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Abstract

Background/Aim: The tumor microenvironment greatly influences cancer occurrence, progression, and treatment
resistance, making it a key target alongside cancer cells. In squamous cell carcinoma, the invasive front is crucial for
studying invasion mechanisms driven by the surrounding microenvironment and for identifying biomarkers to
diagnose and predict invasive cancer. In this study, we aimed to elucidate the regulation of cancer characteristics
through the interactions between factors at the invasive tumor front and the surrounding tumor microenvironment.
Materials and Methods: The invasive tumor front (ITF) and tumor center (TC) of collective cancer invasion were
analyzed using microarray to compare gene expression. A stable cell line with depleted DEFA1 expression was
established, and its effect on cancer growth was observed using a mouse tongue xenograft model. Invasive activity
was assessed using Transwell assays. Gene profiling of cancer cells and analysis of secreted proteins interacting with
U937 monocytic cells during co-culture were conducted using QuantSeq 3’ mRNA sequencing and LC-MS/MS analysis.
Results: DEFA1 was overexpressed at the ITF of collective cancer invasion. YD10B cells with depleted DEFA1 expression
exhibited significantly reduced invasiveness and tumor growth without changes in the cell cycle distribution. Co-culture
with U937 cells significantly enhanced the invasiveness of YD10B cells, which was inhibited by anti-DEFA1 treatment.
QuantSeq 3’ mRNA sequencing and LC-MS/MS analyses confirmed that DEFA1 derived from U937 cells increased the
invasiveness of YD10B cells. Recombinant DEFA1 (rDEFA1) significantly enhanced the invasiveness of YD10B cells via
the JNK MAPK/NF-kB signaling pathway, independent of changes in DEFA1 expression within YD10B cells.
Conclusion: DEFA1 is crucial for cancer invasion and growth, and monocyte-derived DEFA1 exacerbates these traits.
This study highlights DEFA1’s role in promoting invasion at the tumor front, where interactions with the
microenvironment are active.
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Introduction

In many types of human malignant epithelial tumors,
cancer cells exhibit collective invasion into the surrounding
stroma instead of disseminating individually. Collective
cancer invasion involves coordinated movement of groups
of connected cancer cells, facilitating tumor progression and
potential metastasis (1). This coordinated migration
involves cancer cell populations collectively invading
surrounding tissues. Such collective behavior is common
during the development of tissues and organs in embryonic
and perinatal stages. However, in the adult body, with the
exception of certain white blood cells, immune cells, and
mesenchymal stem cells, most somatic cells migrate locally
to reorganize or remodel tissue structures without
movement (2). Cell migration involves remodeling and
reorganization of the cytoskeleton, including actin
filaments, microtubules, and intermediate filaments, which
are tightly regulated by various signaling pathways and
chemical induction signals from soluble growth factors,
chemokines, and cytokines (3). Mechanisms that regulate
physical forces of attachment to the extracellular matrix
(ECM), gene expression regulation, and cell polarity and
membrane transport are also crucial for cell migration. The
collective cancer invasion mechanism is characterized by
plasticity in cell-cell interactions, integrin function, and
migration strategies that contribute to the dynamic
movement of cancer cells (4-6). Collective cancer invasion
is driven by heterogeneous groups of tumor cells polarized
into a ‘leading edge’ or ‘invasion front’ (7). The
characteristics of the invasive tumor front of a collective
cancer differ significantly from those of the tumor center
(8). The tumor center in collective cancer invasions often
exhibits high expression of E-cadherin (1). E-cadherin-
mediated cell adhesion promotes collective cell migration,
where cell populations move coherently while maintaining
intercellular connections. Accumulating studies have
identified molecules specifically expressed at the invasive
tumor front of collective cancer invasion, such as
podoplanin (9), insulin-like growth factor 2 mRNA-binding
protein 3 (10), basal epithelial genes (11), Rac, integrin 31,

and PI3K proteins (12), RAB13 and NET1 RNAs (13), NF-
kB-inducing kinase (NIK) gene (14), and DNA methylation
and gene expression variations (15). These proteins
collectively contribute to the unique properties of collective
cancer invasion, supporting coordinated movement, cell-
cell interactions, and invasion at the invasive tumor front.
The tumor microenvironment (TME) is composed of
fibroblasts,
inflammatory cells, signaling molecules, and extracellular

