA8 have significant
tendency to co-occur with PDGFRA and PDGFRB and their
mRNA expression were up-regulated in ITGA8 overex-
pressed MM cells. In summary, integrin-a8, which was up-
regulated in MM of early relapse, mediates EMT-like phe-
notype, enhancing migration and invasion; therefore, it
could serve as a potential marker of MM relapse and be a
new therapeutic target.
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INTRODUCTION

Multiple myeloma (MM) is characterized by a clonal prolifera-
tion of malignant plasma (Palumbo and Anderson, 2011). The
recent inundation of novel chemotherapeutic agents has led to
tremendous advances in the treatment and survival outcomes
and extended overall survival in MM patients (Kyle and
Rajkumar, 2004). Nevertheless, MM still poses a great clinical
challenge as most patients experience a relapse during their
disease, but the exact mechanisms of relapse remain obscure
(Avet-Loiseau, 2010; Lonial, 2010; Pandit and Vesole, 2001).

Gene expression profiling (GEP) has been used to predict
the prognosis of cancer and apply tailored therapy (Potti et al.,
2006; Reverter et al., 2010). Several groups have reported
GEPs associated with MM progression and tried to develop
novel therapeutic targets (Anguiano et al., 2009; Broyl et al.,
2010; Kuiper et al., 2012; Harousseau et al., 2004; Zhan et al.,
2002). However, less has been done to define novel therapeu-
tic targets due to the complexity of MM relapse, and, to the best
of our knowledge, our study is the first to analyze the mecha-
nisms of relapse after high-dose chemotherapy with stem cell
rescue. Investigation of altered gene expression related to re-
lapse will provide a better understanding of relapse biology.

Epithelial-mesenchymal transition (EMT) is physiologically
involved in embryogenesis, embryo implantation, and organ
development, and contributes to cancer progression, metasta-
sis, and tumor recurrence in pathologic circumstances (Kalluri
and Weinberg, 2009; Thiery et al., 2009). The acquisition of
EMT by cancer cells is associated with stem cell phenotype,
cell migration, invasion and metastasis, and it is a well-
recognized phenomenon in solid tumor (Guarino, 2007; Gua-
rino et al., 2007). In MM, hypoxic conditions regulate the tran-
scription of EMT related markers, causing MM cells to dissemi-
nate and metastasize to the new bone marrow (BM) region
(Azab et al., 2012). CXCR4, which is one of the potential thera-
peutic targets in MM, is crucial for migration and homing of MM
cells into BM. EMT has previously been reported to mediate
CXCR4 to enhance metastasis in both solid tumors and MM
(Alsayed et al., 2007; Azab et al., 2009; 2012; Yagi et al., 2011).
MM cells with migration activity continuously egress out of the
original location and metastasize into new areas, which ulti-
mately translates into the development of disease heterogenei-
ty, drug resistance, metastasis and relapse of MM (Bianchi et
al., 2015; Hideshima et al., 2002; Menu et al., 2006).
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The integrin family consists of cell adhesion receptors widely
expressed in various types of cancer, including MM. Integrins
play a crucial role in tumor initiation, progression, and metasta-
sis by mediating tumor cell proliferation, migration, and invasion
(Damiano and Dalton, 2000; Desgrosellier and Cheresh, 2010;
Rathinam and Alahari, 2010). In MM, a4p1 (VLA-4) and o5p1
(VLA-5) are recognized as major integrins mediating the inter-
action between MM cells and BM niches through adhesion,
migration and homing (Damiano and Dalton, 2000; Damiano et
al., 1999; Sanz-Rodriguez and Teixido, 2001). Integrin-B7 is
also important as it enhances adhesive interaction of MM cells
with BM, and increases the production of vascular endothelial
growth factor (VEGF), resulting in drug resistance (Neri et al.,
2011). Overall, the integrin family is regarded as an attractive
and promising therapeutic target for MM.

Our study focused on the genetic events of 16 relapsed MM
patients after autologous bone marrow transplantation with

distinguished gene expression patterns relative to PFS duration.

We hypothesized that highly expressed integrin-a.8, newly dis-
covered from GEP in early relapsed MM patients, interprets
MM cells EMT-like features, causing migration, invasion and
drug resistance. Therefore, integrin-a8 could be utilized as a
prognostic marker and a therapeutic target.

MATERIALS AND METHODS

Reagents
Melphalan was purchased from Sigma Aldrich (USA) while
bortezomib and sunitinib were obtained from Selleckchem.com.

