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Cancer cells contain a small population of cancer stem cells or cancer initiating

cells, which can be enriched in the side population (SP) after fluorescence acti-

vated cell sorting. To examine the members of the ADAM, ADAMTS and MMP

gene families related to phenotypes of the SP and the main population (MP), we

screened the expression of all the members in the propagated SP and MP of

A549 lung adenocarcinoma cells, and found that the relative expression ratio of

ADAM23 in the MP to the SP is most highly increased, but none of them are

increased in the SP. A similar result on the ADAM23 expression was obtained

with another cell line, Calu-3 cells. Overexpression of ADAM23 inhibited colony

formation, cell adhesion and migration, and knockdown of ADAM23 by shRNA

showed the reverse effects. ADAM23-mediated suppression of colony formation,

cell adhesion and migration was greatly reduced by treatment with neutralizing

anti-ADAM23 antibody, anti-avb3 integrin antibody and ⁄or ADAM23 disintegrin

peptide. Expression of cancer stem cell-related genes, including AKRC1 ⁄ 2, TM4SF1

and NR0B1, was increased by knockdown of ADAM23. In addition, lung metasta-

sis of A549 transfectants with different levels of ADAM23 expression was nega-

tively regulated by the ADAM23 expression levels. Our data provide evidence

that ADAM23 plays a role in suppression of cancer cell progression through inter-

action with avb3 integrin, and suggest that downregulation of ADAM23 in SP

cells may contribute toward providing a cancer stem cell phenotype by facilitat-

ing the activity of integrin avb3.

A ccumulated lines of evidence have indicated that malig-
nant neoplastic cells contain a small sub-population of

cells with properties of tumor initiation, self-renewal, resis-
tance to chemotherapy and metastatic potential, which are
called cancer stem cells or tumor initiating cells.(1–3) Besides
the method utilizing cell surface markers, side population (SP)
technology has been used for isolation of cell subsets enriched
for cancer stem cells in a variety of cancer tissues and cancer
cell lines.(4–8) SP cells are characterized by their capability to
efflux Hoechst 33342 dye through ATP-binding cassette
(ABC) transporter.(9,10) Previous studies have demonstrated
that the SP cells exist in human lung carcinoma cell lines and
are enriched with cancer stem-like cells.(8,11–13)

ADAM (a disintegrin and metalloproteinase), ADAMTS
(ADAM with thrombospondin motifs) and MMP (matrix met-
alloproteinase) are the gene families belonging to the metz-
incin superfamily of zinc-based metalloproteinases.(14,15)

Members of the ADAMTS and MMP gene families digest
extracellular matrix macromolecules and other molecules such
as growth factors, cytokines and chemokines.(15–17) In contrast,
the ADAM family is composed of proteolytic and non-proteo-
lytic ADAM species, which are involved in various biological
events such as cell adhesion, fusion, migration, membrane pro-
tein shedding and proteolysis.(15,18,19) The proteolytic ADAM

members such as ADAM10, ADAM12, ADAM15, ADAM17
and ADAM28 are overexpressed in human cancers and associ-
ated with tumor growth and progression.(18,20) Non-proteolytic
ADAM species such as ADAM22 and ADAM23 are also
involved in tumor cell proliferation and progression in glioma
and breast carcinoma cells.(21–23) However, the expression pat-
terns and biological functions of the family members in SP
and MP cells remain elusive.
In the present study, we examined expression of the

ADAM, ADAMTS and MMP gene families in propagated SP
and MP cells of A549 lung adenocarcinoma cells, and found
that the ADAM23 expression is most significantly decreased
in the SP. These results led us to investigate the effects of
ADAM23 on cell behaviors, including colony formation, cell
adhesion and migration. We also examined how lung metasta-
sis of A549 transfectants is influenced by the ADAM23
expression levels.

