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Abstract. SC1 is a cell adhesion molecule that belongs to 
the immunoglobulin superfamily; this molecule was initially 
purified from the chick embryonic nervous system and 
was reported to exhibit homophilic adhesion activity. SC1 
is transiently expressed in various organs during develop-
ment and has been identified in numerous neoplastic tissues, 
including lung cancer and colorectal carcinomas. The 
present study focused on the encephalic metastasis of lung 
cancer cells with respect to the potential function of SC1, as 
this molecule is known to be consistently expressed in the 
central nervous system as well as lung cancers. SC1 comple-
mentary DNA was introduced into A549 cells, a human 
lung cancer‑derived cell line. The stable overexpression of 
the SC1 protein in A549 cells was demonstrated to enhance 
the self‑aggregation of the cells. In addition, the SC1 trans-
fectants enhanced the metastatic and invasive potential to 
the encephalic parenchyma following implantation into nude 
mice. In conclusion, the results of the present study demon-
strated that cell adhesion due interactions between SC1 on 
brain tissue and SC1 on lung cancer cells was involved in 
the malignant aspects of lung cancer, including invasion and 
metastasis to the brain.

Introduction

Numerous studies have confirmed that cell adhesion 
molecules (CAMs) are essential for normal histogenesis as 
well as tumor malignancies (1‑3). In addition, it was reported 
that dysregulated CAM expression was often involved 
in certain tumor behavior (4,5). Of note, the inhibition or 
attenuation of E‑cadherin expression in epithelial cells was 
demonstrated to enhance cellular transformation. A certain 

CAM, deleted in colorectal cancer (DCC), is a member of 
the immunoglobulin (Ig) superfamily, which is commonly 
lost during the development of colorectal tumors. The loss 
of expression of CAMs, such as DCC, has therefore been 
suggested to enable the migration and escape of tumor 
cells from the primary lesion, subsequently resulting 
in the invasion and the dissemination of metastases. 
By contrast, various other CAMs have been reported to be 
overexpressed in numerous types of tumors, which may 
promote tumor cell invasion and metastasis through their 
adhesive activities (4,6).

SC1 is a cell adhesion molecule that belongs to the 
Ig  superfamily; this molecule was identified in several 
independent studies, each of which gave it a different title, 
SC1, bursal epithelium and neurons or DM‑general receptor 
for phosphoinositides 1-associated scaffold protein (7‑10). 
This protein possesses an intracellular domain that carries 
three C2‑type Ig‑like motifs followed by two V‑type motifs. 
The homophilic properties of SC1 have been revealed using 
cellular adhesion experiments on substrates and self‑aggre-
gation assays in vitro (8,11‑13). By contrast, previous studies 
have also reported heterophilic interactions of SC1, such as 
that with neuron-glia  (Ng)‑CAM during the extension of 
neurites from sympathetic neurons as well as that with CD6 
in the hematopoietic system (14,15). SC1 homologs have been 
confirmed in zebrafish, mice, rats and humans (16). During 
embryogenesis in chicks, SC1 is transiently expressed, most 
notably in nervous and hematopoietic system cells as well 
as the cells of certain epithelia (9,12). In addition, SC1 was 
reported to have roles in a variety of physiological processes, 
which include hematopoiesis, thymic development, immune 
responses, neurite extension, migration of neural cells 
and osteogenesis.

The human homolog of SC1, activated leuko-
cyte CAM/CD166/MEMD, was reported to be expressed in 
malignant melanoma cells and represents a novel molecular 
marker for the progression of melanoma, which has potential 
prognostic value (17,18). Previous studies have revealed that 
SC1 promoted the metastatic activity of mammary gland 
tumor and lymphoma cells; in addition, the hemophilic 
binding ability of SC1 enhances the interaction of tumor cells 
with blood vessels (19‑21). Evidence was also found which 
indicated that SC1 was strongly expressed in sporadic cases of 
encephalic metastasis of human breast cancer (22).
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A549 cells, a lung cancer cell line derived from adeno-
carcinoma, were found to be almost negative for SC1, which 
led to the hypothesis that this cell line was a good model for 
investigating the functions of SC1 in the brain metastasis of 
lung cancer. In the present study, SC1‑transfected A549 cells 
were established and implanted into nude mice in order to 
investigate the involvement of SC1 in the metastasis of lung 
cancer to the brain.