Cell lines and cultures

The human MM cell lines, KMS-12-BM, KMS-12-PE, MOLPS,
NCI-H929, LP-1 and EJM, were obtained from Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(Leibniz Institute DSMZ- German Collection of Microorganisms
and Cell Cultures, Germany). The U266 and RPMI-8226 cell
lines were kindly provided by Dr. Dong Soon Lee (Seoul Na-
tional University, College of Medicine, Korea). Those cell lines
were cultured in RPMI-1640 supplemented with penicillin (100
U/ml)/streptomycin (100 pg/ml) and 10% FBS (RPMI-8226),
15% FBS (U266) or 20% FBS (KMS-12-BM, KMS-12-PE,
MOLPS8 and NCI-H929). The LP1 and EJM were maintained in
IMDM supplemented with penicillin (100 U/ml)/streptomycin
(100ng/ml) and 20% FBS. The cells were incubated at 37°C in
a 5% CO, atmosphere.

Primary bone marrow samples collection and RNA
purification

Bone marrow aspirates were obtained from 16 MM patients
under a protocol approved by the Seoul National University
Hospital Institutional Review Board for the use of samples for
research. Each total RNA sample was isolated using an RNA
Blood Mini Kit (QIAGEN, USA), and the concentration was
measured using a ND-1000 Spectrometer (Nano Drop Tech-
nologies, Inc., USA).

Whole-genome gene expression assay

All 16 MM patients’ BM were run in triplicate. RNA isolated from
the 16 MM patients was used for gene expression analysis with
the Human-6 Whole-Genome Expression BeadChip (lllumina).
Biotin-labeled cRNA was produced using a linear amplification
kit (Ambion, USA) with 300 ng of quality-checked total RNA as
an input. Chip hybridizations, washing, Cy3-streptavidin stain-
ing, and scanning were performed on a BeadArray™ Reader
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(llumina) platform using reagents and by following protocols
supplied by the manufacturer. The "Detection Score" was used
to determine expression. Microarray data are available in the
ArrayExpress database (www.ebi.ac.uk/arrayexpress) under
accession number E-MTAB-4881.

Heatmap analysis and functional pathway prediction

A heatmap of the differentially expressed genes based on the
12 month PFS was created using Java TreeView 1.1.6r2 ver-
sion (Department of Genetics, Stanford University School of
Medicine, USA: http://jtreeview.sourceforge.net) (Saldanha,
2004). To investigate the biologically relevant pathways most
impacted by the gene input list, the online program Pathway-
Express (Onto-Tools, Wayne State University, Detroit, MI, USA;
http://vortex.cs.wayne.edu/Projects.html) was used (Draghici et
al., 2007). Specific biological pathways were defined using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(Kanehisa Laboratories, Kyoto, Japan; http://www.genome.jp/
kegg/pathway.html). Pathway-Express selects pathways based
on an impact analysis that considers not only conventional
statistical analysis, but also other biologic factors, including the
expression levels of input genes, their type and position in a
given pathway, and protein-protein interactions. In our pathway
analysis, we used the gene expression level (fold change),
while corrected p-values < 0.05 were used as an empirical
cutoff for retrieving altered pathways.

Reverse transcription PCR and quantitative real-time PCR
Total RNA was isolated using TRIzol reagent (Gibco BRL,
USA). cDNA was synthesized by reverse-transcription PCR
with Superscript lll reverse transcriptase (Invitrogen, Carlsbad,
CA, USA). Quantitative real-time PCR was conducted using an
iCycler iQ detection system (BioRad Laboratories, Inc., USA)
with SYBR Green. All data from the samples were normalized
to the 18s cDNA levels. The primers used for gRT-PCR are
listed in Table 1.

Western blotting

Whole cell lysates were collected using Kinexus protein lysis
buffer (containing 20 nM MOPS (pH 7.0), 2 mM EGTA, 5 mM
EDTA, 30 mM sodium fluoride, 60 mM -glycerophosphate (pH
7.2), 20 mM sodium pyrophosphate, 1 mM sodium orthovana-
date, 1% Triton X-100, 1 mM PMSF and 1g/mL protein inhibitor
cocktail (Hoffmann-La Roche Ltd., Swiss). Cell lysates were
separated on 8% to 15% SDS-PAGE, transferred onto nitrocel-
lulose membranes and then probed overnight at 4°C using the
following appropriate primary antibodies: integrin-a8 (Santa
Cruz Biotechnology), N-cadherin, vimentin, slug, snail (Cell
Signaling Technology), phospho-CXCR4 and total CXCR4
(Abcam). Antibody binding was detected using the enhanced
chemiluminescence system reagents (Amersham Pharmacia
Biotec., USA). GAPDH or a-tubulin (Cell Signaling Technology)
was used as a loading control.

Plasmid transfection

Transfection with pCMV3-ITGA8-GFPSpark (Sino Biological
Inc., China) or pCMV3 control vector was performed using
Lipofectamine RNAIMAX reagent (Invitrogen, USA) according
to the manufacturer’s instructions.