Materials and Methods

Cell culture and flow cytometry. Lung adenocarcinoma cell
lines A549, Calu-3 and SK-LU-1 cells were purchased from
the American Type Culture Collection (Manassas, VA, USA)
and PC-9 cells from Immuno-Biological Laboratories (Gunma,
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Japan). They were cultured in RPMI1640 supplemented with
10% FBS and antibiotics (Sigma-Aldrich, St Louis, MO,
USA). Detached cells were labeled with Hoechst 33342 dye
(1.2–5 lg ⁄mL; Invitrogen, Carlsbad, CA, USA) in the pres-
ence or absence of verapamil, an ABC transporter inhibitor
(100 lM; Sigma-Aldrich), and 2 lg ⁄mL propidium iodide
(Sigma-Aldrich) was added to gate viable cells. SP and MP
cells, which excluded and included Hoechst 33342 dye, respec-
tively, were obtained by FACS using a Moflo flow cytometer
(Beckman, Brea, CA, USA).

Cell proliferation and colony formation assays. Cell prolifera-
tion was measured by cell count, using BrdU labeling meth-
ods (Roche Molecular Biochemicals, Basel, Switzerland) or
by applying the real-time, label-free cellular analysis xCEL-
Ligence system (Roche Diagnostics, Mannheim, Germany).
For colony formation assay, the cells were seeded on six-well
plates (100 cells ⁄well) (Sigma-Aldrich), and cultured in
RPMI1640 containing 10% FBS and antibiotics for 5–7 days.
After staining with 0.1% crystal violet, colonies of more than
50 cells were counted. For inhibition studies, A549 cells
transfected with ADAM23 expression vectors or empty vec-
tors were treated with rabbit anti-human ADAM23 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
anti-human avb3 integrin antibody (Millipore, Billerica, MA,
USA), non-immune rabbit IgG (Dako Cytomation, Carpinte-
ria, CA, USA) or mouse IgG (Sigma-Aldrich) (5 lg ⁄mL
each).

Cell adhesion assay. Cells were adhered on fibronectin-coated
96-well plates (2 9 104 cells ⁄well) (Corning Incorporated,
Corning, NY, USA) by incubation for 60 min at 37°C in 10-
mM HEPES buffer, pH 7.4 containing 140 mM NaCl,
5.56 mM glucose, 5.4 mM KCl, 2 mM CaCl2, 1 mM MgCl2
and 1 mM MnCl2,

(24) and adherent cells were counted. Inhibi-
tion studies were performed by transfection of ADAM23
expression vectors or incubation with anti-human ADAM23
antibody (Santa Cruz Biotechnology) and anti-human avb3
integrin antibody (Millipore). They were also treated with the
synthetic peptide corresponding to the disintegrin loop of
ADAM23 (AVNEDCDIT; 40 lg ⁄mL; Sigma-Aldrich) or
scrambled peptide (DCVTNIAE; 40 lg ⁄mL; Sigma-Aldrich)
prior to adhesion assay.(25)

Migration assay. Cells were grown to confluence on six-
well plates (BD Biosciences, Bedford, MA, USA) in
RPMI1640 containing 10% FBS and antibiotics, and scratch-
wounded with a blue pipette tip.(26) They were allowed to
migrate in the medium containing 5 mM hydroxyurea
(Sigma-Aldrich). Cell migration areas were determined using
NIH imageJ software (http://imagej.nih.gov/ij/). Migration
was also measured by xCELLigence system.

PCR array. The expression profiles of the ADAM, ADAMTS
and MMP gene family members and ABC transporters
(ABCG2 and ABCC2) were examined by the RT2 Profiler
PCR Array (CAPH-0858; SABiosciences, QIAGEN, Valencia,
CA, USA). Relative changes in gene expression were calcu-
lated by DDCt method for all the genes by normalizing the
values with the average Ct value of the four housekeeping
genes, hypoxanthine phosphoribosyl transferase 1, ribosomal
protein L13a, GAPDH and b-actin. The expression of ADAM-
DEC1 in the SP and the MP was examined by quantitative
real-time PCR (qPCR).