Materials and methods

Establishment of SC1‑expressing A549 cells by gene intro‑
duction. A549 cells (Riken BioResource Center, Ibaraki, 
Japan) were cultured with Dulbecco's modified Eagle's 
medium (DMEM; Wako Pure Chemical Industries Ltd., 
Osaka, Japan) containing 10% fetal calf serum (Wako 
Pure Chemical Industries Ltd.) at 37˚C. Semiconfluent 
cells (~80%) were transfected with the pcDNA 3.1 plasmid 
vector (Invitrogen Life Technologies, Carlsbad, CA, USA) 
containing the intact human SC1 gene. In addition, parental 
A549 cells were transfected with an empty vector in order 
to produce mock‑transfected cells. These transfectants were 
cultured in DMEM containing 10 µg G418  (Gibco‑BRL, 
Carlsbad, CA, USA) and then the resistant colonies were 
selected and further cultured. Furthermore, stable SC1‑ and 
mock‑transfected clones were established following confir-
mation by SC1 immunocytochemistry, as described below; 
these cells were used for all subsequent experiments.

Immunocytochemistry. Each of the transfectants were grown 
on culture plates at 37˚C in an atmosphere of 5% CO2 for 2 days 
and then fixed in Zamboni's solution (Wako Pure Chemical 
Industries Ltd.) at semiconfluent stages. The cultures were 
washed twice with phosphate‑buffered saline (PBS; Wako 
Pure Chemical Industries Ltd.) and incubated with a 
monoclonal mouse antibody against the SC1 protein (1:500; 
Department of Animal Hygiene, Kyoto Prefecture University, 
Kyoto, Japan) for 1 h at 37˚C. Following being washed twice 
with PBS, the cells on culture plates were incubated with Alexa 
Fluor‑conjugated goat anti‑mouse IgG (1:500; cat. no. 150117;  
Abcam, Tokyo, Japan) for 1 h at 37˚C. Following sufficient 
washes with PBS, the cells were examined under a fluorescent 
microscope (Eclipse E600; Nikon Corporation, Tokyo, Japan).

In vitro cell aggregation assay. Each of the transfectants 
on culture dishes was dispersed with a solution containing 
0.05% trypsin and 0.01 mM EDTA (Wako Pure Chemical 
Industries Ltd.); subsequently, cells were collected via 
centrifugation for 10 min at 400 x g. Cells were then resus-
pended in DMEM at a density of 9x106 cells/ml. Each cell 
suspension  (0.5 ml) was incubated in an Eppendorf tube 
at 37˚C with or without anti‑SC1 monoclonal antibody 
(75 µg/ml; Department of Animal Hygiene, Kyoto Prefecture 
University). Following 1  h of incubation, the tubes were 
inverted once and the cell suspensions were observed under 
a microscope (Eclipse TS100; Nikon Corporation).

Implantation of SC1‑transfected cells into the cere‑
brum of nude mice. The SC1‑transfectants suspended in 
DMEM (2x107 cells/ml) were injected into the temporal lobe 

medulla of 7‑week‑old female nude mice (n=5; Shimizu Labo-
ratory Supplies Co. Ltd., Kyoto, Japan) under deep general 
anesthesia with pentobarbital sodium solution (64.8 mg/ml; 
Kyoritsu Seiyaku, Tokyo, Japan). All animals were housed indi-
vidually in plastic cages at controlled temperatures (22 ± 1˚C) 
and relative humidity (55 ± 10%) and exposed to 12 h light/
dark cycles with free access to water and commercial feed 
(Shimizu Laboratory Supplies Co. Ltd.). Other SC1‑transfec-
tants were pre‑incubated with anti‑SC1 monoclonal antibody 
(75 µg/ml; Department of Animal Hygiene, Kyoto Prefecture 
University) for 2 h at 37˚C and subsequently injected into a 
group of nude mice (n=5). At 8 days following cell injections, 
all animals were sacrificed through an overdose of pentobar-
bital sodium solution (64.8 mg/ml; Kyoritsu Seiyaku) and the 
brains were removed and fixed with formalin solution (Wako 
Pure Chemical Industries Ltd.) for histopathology studies. 
All of the animal experiments were performed in accordance 
with the guidelines for studies with laboratory animals of 
the Kyoto Prefectural University Experimental Animal 
Committee (Kyoto, Japan).