Cell adhesion assay

LP1 or RPMI-8226 cells (5 x 10° cells/ml), control or ITGA8
overexpressed, were loaded into human fibronectin (Millipore,
Germany) or MM patient derived BMSCs coated 96 well plates
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Table 1. Sequence of primer

Gene Forward(5'-3') Reverse (5'-3")

ITGA8 ACATTCTGGTGGACTGTGG AATCCCTTGTTGTTGCGTTC
VEGF CCTTGCTGCTCTACCTCCAC ATCTGCATGGTGATGTTGGA
HIF1a TGATGACCAGCAACTTGAGG TGGGGCATGGTAAAAGAAAG
OCT4 GTACTCCTCGGTCCCTTTCC CAAAAACCCTGGCACAAACT
Nanog ATGCCTCACACGGAGACTG CTGCGTCACACCATTGCTA
CDHA1 TGCCCAGAAAATGAAAAAGG GTGTATGTGGCAATGCGTTC
CDH2 CCATCACTCGGCTTAATGGT GATGATGATGCAGAGCAGGA
Vimentin TGCCCTTAAAGGAACCAATG TCCAGCCAGCTTCCTGTAAGGT
Twist GTCCGCAGTCTTACGAGGAG CCAGCTTGAGGGTCTGAATC
Slug CTTTTTCTTGCCCTCACTGC GCTTCGGAGTGAAGAAATGC
Snail ACCCCACATCCTTCTCACTG TACAAAAACCCACGCAGACA
CXCR4 GGTGGTCTATGTTGGCGTCTT TGGAGTGTGACAGCTTGGAG
PDGFRA GAAGCTGTCAACCTGCATGA CTTCCTTAGCACGGATCAGC
PDGFRB GCACTTTTATCCACCCAGGA GTACTTGGCTCAGCCTCCAG

and incubated for 2-4 h at 37°C. Non-adherent cells were
washed out with serum free RPMI 1640 media three times,
after which 10 pl of CCK8 (Dojindo, Japan) was added into
each well and incubated for 4 h. The adhered cells were de-
tected at 450 nm using a microplate reader (Becton Dickinson
Labware, France).

Chemotaxis assay

A chemotaxis assay was measured using an 8-p-pore transwell
plate (BioVision, Inc., USA) according to the manufacturer's
protocol. Next, 2-3 x 10° serum starved MM cells (LP1 and
RPMI-8226), control or ITAG8 overexpressed, suspended in
serum free RPMI1640 media were added to the upper cham-
ber in the presence of medium containing 0 or 30 nM recombi-
nant SDF1a (ProSpec, USA) in the lower chamber. After 24 h
of incubation, the cells in the lower chamber were counted
using Countess Il FL (Thermo Fisher Scientific, USA) or the
O.D. value at 450 nm was measured using a Versamax micro-
plate reader (Molecular Devices).

Invasion assay

MM cell invasion was measured using an 8-u-pore transwell
plate coated with gel basement membrane solution (BioVision,
Inc., USA) according to the manufacturer’s protocols. Next, 2-3
x 10° serum starved MM cells (LP1 and RPMI-8226), control or
ITAG8 overexpressed, suspended in serum free RPMI1640
media were added to the upper chamber in the presence of
supplemented medium in the lower chamber. After 24-48 h of
incubation, the cells in the lower chamber were counted using a
Countess Il FL (Thermo Fisher Scientific, USA) or the O.D.
value was measured at 450 nm.

Cell viability assay

Cells were seeded in 96 well plates, then exposed to 50 or 100
uM melphalan, or 1 uM bortezomib for 24 h. Next, 10 pl of
CCKB8 (Dojindo, Japan) was added into each well and the cells
were incubated for 2-4 h. The absorbance of each well was
detected at 450 nm using a microplate reader (Becton Dickin-
son Labware, France).

Genomic data
Genetic and expression alterations data were obtained from the
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cBioPortal cancer genomics platform (http://www.cbioportal.org).
The 877 samples of all tumors containing mRNA, CNA and
sequencing data were analyzed.

Statistical analysis

The statistical significance of differences observed between the
two groups was analyzed by the Student’s t-test, using the
GrahpPad Prism 4 statistical software (GraphPad Software,
Inc., USA). For all statistical analyses, a P value < 0.05 was
considered to indicate significance.