RT-PCR and qPCR. cDNA were prepared from isolated total
RNA, and subjected to RT-PCR for the expression of
ADAM23 and GAPDH using the primers for ADAM23 50-C
CACTCGATTCCAAGGGTAA-30 (forward), 50-ACCAGCGA

TGGAGCCTATTA-30 (reverse) and for GAPDH 50-CCACCC
ATGGCAAATTCCATGGCA-30 (forward), 50-TCTAGACGGC
AGGTCAGGTCCACC-30 (reverse).(27) The relative expression
levels of ADAM23 to GAPDH were measured by a SYBR
Green real-time PCR assay (Invitrogen).(28) The ADAMDEC1
expression was also examined by qPCR using the primers of
50-AGCAAACACCTGAATTAACGCTC-30 (forward) and 50-
CTCAGGTTTCGTGGTAATTTCC-30 (reverse). In addition,
the expression of ABCG2, ABCC2, AKRC1 ⁄2, TM4SF1 and
NR0B1 was analyzed by qPCR using the corresponding pri-
mers (Table S1).

Overexpression and knockdown of ADAM23. ADAM23
expression vectors and empty vectors were purchased from
Origene (Rockville, MD, USA) and transfected using
FuGENE6 (Roche Diagnostics). For knockdown of ADAM23,
the five different lentiviral vectors for ADAM23 shRNA and
non-targeting shRNA vector were purchased from Sigma-
Aldrich. Because two of them (sh1 and sh5) efficiently sup-
pressed the expression, they were used for the experiments.
The coding sequences of the shRNA were as follows: sh1, 50-
CCGGGCAGTGTTACTGGAACTATTACTCGAGTAATAGT
TCCAGTAACACTGCTTTTTG-30; sh5, 50-CCGGCCACTCG
ATTCCAAGGGTAAACTCGAGTTTACCCTTGGAATCGAG
TGGTTTTTG-30. The stable transfectants were selected as
described previously.(29)

Immunoblotting. The homogenate supernatants of A549 cells
and their transfectants were immunoprecipitated with rabbit
anti-human ADAM23 antibody (Abcam, Cambridge, UK) or
nonimmune rabbit IgG (Dako Cytomation),(30) and then sub-
jected to immunoblotting with rabbit anti-human ADAM23
antibody (Abcam) and horseradish peroxidase-conjugated sec-
ondary antibody (DAKO A ⁄S, Glostrup, Denmark), followed
by reaction with ECL western blotting reagents (GE Health-
care Bio-Sciences, Uppsala, Sweden).

Evaluation of tumorigenicity and lung metastasis. Lentiviral
expression vectors encoding the fusion protein of firefly
luciferase and a circularly permuted variant of Venus, named
ffLuc-cp156, were infected to A549 cells, and the ffLuc-
cp156-positive cells (A549ffLuc-cp156 cells) were sorted
according to our methods as we described previously.(29) They
were transfected with empty vectors, ADAM23 expression vec-
tors, non-targeting shRNA vectors or ADAM23 shRNA vectors
(sh5). For monitoring tumorigenicity of ADAM23-knockdown
cells, A549ffLuc-cp156 mock and shRNA transfectants (sh5)
(1 9 102, 1 9 103, 1 9 104, 5 9 104 and 1 9 105 cells ⁄ site)
were subcutaneously injected into male BALB ⁄ c-nu ⁄nu mice
(Charles River Laboratories International, Wilmington, MA,
USA). Lung metastasis was examined by using 6-week-old
male NOD ⁄SCID mice (Charles River Laboratories Interna-
tional), which were injected with the A549ffLuc-cp156 transfec-
tants (1 9 106 cells) into the tail vein. Tumorigenicity and lung
metastasis were monitored by the In Vivo Imaging System-100
camera system (Xenogen, Alameda, CA, USA). At 2 weeks, the
mice were killed, and the lungs were fixed with 4% buffered
formalin. Paraffin sections of the whole lungs were stained with
H&E. Whole-slide images were acquired using the NanoZoo-
mer 2.0HT (Hamamatsu Photonics K.K., Hamamatsu, Japan),
and numbers of metastatic nodules ⁄mm2 were evaluated. Hous-
ing and maintenance of the mice and all procedures were per-
formed according to the guidelines for the Care and Use of
Laboratory Animals of Keio University School of Medicine.