immune cells, bone marrow-derived
matrix (ECM) (16). In the TME, cancer cells can promote
new blood vessels and induce peripheral immune
tolerance, which can significantly impact cancer
development, progression, metastasis, and treatment
resistance. Cancer-associated fibroblasts (CAFs), tumor-
associated macrophages (TAMs), and other immune and
inflammatory cells in the TME originally can inhibit cancer
cell growth. However, they eventually support cancer
activity in early stages of cancer progression. These
components can suppress immune cells and create a
favorable environment for cancer growth or metastasis.
Consequently, targeted treatments addressing both cancer
cells and the TME have been proposed to prevent cancer
recurrence and metastasis and to enhance the
effectiveness of drug and radiation therapies. Collective
invasion of cancer cells is influenced by various cells and
the extracellular matrix within the TME (17). Cancer
invasion is maintained through the activation of signaling
pathways that can regulate cytoskeleton dynamics such as
invadopodia through actin polymerization by regulatory
proteins like cortactin and N-WASP (18). Invadopodia can
focally secrete protease enzymes, mainly matrix
metalloproteases (MMPs), to degrade the ECM and create
pathways for cancer cell invasion. The invasion front is the
interface between the tumor and host tissue. It is a critical
region for progression and metastasis of malignant cells.
Invadopodia formation is highly active in the invasion
front. Therefore, studies have focused on genes specifically
expressed at the invasive tumor front and the influence of
regional cancer microenvironment (19-22). However, the
exact mechanisms and key factors of cancer invasion and

subsequent metastasis are not fully understood yet.
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Various isoforms of defensing-alpha (DEFA) have been
reported in lung, skin, and urogenital epithelial cells, with
DEFA®6 found to be elevated in sera samples of patients
with colorectal cancer, suggesting its potential as a
diagnostic marker for colorectal cancer (23). DEFA1 is a
cationic amphipathic peptide with broad-spectrum
antimicrobial properties. It is known for its role in host
defense, including antimicrobial immunity and cytotoxicity
(24). We performed gene expression profiling of invasive
tumor front and tumor center areas in tissues with
collective cancer invasion and confirmed that the
expression of defensin-1 alpha (DEFA1) was increased
specifically at the invasive tumor front. However, the role
and regulation of DEFA1 in cancer cells and the tumor
microenvironment have not been precisely identified yet.
Thus, this study aimed to elucidate the role of DEFA1 found
to be overexpressed at the invasive tumor front by
establishing a DEFA1 knockdown cell line to assess its
impact on invasion activity and tumor growth. Additionally,
this study investigated the regulation of DEFA1 expression
by the tumor microenvironment using co-culture
techniques, with the goal of elucidating intricate
interactions between the invasive tumor front and the
surrounding tumor microenvironment.

Materials and Methods

Cell culture. The human YD10B oral squamous -cell
carcinoma cell line was cultured in DMEM/F12 (3:1 ratio)
medium (Gibco BRL Co., Rockville, MD, USA) supplemented
with 10% fetal bovine serum, 1x1071°M cholera toxin,
0.4 mg/ml hydrocortisone, 5 pg/ml insulin, 5 pg/ml apo-
transferrin, and 2x107!* M triiodothyronine (T3) (21). The
human acute monocytic leukemia cell line U937 was
cultured in RPMI1640 media (Gibco) supplemented with
10% FBS, 1% penicillin/streptomycin, and 50 pg/ml
neomycin in a humidified 5% CO, incubator (Thermo Fisher
Scientific, Waltham, MA, USA). The cell lines were purchased
from the Korean Cell Line Bank (Seoul, Republic of Korea),
and their genetic identity was confirmed through DNA
fingerprinting analysis using short tandem repeat (STR)

markers. U937 cells were differentiated into macrophages
with 100 nM phorbol 12-myristate 13-acetate (PMA) prior
to co-culture. After 48 h, only the cells attached to the bottom
of the culture flask were harvested for analysis.