RESULTS

Integrin-a8 is highly expressed in MM patients with early
relapse

To define the gene expression aspects in MM relapse, gene
expression profiles were analyzed in 16 MM relapsed patients
using the Human-6 Whole-Genome Expression BeadChip (lllu-
mina). The whole BM aspirated from MM relapsed patients was
used for RNA extraction and we interpreted whole BM as a tumor
burden. The range of progression free survival (PFS) duration
after autologous stem cell transplantation among the 16 MM
patients was 54 to 1795 days, and one of them still did not re-
lapse (Table 2). Patients were divided into two groups on the
basis of 12 months PFS for GEP analysis. After filtering based on
a P < 0.01, heatmapping with 529 genes revealed markedly
different gene expression pattern between the PFS < 12 month
group and > 12 month group (Fig. 1A). From the 12 months PFS
point, 77 genes upregulated more than two-fold in the < 12
months group were defined and the altered biological pathways
were investigated (Supplementary Tables 1 and 2). Pathway
enrichment analysis was performed using Pathway-Express
identifying KEGG pathways from the process of an input list of
genes (Draghici et al., 2007). We found eight pathways that were
associated with the PFS < 12 months relapsed MM group (cor-
rected P < 0.05), focal adhesion, glioma, melanoma, regulation of
actin cytoskeleton, extracellular matrix-receptor interaction, pros-
tate cancer, Toll-like receptor signaling pathway, and cytokine-
cytokine receptor interaction. Platelet-derived growth factor beta
(PDGFB, 2.02 fold), insulin-like growth factor 1 (IGF1, 7.76 fold),
integrin alpha 7 (ITGA7, 2.34 fold) and integrin alpha 8 (/ITGAS,
7.69 fold) were most involved among these pathways.
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Table 2. The characteristics of 16 MM patients

Relapsed after <12 month >12 month
auto BMT (n=7) (n=9)
PFS, days
Average 182.1 663.4
Range 54-343 406-1795
Age, years
Average 58.5 55.7
Range 54.2-63.9 49.4-66.4
Sex, n
Male 5 7
Female 2 2
A B
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To maximize the difference between different prognostic
groups, patients at each end of the PFS spectrum (the four with
the shortest PFS and the four with the longest PFS) were se-
lected for analyses and each group was defined as an ‘early
group’ or ‘late group’ (Table 3). Heatmapping with a total of
1018 genes filtered at P < 0.01, also showed a distinguished
expression pattern between two groups (Fig. 1B). The 163
genes that showed expression upregulated by more than two-
fold were defined based on comparison to the late group (Sup-
plementary Table 3). These genes were involved in six KEGG
pathways: melanogenesis, insulin signaling pathway, ECM-
receptor interaction, focal adhesion, regulation of actin cyto-
skeleton, and basal cell carcinoma (corrected P < 0.05) (Sup-
plementary Table 4). The genes most involved among the
pathways were PDGFB (4.54 fold), FZD2 (8.99 fold), ITGA7

Fig. 1. Integrin-a8 is highly expressed in MM
patients with early relapse. (A) Heatmap of
529 genes differentially expressed between
the PFS duration < 12 months group (n=7)
and > 12 months group (n = 9) (P < 0.05). (B)
Heatmap of 1018 genes differentially ex-
pressed between the early group (n = 4) and
late group (n = 4) (P < 0.05). (C) Relative
expression level based on microarray analy-
sis of the group of PFS 12-month criterion (<
12 months or > 12 months) and extreme PFS
(early or late): ITGAS8, ITGA7, and PDGFB.
(D) ITGA8 mRNA level in 16 relapsed pa-
tients was validated by real time PCR and the
bar graph indicates the order of PFS duration.
The mRNA expression was normalized to 18s
transcript and data shown are the mean + SD
from three independent experiments (arbitrary
units). (E) ITGA8 mRNA expression among
the cancer type was obtained from cBioPortal
(http:/Avww.cbioportal.org). (F) Integrin-o8 mRNA
and protein expression were screened in 8
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Table 3. The characteristics of 8 MM patients

Relapsed after Early group Late group
auto BMT (n=4) (n=4)
PFS, days
Average 101.5 924.25
Range 54-169 517-1795
Age, years
Average 55.4 556.2
Range 45.25-63.94 49.36-62.68
Sex, n
Male 2 3
Female 2 1

(2.95 fold) and ITGA8 (8.18 fold). We were particularly interest-
ed that up-regulated in the expression of ITGA8 and ITGA7,
PDGFB (Fig. 1C) and their associated pathways, focal adhe-
sion, ECM-receptor interaction, and regulation of actin cyto-
skeleton, were commonly identified with previous analysis. To
validate the significance of ITGAS, ITGA7 and PDGFB expres-
sion in MM relapse, cDNA was synthesized from the RNA ex-
tracted from 16 MM patients and gRT-PCR was performed.
The ITGA8 expression level matched microarray data that
showed higher expression in early relapsed patients, and the
four patients with the shortest PFS duration showed the highest
ITGA8 expression (Fig. 1D). However, PDGFB and ITGA7 was
not validated by qRT-PCR (data not shown).

The ITGA8 mRNA expression among cancer types was in-
vestigated using the cBioPortal genomic database. Interestingly,
the ITGA8 level was highest in the hematopoietic and lymphoid
system (Fig. 1E). These results indicate that /TGA8 expression
may have a critical role in hematologic malignancies. We next
screened the basal expression of integrin-a8 in mRNA and
protein in the panel of MM cell lines (RPMI-8226, U266, KMS-
12-BM, KMS-12-PE, MOLP8, HCI-H929, LP1, and EJM) by
gRT-PCR and western blotting. As shown in Fig. 1F, among
the MM cell lines, U266, NCI-H929, LP1, and EJM showed
higher expression of integrin-a8 in both mRNA and protein
compared to the others. Notably, the NCI-H929 cell line was
established at the relapse state, and the U266, LP1, and EJM
cell lines were established at the terminal refractory stage. The
results provided further information regarding the relationship
between integrin-a.8 and MM relapse/refractory.