Statistical analyses. Data were reported as mean � SD.
Results between the two independent groups were determined
by Student’s t-test. Comparisons among more than three
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(a) (d)

(e)

(b)

(c)

Fig. 1. Characteristics of A549-derived side population (SP) and main population (MP) cells. (a) SP and MP in the absence (left) or presence of
verapamil (right) are outlined as a percentage of the total cell population. (b) Proliferation of parent, SP and MP cells was measured by cell
counting (left) and BrdU labeling methods (right) at 3 days (n = 6). (c) Photos of colonies formed by parent, SP and MP cells (upper panel) and
numbers of colonies ⁄ cm2 (n = 6). Scale bar = 5 mm. (d) Adherent cells were counted and results are expressed as number of cells ⁄mm2 (n = 4).
(e) Migration activity at 24 h was determined and results are expressed as percentage of wound closure (n = 4). Bars, mean � SD. *P < 0.05;
**P < 0.01, ***P < 0.001.
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groups were adjusted with Bonferroni correction. P-values less
than 0.05 were considered significant.

Results

Isolation of side population and main population from A549

cells and their characteristics. FACS showed that SP cells,
which are diminished to less than 0.05% in the presence of
verapamil, occupy approximately 0.8% of the total cells
(Fig. 1a). SP cells grew faster than parent and MP cells, and
the rate of BrdU labeling was significantly higher in SP cells
than in parent and MP cells (P < 0.05 or P < 0.01) (Fig. 1b).
When parent, SP and MP cells were subjected to colony for-
mation assay, the number of colonies was significantly higher
in SP cells compared to parent and MP cells (P < 0.001)
(Fig. 1c). Adhesion assay showed that SP cells adhere approxi-

mately twofold more efficiently than parent or MP cells
(Fig. 1d). Migration activity of SP cells was significantly
higher than that of parent and MP cells (P < 0.001) (Fig. 1e).

Propagation of side population fraction and PCR array for

expression of the ADAM, ADAMTS and MMP family mem-

bers. Successive rounds of FACS analysis for SP cells were
performed up to nine times by applying the A549-derived frac-
tions of SP and MP; that is, SP(1) and MP(1). As shown in
Figure 2a, the percentage of SP cells in the serially nine-time
propagated SP(9) cells (8.57 � 0.12%) was significantly (ten-
fold) higher than the SP(1) cells (0.81 � 0.01%) (P < 0.001),

(a)

(b)

Fig. 2. Propagation of A549-derived side population (SP) cells by suc-
cessive rounds of FACS and relative gene expression of the ADAM,
ADAMTS and MMP family members in main population (MP) and SP.
(a) SP cell fraction was sequentially sorted up to nine times. Percent-
age of SP cells re-sorted from SP(2), MP(2), SP(3), MP(3), SP(9) and MP
(9) is shown (n = 3). (b) The ADAM, ADAMTS and MMP family mem-
bers with significantly increased expression in MP(9) compared to SP
(9) by the PCR array (n = 3). Bars, mean � SD. *P < 0.05; **P < 0.01,
***P < 0.001.

(a)

(b)

Fig. 3. ADAM23 expression in A549-derived side population (SP) and
main population (MP) cells and other lung adenocarcinoma cell lines.
(a) mRNA expression of ADAM23 in A549 parent, SP(1), MP(1), SP(9)
and MP(9) cells by RT-PCR (upper panel) and qPCR (lower panel)
(n = 4). (b) mRNA expression of ADAM23 in parent, SP and MP cells
derived from lung adenocarcinoma cell lines measured by qPCR
(n = 3). Bars, mean � SD. **P < 0.01; ***P < 0.001.
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whereas SP sorted from each MP, such as MP(2), MP(3) and
MP(9), showed no increase in ratios of SP cells. Using the
propagated SP(9) and MP(9) cells, we examined relative gene
expression ratios of the ADAM, ADAMTS and MMP family
members between SP and MP. Among the 63 members exam-
ined, none exhibited significant overexpression in SP compared
to MP. However, six members, including ADAM23,
ADAMTS6, MMP2, MMP16, MMP20 and MMP21, showed
significant increases in MP compared to SP (Tables S2–S4).
When the relative expression ratios of these genes were com-
pared, ADAM23 was most strongly fluctuated (Fig. 2b). Thus,
we focused on ADAM23 for further studies.