Histopathology. The temporal lobes of mice were embedded 
in paraffin (Wako Pure Chemical Industries Ltd.) and cut 
into 3‑µm sections with a microtome and were subsequently 
stained with hematoxylin and eosin, according to the routine 
procedure (19). The sections were then observed under a light 
microscope (Eclipse E600; Nikon Corporation).

Results

Expression of SC1 proteins in transfectants. The expression 
of SC1 in A549 lung cancer cells was evaluated through 
immunocytochemical analyses using an anti‑SC1 antibody. 
SC1 protein expression was not identified in either the parental 
cells or mock‑transfected cell lines. By contrast, SC1 transfec-
tants strongly expressed SC1 proteins in the membrane (Fig. 1). 
All of the SC1‑transfected cells stably expressed SC1 on their 
cell surface even following further passages. Therefore, it was 
confirmed that the established transfectants stably expressed 
SC1 and these SC1‑expresssing transfectants were used for all 
subsequent experiments.

In vitro cell aggregation assay. An in vitro cell aggrega-
tion assay revealed that cell aggregation was markedly 
increased in SC1‑transfected cells compared with that of 
the mock‑transfected  cells  (Fig.  2A and B). Of note, the 
SC1‑transfected cells began to self‑aggregate from the initia-
tion of incubation, which resulted in the formation of cell 
clusters; by contrast, mock‑transfected cells demonstrated 
only slight aggregation. In addition, following co‑incubation 
of the SC1 transfectant cells with an anti‑SC1 antibody, 
the cells only exhibited slight aggregation (Fig. 2C). These 
results therefore indicated that SC1 expression in A549 cells 
was functional with respect to the cell‑cell interactions; in 
addition, it was revealed that the anti‑SC1 antibody was able 
to inhibit this cell aggregation activity.

Implantation of SC1‑transfected cells into the cerebrum of 
nude mice. A549 cells transfected with SC1 with or without 
pre‑incubation with anti‑SC1 antibodies were injected into 
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Figure 1. Expression of SC1 protein in A549 lung cancer cells. The expression levels of SC1 in (A) mock‑ and (B) SC1‑transfected A549 cells were examined 
immunocytochemically under a fluorescent microscope. Specific immunofluorescence was not observed in mock transfectants, whereas SC1 transfectants exhib-
ited strong signals. Scale bars, 25 µm.

Figure 2. In vitro cell aggregation assays. An aliquot of mock‑ and SC1‑transfectants was incubated for 1 h at 37˚C, then cell particles were observed under 
a light microscope (Eclipse TS100; Nikon Corporation). (A) Mock transfectants demonstrated only slight cell aggregation activity. By contrast, (B) SC1 
transfectants aggregated with each other and formed cell clusters following 1 h of incubation. (C) An anti‑SC1 antibody inhibited the cell aggregation activity 
of SC1 transfectants, these cells demonstrated only slight aggregation. Thus, the SC1 protein expressed on A549 lung cancer cells was functional with respect 
to cell‑cell binding. Scale bar, 100 µm.