Integrin-a8 has not been thoroughly investigated in cancer,
but it is expressed in mammary tumors undergoing metastasis,
where it acts as a tumor cell receptor (Scherberich et al., 2005).
Moreover, in many studies not related to cancer, integrin-a.8
has been found to be localized on the extracellular domain in
mesenchymal cells, such as fibroblast cells, mesangial cells
and vascular smooth muscle cells, where it serves as a recep-
tor for fibronectin, vitronectin, and osteopontin (Brandenberger
et al., 2001; Denda et al., 1998; Muller et al., 1995). We con-
ducted immunofluorescence staining to determine where integ-
rin-a8 localizes in MM cells. As shown in Supplementary Fig. 1,
integrin-o8 appears to be expressed in cytoplasm, but is pri-
marily found in the membrane.

Integrin-a8 overexpression in MM cells leads to stem cell
properties and EMT features

To understand the role of integrin-a8 expression in the MM
relapse mechanism, we transiently transfected pCMV3-ITGAS-
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GFPSpark into MM cell lines. To accomplish this, we used
RPMI-8226 and LP1 cells, which showed different basal ex-
pression of integrin-a8, to investigate whether the biological
effects of integrin-a8 would come out the same, regardless of
the expression level. The transfection results were confirmed
based on the mRNA and protein level of integrin-a8 (Fig. 2A).

It is well known that cancer recurrence occurs due to the
cancer stem cells (CSCs) having self-renewal ability, chemo-
resistance, potential to metastasize, etc. (Lobo et al., 2007).
Some studies have revealed that cancer cells acquire stem cell
features and therefore behave like CSCs and contribute to
malignancy of the tumor as well as cancer relapse (Blagosklonny,
2006; Mitra et al., 2015). We investigated whether integrin-o8
overexpression induces stemness properties. The mRNA level
of stem cell markers including VEGF, HIF-1a, Nanog, and
OCT4 was quantified by qRT-PCR, and compared to that of the
control. Integrin-a8 overexpression in LP1 and RPMI-8226 cells
induced the mRNA expression of the stemness factor (Fig. 2B),
indicating that integrin-a.8 mediates the stem cell-like features in
MM cells.

In solid tumors, a subpopulation of stem cell like-cancer cells
regulate EMT phenotype. Similarly, clonogenic MM cells also
show a stem cell like-phenotype and consequently acquire
EMT like-features (Blagosklonny, 2006; Matsui et al., 2008;
Mitra et al., 2015). We demonstrated whether integrin-a.8 over-
expression can mediate the EMT phenomenon. To accomplish
this, we screened the transcriptional level of EMT markers in-
cluding E-cadherin, N-cadherin, vimentin and twist in overex-
pressed integrin-a8 LP1 and RPMI-8226 cells (Fig. 2C). It is
well known that down-regulation of E-cadherin and upregula-
tion of N-cadherin mediates EMT (Thiery et al., 2009). Our
results demonstrate that increasing integrin-a8 expression
increased N-cadherin level, as well as that of vimentin and twist,
by more than 2 fold compared to the control. However, E-
cadherin expression showed no significant changes. Protein
levels also showed upregulation of N-cadherin, snail, slug and
vimentin in integrin-a8 overexpressed cells (Fig. 2D), whereas
there were no differences in E-cadherin protein expression
(data not shown). We also checked the transcriptional level of
MMP2 and MMP?9, critical molecules involved in cancer metas-
tasis (Gialeli et al., 2011), by qRT-PCR; however, MMP2 was
not detected in integrin-a8 overexpressed LP1 because of its
low expression. Moreover, there was no significant change in
MMP9 compared to the control. Integrin-a8 overexpressed
8226 cells showed slight induction in both MMP2 and MMP9,
but we found that it did not differ significantly from the control
(Supplementary Fig. 2).