Relative expression of ADAM23 between side population and

main population cells in lung adenocarcinoma cell lines. RT-PCR
showed the expression of ADAM23 in the A549 parent, MP(1)
and MP(9) cells, but only faint or negligible expression in the
SP(1) and SP(9) cells (Fig. 3a). qPCR demonstrated that the
expression is increased in the MP(1) cells compared to the SP
(1) cells (P < 0.01) (Fig. 3a). The difference was more con-
spicuous between the MP(9) and SP(9) cells (P < 0.001)
(Fig. 3a). Similar significant increase of the ADAM23 expres-
sion in MP compared to SP was observed with Calu-3 cells
(P < 0.001), while SK-LU-1 and PC-9 cells showed no such
differences (Fig. 3b).

Effects of ADAM23 on colony formation. Overexpression and
knockdown of ADAM23 by transfection of the expression vec-
tors and shRNA in A549 cells were confirmed by RT-PCR
and immunoblotting (Fig. 4a). ADAM23-overexpressing cells
and ADAM23-knockdown cells showed no difference in cell
proliferation or DNA fragmentation as compared to their corre-
sponding mock transfectants (data not shown). When colony
formation was examined, number of the colonies decreased
more in the ADAM23-overexpressing cells than in the empty
vector transfectants (P < 0.05), and increased more in the
ADAM23-knockdown cells (sh1 and sh5) than in the mock
transfectants (P < 0.01 and P < 0.001) (Fig. 4b). The involve-
ment of ADAM23 was further demonstrated by the result that
suppression of colony formation in ADAM23-overespressing
cells is restored by treatment with anti-ADAM23 antibody
(P < 0.05) (Fig. 4c). ADAM23 has been reported to negatively
modulate avb3 integrin activation.(21) As expected, treatment
of control empty vector transfectants with anti-avb3 integrin
antibody significantly reduced colony formation (P < 0.001)
(Fig. 4c).

Effects of ADAM23 on cell adhesion and migration. Cell adhe-
sion was significantly reduced by overexpression of ADAM23
(P < 0.001) and increased by knockdown of ADAM23
(P < 0.05 and P < 0.001) (Fig. 5a). The suppression of cell
adhesion by ADAM23 overexpression was recovered by treat-
ment with anti-ADAM23 antibody (P < 0.001) (Fig. 5b).
Because the disintegrin domain of ADAM23 is known to bind
to avb3 integrin,(25) we examined whether the interaction
between the disintegrin domain and avb3 integrin is involved
in cell adhesion. As shown in Figure 5b, the decreased adhe-
sion of ADAM23 transfectants was restored by treatment with
the disintegrin peptide (P < 0.001), whereas the scrambled
peptide showed no effect. In addition, anti-avb3 integrin anti-
body remarkably inhibited the cell adhesion of disintegrin pep-
tide-treated cells (P < 0.001) and empty vector transfectants
(P < 0.001) (Fig. 5b). We also showed that cell migration is
significantly reduced by overexpression of ADAM23
(P < 0.001) and enhanced by knockdown of ADAM23

(a)

(c)

(b)

Fig. 4. Effects of ADAM23 expression, anti-ADAM23 antibody and
anti-avb3 integrin antibody on colony formation. (a) Expression of
ADAM23 in A549 cells (control) or A549 transfectants with empty vec-
tors, ADAM23 expression vectors, non-targeting mock vectors or
ADAM23-targeting lentiviral vectors (sh1 and sh5) by RT-PCR and by
immunoblotting of the immunoprecipitates (IP-IMB). Arrow indicates
ADAM23 and the lower band is a non-specific protein band. (b) Col-
ony formation by control A549 cells (control) and A549 cells trans-
fected with empty vectors, ADAM23 expression vectors, non-targeting
vectors (mock) or ADAM23-targeting vectors (sh1 and sh5) was
assayed (n = 6). (c) Colony formation by A549 cells transfected with
empty vectors or ADAM23 expression vectors, ADAM23 transfectants
treated with non-immune IgG (NI, ADAM23) or anti-ADAM23 anti-
body (a-ADAM23), and empty vector transfectants treated with non-
immune IgG (NI, empty vector) or anti-avb3 integrin antibody (a-avb3)
was determined (n = 6). Bars, mean � SD. *P < 0.05; **P < 0.01;
***P < 0.001.
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(a) (c)