Figure 3. Histopathology of nude mice brains implanted with SC1 transfectants. Paraffin sections of nude mice cerebrums engrafted with SC1 transfec-
tants were cut and stained with hematoxylin and eosin, and observed under a light microscope. (A and B) In the medulla of the temporal lobes of nude 
mice implanted with SC1 transfectants, severe metastatic legions were observed. Adenocarcinomatous tumors grew invasively and colliquative necrosis, 
demyelination, inflammation and hemorrhage were observed. (C and D) SC1 transfectants pre‑incubated with anti‑SC1 antibodies prior to implantation 
demonstrated only slight pathological legions with limited colliquative necrosis, demyelination and inflammation; the invasive growth of adenocarcinoma was 
not detectable. Accordingly, it was suggested that SC1 enhanced the malignant potential of A549 lung cancer cells in the mouse brain. Scale bars, 200 µm. 
Low magnification, x25. High magnification, x100.
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the temporal lobe of nude mice. The metastatic activities of 
cells were then examined histopathologically. As shown in 
Fig. 3A and B, in all mice injected with SC1 transfectants, 
severe metastatic legions were observed in the medulla of 
the temporal lobe; in addition, adenocarcinomatous tumors 
grew invasively in the brain matter and colliquative necrosis, 
demyelination, inflammation and hemorrhage were also 
prominent in the areas surrounding the metastatic tissue. 
By contrast, the SC1 transfectants incubated with the 
anti‑SC1 antibody demonstrated only slight lesions in all 
mice brains, in which slight colliquative necrosis, demy-
elination and inflammation were observed, although the 
invasive growth of cells was not detectable (Fig. 3C and D). 
These results therefore indicated that the anti‑SC1 anti-
bodies inhibited the metastatic and invasive activities of 
SC1‑transfected cells in the mouse brain. Therefore, it was 
suggested that the A549 cells acquired their high metastatic 
and invasive potential as a result of the SC1 expression on the 
cell membrane.

Discussion

Lung cancer is the primary cause of cancer‑associated 
mortality in males and females worldwide. Patients suffering 
from lung adenocarcinoma are commonly diagnosed with 
early and distal metastasis to the brain and bones, which 
results in mortality (23). In the present study, SC1‑expressing 
A549 cells were established through transfecting parental 
A549 cells with SC1 complementary DNA. The role of SC1 in 
the metastatic and invasive potential of lung cancer cells was 
subsequently investigated in the brains of nude mice injected 
with these cells. The results confirmed the functional ability 
of the SC1 proteins expressed by transfected cells in vitro 
in regards to cell‑cell binding, as demonstrated using cell 
aggregation assays. Of note, the results of the present study 
revealed that SC1 was able to markedly promote the metastatic 
and invasive potential of A549 cells in mice models in vivo. 
However, preliminary studies demonstrated that there were 
no marked differences in the doubling times among the cells 
incubated with and without anti‑SC1 antibodies (data not 
shown); therefore, the enhanced metastasis of SC1‑transfec-
tants in the mouse brain may have occurred due to an increase 
in cell adhesion among the tumor cells or tumor‑brain cell 
interactions, including those among nerve cells, glial cells 
and blood vessels. SC1 has been reported to be enriched in 
normal tissues and certain neoplastic tissues (8,19‑21). These 
distribution patterns of SC1 suggest that SC1‑transfected 
cells have the ability to attach to the surface of encephalic 
parenchyma cells following SC1‑SC1 binding.

It has been well‑established that in situ metastasis is the 
result of a multistep process, involving an altered associa-
tion between cancer cells and normal tissues. The initial step 
requires the detachment of cancer cells from the primary 
tumor sites, followed by intravasation through the neigh-
boring cells and/or networks of the extracellular matrix 
networks; subsequently, cancer cells must interact with the 
blood vessels and extravasate into the metastatic sites (24). 
E‑cadherin expression inhibition or dysregulation was 
suggested to be important for the release of cells from the 
primary tumor site, as it results in reduced contact‑mediated 

regulation (24,25). In addition, the upregulation of certain 
other CAMs promotes cell migration through the extracel-
lular matrix (4). Interactions of SC1 have been identified with 
itself, as well as with Ng‑CAM and CD6 (14,15); however, 
it is likely that SC1 also interacts with other unidentified 
proteins. These SC1‑mediated cell adhesion interactions may 
lead to the enhanced metastatic activity observed in A549 
cells. However, the underlying pathways of SC1‑mediated 
increases in tumor cell invasion and metastasis appear to be 
complex. 

In conclusion, the present study revealed that the expres-
sion of SC1 promoted the encephalic invasive activity of 
A549  cells as a result of its increased adhesive activity. 
Future studies are required in order to examine the role of 
SC1 in the blood‑borne metastasis of cancer from the lungs 
to the encephalon. It was hypothesized that SC1 has a role in 
the invasion of lung cancer cells into the encephalic paren-
chyma as well as in blood‑borne metastasis. Therefore, the 
identification of the role of SC1 in various metastatic systems 
may potentially inhibit the SC1‑dependent aspects of the 
malignant progression of cancers.
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