Microarray analysis. Frozen surgical tissues from patients
diagnosed with OSCC were analyzed in areas with a
collective cancer invasion (n=3). From October to
December 2022, portions of excised tissue were
collected from patients diagnosed with OSCC who
underwent surgical procedures at Eulji University
Hospital (Daejeon, Republic of Korea). The age, sex,
biopsy site, differentiation, and TNM stage of the patients
who consented to the use of their tissues are as follows:
Patient 1 (63 years old, female, tongue, well to
moderately differentiated, T2NOMO), Patient 2 (70 years
old, male, tongue, moderately differentiated, T2N1MO),
Patient 3 (61 years old, male, tongue, moderately
differentiated, T2ZNOMO). From frozen-sectioned surgical
tissues, the invasive tumor front (ITF) and tumor center
(TC) of the collective invasion were separated and
harvested under a digital microscope (EVOS XL Core
Imaging System, Thermo Fisher Scientific, Bothell, WA,
USA) using a fine spatula blade (Thomas Scientific,
Swedesboro, NJ, USA). RNA was extracted and gene
expression was compared using the Human Gene ST 2.0
analysis (Affymetrix Inc., Santa Clara, CA, USA).
Microarray analysis data were obtained using an
Affymetrix 3000 7G scanner. The gene values extracted
through microarray analysis were calculated as the ratio
of the signal value of TC to the signal value of ITF. The
sample adequacy and microarray analysis of the
extracted RNA were performed using a BioCore
instrument (BioCore Co., Ltd., Seoul, Republic of Korea).
For the use of human specimens, informed consent was
obtained from the patients, and approval was received
from Eulji University’s Institutional Review Board (Sep
14, 2022) (IRB number; EU22-57), and the study was
conducted in accordance with the Declaration of
Helsinki. All patients provided written informed consent
to participate in the study.
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Construction of a stable cell line with suppressed DEFA1
expression. For construction of a stable cell line with
suppressed DEFA1 expression, a DEFA1 shRNA expression
vector in a pGFP-C-shLenti plasmid (TL320804) (OriGene,
Rockville, MD, USA) was used to generate DEFA1 knockdown
YD10B cells. The Lenti-vpak Lentiviral Packaging kit,
containing four unique 29-mer shRNA constructs in a
lentiviral GFP vector (TL320804A-D) and a scrambled
negative control non-effective shRNA cassette (TR30021),
was utilized. The shRNA sequences are as follows:
(TR30021; gcactaccagagctaactcagatagtact, TL320804A4;
aacgtcgctatggaacctgcatctaccag, TL320804B; gtgcattgcagga
gaacgtcgctatggaa, TL320804C; catctacca gggaagactct
gggcattct, TL320804D; ccatccttgetgecatte tectggtggec).
Lentivirus particles were produced in 293FT cells
(Invitrogen, Carlsbad, CA, USA), purified using a 0.22 pm
filter, and titrated. To establish DEFA1 knockdown stable
cancer cell lines, YD10B cells were transduced with 1x107
lentiviral particles in the presence of the transduction
enhancer Polybrene (10 pg/ml, Sigma-Aldrich). Lentiviral
particles produced with the scrambled negative control
SshRNA cassette were used to establish a wild-type stable cell
line (siCon-WT). After 24 h of viral introduction, puromycin
(10 pg/ml) (Gibco, Grand Island, NY, USA) was added to the
medium to select puromycin-resistant cells. The degree of
DEFA1 knockdown was confirmed by western blot analysis.
All gene silencing procedures were conducted according to
the manufacturer’s instructions.

Mouse tongue xenograft. All animal procedures were
performed in accordance with the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health, and all animal experiments were
approved by the Institutional Animal Care and Use
Committee of Eulji University (EUIACUC22-13). Thirty-five
male Balb/c nu/nu mice (4 weeks old; body weight,
11+2.5 g) were purchased from Jungang Animal Inc. (Seoul,
Republic of Korea) and were maintained under a 12-h
light/dark cycle at 20-22°C SPF condition. The mice were
allowed to acclimate for one week after arrival at the animal
facility before use in the experiments. If a weight loss

exceeding 20% occurred compared to the body weight of
control mice that were not transplanted with cancer cells,
the experiment was terminated prior to reaching the
planned endpoint. Anesthesia was induced using Zoletil (30
mg/kg; Verbac, Carros, France) via intraperitoneal injection,
and the stability of anesthesia was monitored by assessing
the heart rate. Cells (5x10* cells/0.1 ml in media) were
injected intramuscularly into mouse tongues under
anesthesia, and the mice were observed for 6 weeks with
regular monitoring of body weight and diet. Following
cancer cell transplantation, the mice were monitored with
the provision of fresh food and water every three days, and
no individuals were prematurely excluded from the
experiment due to weight loss. At the conclusion of the
experiments, the mice were sacrificed by cervical
dislocation, and the cessation of heartbeat was monitored
for 2 to 3 minutes to confirm death. Tumor volume was
calculated using the formula: volume = (length x width?) /2.
To confirm tumor growth, the tongues were harvested, fixed
in paraformaldehyde, and analyzed pathologically.