Overexpression of integrin-a8 mediates MM cell invasion
and migration

The interaction between MM cells and BM niches through inva-
sion, migration, and adhesion is crucial to disease progression
through which MM cells acquire proliferation and survival ad-
vantages, as well as drug resistance (Bianchi et al., 2015;
Damiano et al., 1999; Pagnucco et al., 2004). Regarding the
previous results that showed upregulated integrin-a8 induces
stemness features and EMT markers, we next investigated the
invasive ability of integrin-a.8 overexpressed cells. As shown in
Fig. 3A, a gain of integrin-a8 expression significantly increased
RPMI-8226 and LP1 cell invasion that those cells penetrated
the basement membrane coated chamber more actively than
the control. These results show that integrin-a8 is one of the
key factors of MM relapse biology, and that it functions by me-
diating the EMT-like features.
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Fig. 2. Gain of integrin-a8 expression regu-
lates the markers of stem cell and EMT in MM
cells. (A) Transfection of pCMV3-ITGAS-
GFPSpark in LP1 and RPMI 8226 was con-
firmed based on the mRNA and protein level
by qRT-PCR and western blotting, respective-
ly (*P < 0.05). The 10 pg protein sample of
LP1 and 15 pg protein sample of 8226 was
loaded for western blot analyses. (B) Stem-
ness phenotype including VEGF, NANOG,
HIF1A, and OCT4 mRNA expression in integ-
rin-a.8 overexpressed LP1 and 8226 cells was
confirmed by gRT-PCR and the data shown
are the mean relative fold changes + SD of
three independent experiments compared to
the control (*P < 0.05, **P > 0.2). Gene ex-
pression values in the samples were divided
by those in the controls (i.e. each gene in the
* control is ‘1’). (C) The mRNA expression of
EMT markers including E-cadherin, N-
cadherin, vimentin and twist were measured
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Migration activity was also evaluated by a transwell migration
assay, which revealed that 0 or 30 nM SDF-1a induced MM
cells to migrate. Overexpression of integrin-a8 significantly
induced chemotaxis of LP1 and RPMI-8226 cells compared to
the control (Fig. 3B). There is growing evidence that the acqui-
sition of EMT-like features accompanied the upregulated
CXCR4 expression during MM cell dissemination (Roccaro et
al., 2015). The CXCR4/SDF-1a. axis plays a major role in
chemotaxis in MM cells to BM, and we evaluated CXCR4 ex-
pression (Alsayed et al., 2007). As shown in Fig. 3C, the mRNA
level of CXCR4 and protein level of pPCXCR4 were upregulated
in overexpressed integrin-a8 MM cells. These findings indicate
that integrin-o8 may regulate CXCR4/SDF-1a signaling, caus-
ing MM cells to migrate actively. We next examined the integ-
rin-o8 effect on MM cells adhesion to fibronectin and BMSCs
isolated from MM patients. Compared to control, we could not
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Vimentin

Twist

find any significant effect of integrin-a8 in adhesive activity to
BM elements (Fig. 3D). Our results are contradictory to the
well-known finding that integrin is one of the major molecules
involved in regulation of cell adhesion. However, the knock-
down conditions of integrin-a8 decreased adhesive interaction
on BM (Supplementary Fig. 3). Further study is needed to con-
firm the function of integrin-a8 in cell adhesion according to its
expression. Taken together, these findings indicate that, be-
cause integrin-a8 induced MM cell chemotaxis and invasion,
cells may have motility to egress in and out from the BM rather
than adhere to the BM elements.

MM cells with overexpressed integrin-a8 enhances drug
resistance to melphalan and bortezomib

The alkylating agent, melphalan, and the proteasome inhibitor,
bortezomib, are the most widely used treatment agents in MM
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Fig. 3. Gain of integrin-a8 expression medi-
ates MM cell invasion and migration. (A)
Integrin-o8 overexpressed cells that invaded
through a basement membrane coated 8 uM
pore transwell were used for this invasion
assay. Integrin-o8 overexpressed LP1 and
RPMI 8226 cells were starved for 24 h, after
which cells that invaded to the bottom were
counted. (B) An 8 uM pore transwell migration
assay was used. Integrin-a8 overexpressed
MM cells were starved for 24 h, and then
allowed to migrate to the bottom well RPMI/
IMDM serum free media supplemented with
SDF-1a (0 or 30 nM). (C) The CXCR4 mRNA
and protein level in integrin-a.8 overexpressed
MM cells were confirmed by qRT-PCR and
Western blot, respectively. The mRNA data
shown are the mean fold changes + SD of
three independent experiments compared to
the control. Gene expression values in the
samples were divided by those in the controls
(i.e. each gene in the control is 1°). (D) Adhe-
sion of overexpressed integrin-a8 LP1 and
RPMI 8266 cells to FN or MM patient isolated
BMSCs coated 96 well microplates. Unat-
tached cells were washed out, after which
adherent cells were determined based on the
O.D. value.
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Fig. 4. Gain of integrin-a8 expression shows drug resistance in MM cells. Drug treated integrin-o8 overexpressed LP1 (50 uM melphalan, 1
pM bortezomib) and 8226 (0.1 mM melphalan, 1 uM bortezomib) were incubated for 24 h. Cell viability was measured using CCK8 solution.
The data shown are the means + SD from three independent experiments.
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Fig. 5. Crosstalk between ITGA8 and PDGFR
signaling. (A) Data for genetic and expression
alterations of ITGA8 were obtained from the
cBioPortal cancer genomics platform (http://
www.cbioportal.org). The 877 samples of all
tumors having mRNA, CNA and sequencing
data were analyzed. The % on the left repre-
sents the percentage of cases with alteration.
(B) The tendency of co-occurrence between
ITGA8 and PDGFRA or ITGA8 and PDGFRB.
(C) The relative levels of PDGFRA and
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patients, and failure of these chemotherapeutic strategies leads
to MM recurrence. Therefore, we investigated whether integrin-
o8 overexpression affected the sensitivity of melphalan and
bortezomib. As shown in Fig. 4, integrin-a8 overexpressed LP1,
while RPMI 8226 cells showed lower sensitivity in the presence
of 50 uM and100 uM of melphalan as well as high doses of
bortezomib after 24 h. These results indicate that induction of
EMT-like features mediated by integrin-a8 may contribute to
drug resistance, which can lead MM disease progression.