(b)

(d)

Fig. 5. Involvement of ADAM23 and avb3 integrin in cell adhesion and migration. (a) Cell adhesion of control A549 cells (control) and A549
cells transfected with empty vectors, ADAM23 expression vectors, non-targeting vectors (mock) or ADAM23-targeting vectors (sh1 and sh5) was
assayed (n = 4). (b) Cell adhesion of A549 cells transfected with empty vectors or ADAM23 expression vectors, ADAM23 transfectants treated
with non-immune IgG (NI, ADAM23) or anti-ADAM23 antibody (a-ADAM23), ADAM23 transfectants treated with scrambled peptide or disinte-
grin peptide, ADAM23 transfectants treated with disintegrin peptide and non-immune IgG (NI, disintegrin peptide) or disintegrin peptide and
anti-avb3 antibody (a-avb3, disintegrin peptide), and empty vector transfectants treated with non-immune IgG (NI, empty vector) or anti-avb3
integrin antibody (a-avb3, empty vector) was determined (n = 4). (c) Migration of control A549 cells (control) and A549 cells transfected with
empty vectors, ADAM23 expression vectors, non-targeting vectors (mock) or ADAM23-targeting vectors (sh1 and sh5) was measured by migration
assay (n = 4). (d) Migration of A549 cells treated with non-immune IgG (NI) or anti-avb3 integrin antibody (a-avb3) was measured using the xCEL-
Ligence system (n = 4). Bars, mean � SD. *P < 0.05; ***P < 0.001.

Fig. 6. Relationship between ADAM23 expression and stem cell functions. (a) Relative expression levels of ABCG2 and ABCC2 to GAPDH in SP
(9) and MP(9) were measured by qPCR (n = 3). (b) Relative expression levels of AKRC1 ⁄ 2, TM4SF1 and NR0B1 in ADAM23-knockdown (sh5) cells
compared to A549 (mock) cells were measured by qPCR (n = 3). (c,d) Effects of ADAM23 overexpression in SP(9) cells or treatment of MP(9) cells
with anti-ADAM23 antibody on cell adhesion (n = 4) and colony formation (n = 6) were examined. (e) Tumorigenicity of A549ffLuc-cp156 (mock)
and ADAM23-knockdown (sh5) cells was monitored at 2 weeks by bioluminescence imaging (n = 6 per group; bilateral sites of 3 mice), and pho-
ton counts were analyzed by LIVING IMAGE 3.0 software. Bars, mean � SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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(a)

(d)

(e)

(b)

(c)

Cancer Sci | April 2016 | vol. 107 | no. 4 | 439 © 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Ota et al.



(P < 0.05 and P < 0.001) (Fig. 5c). Cell migration was
slightly inhibited by treatment with anti-avb3 integrin antibody
(Fig. 5d).