Immunohistochemistry and H&E staining. For immuno-
staining, tissue sections were deparaffinized using xylene
for antigen retrieval and subsequently blocked with 5%
normal goat serum for 3 h. The tissue sections were then
incubated with a DEFA1 primary antibody (NBP3-05562,
Novus Biologicals, Centennial CO, USA) ata 1:100 dilution
for 1 h, followed by three rinses with PBS. Next, the
sections were incubated with biotinylated anti-
mouse/anti-rabbit IgG (H + L) (BA-100-2.2, Vector
Laboratories, Inc., Newark, CA, USA) at a 1:200 dilution
for 30 minutes and rinsed three times with PBS. This was
followed by a reaction with horseradish peroxidase-
(SA-5704-100,
Laboratories, Inc.) at a 1:300 dilution for 30 minutes,

conjugated  streptavidin Vector
after which the cells were rinsed three times with PBS.
The tissue sections were then stained with 3,3’-
diaminobenzidine (DAB) and counterstained with
hematoxylin before being observed under a microscope
(EVOS XL Core Imaging System). All procedures were

performed at room temperature. For histological

329



Jeong et al: DEFA1 in Cancer Invasion and Tumor Growth

analysis, sections were deparaffinized with xylene and
stained with hematoxylin and eosin.

Transwell invasion assay. Polycarbonate nucleopore
Transwell inserts with 8 um pores (Corning Inc., NY, USA)
were coated with collagen (30 pg/well; Becton Dickinson,
Lincoln Park, NJ, USA) for 1 h. Cells (5x10* cells/insert)
were added to the collagen-coated inserts, and 0.9 ml of
complete media was added to the lower chamber for
incubation 37°C. After 48 h, the filter inserts were
removed, and the cells attached to the lower chamber
were imaged and counted using the EVOS XL Cell Imaging
System (Thermo Fisher Scientific, Waltham, MA, USA). To
measure the effects of recombinant DEFA1 (rDEFA1),
rDEFA1 (2 and 10 pg/ml) (PHC1615, GIBCO, Waltham,
MA, USA) was added to the media in the lower chamber.

Western blot analysis. For the Western blot analysis, cells
were lysed using RIPA buffer (Sigma) containing protease
inhibitor cocktail tablets (Merck KGaA, Darmstadt,
and the
centrifugation was used for analysis. Proteins were

Germany), supernatant obtained after
quantified using the Bradford assay, and equal amounts
of protein (50 pg) were separated on a 15% SDS-PAGE
gel.
polyvinylidene difluoride (PVDF) membrane (Millipore,
Billerica, MA, USA) and blocked with 5% skim milk at
room temperature. The membrane was sequentially

The proteins were then transferred to a

incubated with the primary antibody (1:1,000 dilution)
and HRP-conjugated secondary antibody (1:3,000
dilution, anti-rabbit; #7074, anti-mouse; #7076) (Cell
Signaling Technology, Danvers, MA, USA). The target
detected
Chemiluminescence (ECL) Detection kit (Amersham Life

proteins  were using an Enhanced
Science, Parsippany, NJ, USA). The antibodies used for the
analysis are as follows: Anti-SAPK/JNK (#9252),
phospho-SAPK/JNK (Thr183/Tyr185) (#4668), Anti-
p44/42 (Erk1/2) (#4695), phospho-p44/42 (Erk1/2)
(Thr202/Tyr204) (#4370), Anti-p38 MAPK (#9212),
phospho-p38 MAPK (Thr180/Tyr182) (#4511), Anti-Akt

(#9272), phospho-Akt (Ser473) (#4060), and Lamin A/C

(#4777), all obtained from Cell Signaling. Anti-DEFA1
(NBP3-05562) and anti-f-actin (AC-15) were acquired
from Novus Biologicals (Centennial, CO, USA). Protein
levels were compared by calculating the relative signal
intensity of the pixel area of the region of interest using
Image] software ver 1.53i (National Institutes of Health).

Cell cycle distribution. To analyze the cell cycle of the stable
cell line, FACS analysis was performed. Cells cultured in a
100 mm dish to 70% confluence were harvested by
trypsinization and then fixed with cold ethanol for 2 h. The
cells were sequentially treated with 0.25 pg/ml of RNase
A (Sigma) and 50 pg/ml of propidium iodide (PI,
Invitrogen). The DNA content for cell cycle distribution
was analyzed using a FACSCalibur apparatus with WinMDI
2.9 software (BD Biosciences, Franklin Lakes, NJ, USA).

Enzyme-linked immunosorbent assay (ELISA). The DEFA1
level was quantified using the Human Alpha-Defensin 1
DuoSet ELISA kit (R&D Systems) (DY8198-05) (R&D
Systems, Minneapolis, MN, USA) according to the
manufacturer’s protocols. Cells cultured in a 12-well
culture dish were washed twice with PBS and then
incubated in serum-free medium (1 ml) for 24 h at 37°C.
The supernatant from the culture medium was collected
after centrifugation at 1,000 x g for 10 min and used as
the analytical sample. The absorbance was measured
with a microplate reader.