Integrin-a8 may crosstalk with PDGFRA and PDGFRB

It is well known that the crosstalk between integrin and growth
factor receptor regulates migration and adhesion of cancer cells,
consequently mediating cancer initiation, drug resistance, and
metastasis (Eliceiri, 2001). We obtained evidence from cBi-
oPortal cancer genomic platforms that integrin-a8 mRNA up-
regulation is correlated with 42.2% of PDGFRA and 33.3% of
PDGFRB mRNA upregulation (Fig. 5A). The co-occurrence of
ITGA8 and PDGFRA or ITGA8 and PDGFRB was significant
(Fig. 5B). To clarify these results, we investigated PDGFRA
and PDGFRB mRNA expression in integrin-a8 overexpressed
LP1 and RPMI-8226 cells. Both PDGF receptors mRNA ex-
pression were co-upregulated following integrin-a8 overexpres-
sion (Fig. 5C). PDGF receptor signaling is an important path-
way for tumor progression. Taken together, these findings indi-
cate that the crosstalk between integrin-a8 and PDGF receptor
signaling may mediate MM pathogenesis; however, further
study is needed to confirm this.

DISCUSSION
Despite remarkable recent advances in MM treatment, MM
remains an incurable disease with unidentified mechanisms of

relapse (Kyle and Rajkumar, 2004; Richardson et al., 2005). In
this study, to address the unresolved questions regarding MM
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relapse mechanisms, we focused on identifying the key mole-
cules responsible for controlling adhesion, migration and inva-
sion of MM cells. A recent study showed that MM cells dissem-
inate into peripheral circulation through acquisition of EMT-like
features under hypoxic conditions to migrate and invade into a
new region of BM. These behaviors are a similar to those ob-
served in solid tumor metastasis, in which MM cells become
more malignant to survive, proliferate, escape and become
resistant against chemotherapy, eventually leading to MM re-
currence (Azab et al., 2012; Muz et al., 2014; Thompson and
Haviv, 2011). Similarly, in the present study, GEP revealed that
integrin-a8 is constantly highly expressed in MM with early
relapse, and that integrin-a.8 induces EMT-like features in these
patients, which could play a pivotal role in relapse.

For the first part of our study, gene expression of 16 relapsed
MM patients undergoing autologous stem cell transplantation
was analyzed. Whole BM from relapsed MM patients was used
for RNA extraction that we interpreted whole BM as a tumor
burden. Furthermore, genes resistant to bone marrow trans-
plantation or chemotherapy may not have any impact on their
expression level (Batist et al., 2011; Nooter and Herweijer,
1991), so the acquired date of BM from patients was not con-
sidered. Grouping with PFS duration at the point of 12 months
or grouping at each end of the PFS spectrum (the four patients
with the shortest PFS and the four patients with the longest
PFS) were compared and found to have considerably different
patterns of gene expression. In both analyses, three genes,
ITGA8, ITGA7 and PDGFB, were identified and regarded as
candidate genes that may be involved in and mediate MM re-
lapse; however, only ITGA8 was confirmed to play such a role.

The integrin family plays an important role in mediating MM
pathogenesis and drug resistance by promoting adhesion,
migration and homing to BM niche (Damiano and Dalton, 2000;
Neri et al., 2011; Sanz-Rodriguez et al., 1999). However, integ-
rin-a.8, which we newly discovered from GEP of relapsed MM,
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has never previously been reported in MM. In this study, we
investigated whether the induction of integrin-a8 may potential-
ly be involved in early MM relapse by regulating the interaction
with the BM niche through adhesion, migration, and invasion.
The cBioPortal database revealed the highest frequency of
ITGA8 mRNA expression in the hematopoietic and lymphoid
system among cancer. In addition, highly expressed integrin-o.8
was observed in approximately 50% of the MM cell lines that
were established from the relapse/refractory stage. These re-
sults indicate integrin-a8 is primarily associated with hemato-
logic malignancies and partially support our hypothesis that

highly expressed integrin-a8 is related to MM relapse/refractory.