Negative correlation of ADAM23 expression with stem cell

functions. Because PCR array analysis suggested overexpres-
sion of ABCG2 and ABCC2 in SP(9) compared to MP(9)
(data not shown), we examined the expression levels by qPCR
and confirmed that ABCG2 is overexpressed in SP(9) cells
(Fig. 6a). Examination of the cancer stem cell-related genes of
A549 cells (AKRC1 ⁄2, TM4SF1 and NR0B1) showed that the
expression levels are significantly higher in ADAM23-knock-
down cells than in mock transfectants (Fig. 6b). Cell adhesion
and colony formation were decreased by transfection of the
ADAM23 expression vectors to SP(9) cells as compared to the
empty vector transfectants (Fig. 6c), and increased by treat-
ment of MP(9) cells with anti-ADAM23 antibody compared to
non-immune IgG treatment (Fig. 6d). To test whether
ADAM23 expression affects tumorigenicity, we injected
A549ffLuc-cp156 mock or ADAM23-knockdown cells into bilat-
eral subcutaneous tissues of mouse back and monitored for
tumor development. As shown in Figure 6e, ADAM23-knock-
down cells (sh5) formed xenografts at 5 9 104 cells in four of
six sites and at 1 9 105 cells in all six sites, whereas mock
transfectants showed tumors in none of six sites at
5 9 104 cells and four of six sites at 1 9 105 cells. The tumor
generated by ADAM23-knockdown cells was significantly lar-
ger than that of mock transfectants (Fig. 6e). No tumor forma-
tion was observed by inoculation of both transfectants less
than 1 9 104 cells. All these data suggest that ADAM23 nega-
tively modulates cancer stem cell-like functions.

Negative role of ADAM23 in lung metastasis. We next exam-
ined the effect of ADAM23 on lung metastasis of A549ffLuc-
cp156 cells, which were transfected with empty vectors,
ADAM23 expression vectors, mock-shRNA vectors or
ADAM23 shRNA vectors. When lung metastasis was moni-
tored, there was no difference in photon counts 1 h after the
i.v. injection, but the counts at 1 day were, albeit generally
reduced in all groups, significantly decreased in the group of
ADAM23-overexpressing cells (P < 0.05) and increased in
that of ADAM23-knockdown cells (P < 0.05) (Fig. 7a,b).
Lung metastasis at 2 weeks was significantly inhibited in the
group of ADAM23-overexpressing cells (P < 0.01) and
enhanced in that of ADAM23-knockdown cells (P < 0.05)
(Fig. 7a,b). Microscopic examination of lung metastasis at
2 weeks showed that numbers of the metastatic nodules are
significantly increased in the group of ADAM23-knockdown
cells (12.9 � 0.8 per mm2) compared to that of mock transfec-
tants (5.8 � 3.1 per mm2) (P < 0.01) (Fig. 7c,d). Metastasis
tended to be decreased in the group of ADAM23-overexpres-
sing cells (0.7 � 0.6 per mm2) compared with that of empty
vector transfectants (5.0 � 4.6 per mm2), although the differ-
ence was not statistically significant (Fig. 7d).

Discussion

The SP technology is a useful method to isolate subsets
enriched for cancer stem cells, and SP cells demonstrate char-
acteristics of cancer stem cells as indicated by tumor-initiating
capability, drug resistance and invasive potential in comparison
with MP cells.(4–8) Previous studies on differential gene
expression profiles performed in SP and MP cells from lung
carcinoma cell lines showed a number of cancer stem cell-
related genes overexpressed in SP cells, which include
AKRC1 ⁄C2, TM4SF1 and NR0B1.(12,13) However, these stud-

ies provided no information about the expression profiles of
the ADAM, ADAMTS and MMP gene family members, many
of which are implicated for cancer cell proliferation and pro-
gression.(18) In the present study, by screening changes in the
gene expression levels of all the members of the families in
propagated SP and MP cells of A549 lung adenocarcinoma
cells, we showed that ADAM23 is the most significantly
downregulated gene in the SP compared with the MP between
the two populations.
The clonogenic ability is known to be higher in SP cells

than in MP cells, as shown by the present and previous stud-
ies.(4,13,31) Although a previous study using a gastric cancer
cell line showed that forced expression of ADAM23 causes
inhibition of colony formation, the study provided no data on
the role of ADAM23 in colony formation.(32) In the present
study, we have shown direct evidence that suppression of
clonogenic ability is through the interaction of ADAM23 with
avb3 integrin. Our study also demonstrated that ADAM23
inhibits cell adhesion by blocking the activity of avb3 integrin
and also suppresses migration activity. Similar results showing
the suppressive effects of ADAM23 on cell adhesion and
migration have been reported with MDA-MB435 breast carci-
noma cells, in which ADAM23 was knocked down but not
overexpressed.(21) Although colonies are formed through a
complex process involving various cellular activities such as
adhesion, survival, apoptosis, proliferation and migration, the
data in our study and previous studies (21) suggest that
ADAM23 plays a negative role in colony formation, at least in
part, by inhibiting cell adhesion and migration.
One of the important findings of the present study is that