Since integrin-a8 was shown to be upregulated in MM early
relapse, we overexpressed integrin-a8 in LP1 and RPMI-8226
to investigate its functional role. We screened stem cell markers
in integrin-08 overexpressed MM cells and found that integrin-

08 upregulation may mediate the stemness feature of MM cells.

There is growing evidence that cancer cells share the signaling
of cancer stem cells, which express the markers of normal stem
cells, tumor initiation ability, drug resistance, and acquisition of
the EMT phenotype. The subpopulation of MM cells was also
found to have cancer stem cell properties and play important
roles in MM progression and relapse (Lobo et al., 2007; Matsui
et al., 2008; Mitra et al., 2015; Muz et al., 2014). Regarding
these results, we investigated the EMT phenomenon in which
acquired stemness features mediated by integrin-a8 might
induce a transcriptional level of EMT markers. Consistent with
these results, an invasion assay demonstrated that integrin-o.8
overexpression enhanced cell invasive ability. E-cadherin,
which is a marker of mesenchymal-epithelial transition (MET),
showed a slight reduction or no change of mRNA level in integ-
rin-a8 overexpressed MM cells and the protein level was not
detectable.

CXCR4, which is one of the potential therapeutic targets in
MM, is essential to migration and homing of MM cells into BM
(Alsayed et al., 2007; Azab et al., 2009). Circulating MM cells in
patients have been reported to predict poor survival outcomes
and to be related to MM bone disease, which is a major symp-
tom of MM (Nowakowski et al., 2005; Ooi and Dunstan, 2009).
Our results showed that increased integrin-a8 expression sig-
nificantly induced migration ability mediated by upregulated
CXCR4 mRNA and protein. Unlike previous studies, overex-
pressed integrin-a8 cells showed no change or little reduction
of adhesion to MM patients derived BMSCs or FN when com-
pared to the control. Considering these data, integrin-a.8 medi-
ates the acquisition of EMT properties and induction of CXCR4
expression, which eventually promotes MM cells to migrate and
invade to new regions of BM rather than adhere and be re-
tained by the BM microenvironment. Previous observations
support our finding that the induction of EMT features enhances
CXCR4 expression in epithelial tumors, and that acquisition of
EMT-like phenotype with the upregulation of CXCR4 expres-
sion develops the extra-medullary in MM, resulting in MM cell
dissemination and metastasis (Muz et al., 2014; Roccaro et al.,
2015).

Failure to respond to chemotherapy leads to spread of can-
cer, and these two processes of drug resistance development
and cancer metastasis are intricately related (Mitra et al., 2015;
Singh and Settleman, 2010; Shang et al., 2013). Arumugam et
al. showed that EMT mediates induction of Zeb1, an EMT
marker, causing drug resistance to gemcitabine, 5-fluorouracil,

and cisplatin in pancreatic cancer cells (Arumugam et al., 2009).

In wild-type EGFR non-small cell lung cancer (NSCLC) cells,
the sensitivities of EGFR inhibition were determined by the
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degree of EMT. Moreover, the NSCLC cell line, which express-
es E-cadherin, a negative regulator of EMT, showed greater
response to EGFR inhibition (Nurwidya et al., 2012). In agree-
ment with these previous reports, our results also show that
acquisition of the EMT-like phenotype mediated by integrin-a8
lowered the sensitivity of melphalan and bortezomib in MM
cells. Thus, targeting EMT may be essential for reverse drug
resistance, metastasis, and tumor recurrence.

The crosstalk between integrin and growth factor receptor ac-
tivates intercellular signaling of cancer cell proliferation, survival,
invasion, and migration (Eliceiri, 2001). We investigated wheth-
er PDGFRA and PDGFRB has significant co-occurrence with
ITGA8 using the cBioPortal genome database, and the results
were consistent with our finding that increasing integrin-o8
expression induced PDGFRA and PDGFRB mRNA expression.
PDGFR signaling has been thoroughly investigated in cancer,
including MM supporting tumor growth and angiogenesis, and
clinically used as a therapeutic target (Tsirakis et al., 2012; Yu
et al., 2003). The PDGFR inhibitor, sunitinib, is currently in a
phase |l trial to test its effects on MM relapse; specifically, to
determine if it can inhibit growth of cancer cells by blocking
enzymes related to cancer cell proliferation and blood flow to
cancer (https://clinicaltrials.gov). However, further study is
needed to identify the crosstalk between integrin-a.8 and PDGF
receptors and the synergistic effects of PDGFR inhibitor with
other MM therapeutic strategies.

In conclusion, we present the first demonstration of highly
expressed integrin-a.8 inducing EMT-like phenotype in MM cells,
which in turn mediates migration, invasion, and drug resistance
acquisition. We suggest integrin-a8 as a potential marker of
early relapse. Further research should be conducted to estab-
lish integrin-a8 as a therapeutic target to reach complete re-
mission of MM.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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