pulmonary metastasis is negatively controlled according to the
ADAM23 expression level. A previous study showed that
knockdown of ADAM23 increases trapping of MDA-MB435
breast carcinoma cells within the pulmonary blood capillaries
(i.e. embolization of breast carcinoma cells) by analyzing at
4 h after the i.v. carcinoma cell injection, although the study
provided no information about the influence of ADAM23 on
cellular activities by overexpression of ADAM23 or how lung
metastasis is finally modulated by the ADAM23 expression
levels.(21) The data in the present and previous studies(21,25)

strongly suggest that ADAM23 in human lung and breast car-
cinoma cells plays a negative role in cancer cell progression
including metastasis by inhibiting the function of integrin
avb3.
Recent study has indicated that avb3 integrin is necessary

and sufficient to reprogram non-small cell lung carcinoma cells
toward a cancer stem cell phenotype such as tumor initiation,
anchorage-independence and self-renewal and EGFR-tyrosine
kinase inhibitor resistance.(33) Integrin avb3 is shown to per-
form this function via a non-canonical pathway by recruiting
KRAS and RalB to the tumor cell plasma membrane, which
induces the activation of TBK-1 ⁄NF-jB pathway.(33) Integrin
avb3 also has been reported to promote Slug activation,
anchorage-independent growth and tumor initiation in breast
carcinoma cells.(34) In the present study, we have demonstrated
that SP cells, which are enriched by cancer stem cells, have no
or negligible expression of ADAM23. Because ADAM23 neg-
atively regulates the activity of integrin avb3 as shown in the
present and previous studies,(21) it is plausible that downregu-
lation of ADAM23 in SP cells may contribute toward provid-
ing a phenotype of cancer stem cells by facilitating the activity
of integrin avb3.
Because our experimental study has suggested that upregula-

tion of ADAM23 suppresses lung metastasis of A549 cells,
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(a)

(d)

(b)

(c)

Fig. 7. Lung metastasis in NOD ⁄ SCID mice after i.v. injection of A549ffLuc-cp156 transfectants. (a) Lung metastasis of the transfectants with empty
vectors, ADAM23 expression vectors, mock vectors or shRNA vectors (sh5) was monitored at 1 h, 1 day and 2 weeks by bioluminescence imaging
(n = 6 per group). Representative mice of each group are shown. (b) Photon counts were analyzed (n = 6). (c) Representative microscopic views
of the lung sections. Hematoxylin-positive blue-colored nodules indicate metastatic foci. Bar, 1 mm. (d) Evaluation of lung metastasis by calculat-
ing the numbers ⁄mm2 (n = 3). Bars, mean � SD. *P < 0.05; **P < 0.01.
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modulators of the ADAM23 expression may be useful to nega-
tively control lung metastasis of non-small cell lung carcino-
mas. ADAM23 expression is reportedly downregulated by
DNA promoter hypermethylation in gastric carcinoma cells,(32)

breast carcinoma cells (21) and non-small cell lung carcino-
mas,(35) and silencing of the ADAM23 gene by hypermethyla-
tion is associated with lower distant metastases-free and
disease-specific survival in human breast carcinomas.(21)

Because functional analyses of DNA methylation have made
great progress and drugs targeting the epigenetic abnormalities
have been developed to increase efficacy and stability and to
decrease toxicity,(36,37) epigenetic drugs targeting ADAM23
and ⁄ or development of upregulators of ADAM23 expression

could represent promising and feasible strategies to sensitize
human non-small cell lung carcinomas to the effects of
chemotherapy and molecular target therapy.
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Additional supporting information may be found in the online version of this article:

Table S1. The primers for qPCR.

Table S2. Changes in gene expression of the ADAM family members.

Table S3. Changes in gene expression of the ADAMTS family members.

Table S4. Changes in gene expression of the MMP family members.
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