Calcein-AM labeling and co-culture. The cancer cells
(5x10* cells) were suspended in 1 ml of serum-free
media, and Calcein-AM (final concentration of 50 pM,
C1430, Invitrogen, Waltham, MA, USA) was added. The
cells were then incubated for 30 minutes at room
temperature in the dark. After incubation, the cells were
centrifuged, collected, and added to collagen-coated
Transwell inserts. U937 cells (5x10* cells) were added
to the lower chamber without Calcein-AM labeling. To
observe the effect of the DEFA1 antibody, the antibody
(2 pg/ml, NBP3-05562) was added to both the Transwell
inserts and the lower chamber. The cells were incubated

330



CANCER GENOMICS & PROTEOMICS 22: 326-345 (2025)

for 24 h in serum-free media at 37°C, after which the cells
attached to the lower chamber were harvested using
0.25% Trypsin-EDTA and subjected to fluorescence
analysis (Excitation ~488 nm/Emission ~517 nm) using
HTX Multi-Mode
Microplate Reader; BioTek Instruments Inc., Winooski,
VT, USA).

a microplate reader (Synergy™

Co-culture of YD10B and U937 cells. To observe signaling
molecules and intracellular gene expression changes
involved in the interaction between the two cell types,
YD10B and U937 were co-cultured. Transwell-COL
permeable supports (collagen-coated, 24 mm insert;
Costar Corning Inc., Kennebunk, ME, USA) with a 0.4 pm
membrane pore size impermeable to cells were used for
this purpose. YD10B cells (1x10°) were added to the
Transwell supports, and U937 cells (1x10°) were added
to the lower chamber. The cells were co-cultured in
media containing 1% FBS for 48 h at 37°C. Cells were
harvested from the Transwell supports for Western blot
analysis and gene expression profiling. The culture
medium was collected for LC-MS/MS analysis.

QuantSeq 3’ mRNA-Sequencing for gene expression
profiling. Total RNA was isolated from cultured cells using
Trizol reagent (Invitrogen). The quality of the extracted
RNA was evaluated using the Agilent TapeStation system
(Agilent Technologies, Amstelveen, the Netherlands),
while RNA concentration was measured via the Qubit
assay (Thermo Fisher Scientific). To prepare libraries, the
QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen, Vienna,
Austria) was employed, following the provided protocol.
The processes of library amplification for adapter
sequence introduction, sequencing, QuantSeq 3’ mRNA-
Seq data analysis, and gene expression quantification
using HTSeq-count were conducted in accordance with
established protocols described in previous studies (25,
26). A heatmap generated through hierarchical clustering
was processed and examined using ExXDEGA GraphicPlus.
Data mining and graphic visualization were performed
using EXDEGA (Ebiogen Inc., Seoul, Republic of Korea).

LC-MS/MS analysis. Proteins extracted from GCF samples
(25 pg) by precipitation with acetone were dissolved in
5% SDS buffer (5% SDS, 50 mM TEAB, pH 7.55).
Solubilized proteins were digested using S-Trap™ micro
spin columns (Protifi, Farmingdale, NY, USA) according
the
spectrometry, protein digests were eluted using

to manufacturer’s instructions. For mass
trypsin/Lys-C protease, and fractionated peptides were
obtained from a reversed-phase fractionation spin
column (Thermo Fisher Scientific, Rockford, IL, USA)
using a serial percent solution of acetonitrile. Peptide
samples were separated sequentially using a Q Exactive™
HF-X hybrid quadrupole-orbitrap mass spectrometer
(Thermo Fisher Scientific) and a trap column (100 mm
x 2 cm) filled with Acclaim PepMap100 C18 resin.
Tandem mass spectra were acquired with an Orbitrap
mass analyzer using a mass resolution of 15,000 at m/z
200. Protein identification and quantification of LC-
MS/MS raw data files were performed with Proteome
Discoverer 2.4 software (Thermo Fisher Scientific). All
analysis procedures were conducted according to the

manufacturer’s instructions (27).

All
conducted using the InStat GraphPad Prism ver. 5.01
software (GraphPad Software, Inc., San Diego, CA, USA).
The significance of the expression differences between

Statistical analysis. statistical analyses were

the tumor center and invasive tumor front was evaluated
using the Mann-Whitney U-test. The significance of
tumor volume, invasion activity, DEFA1 concentration,
and band intensity in the western blot analysis were
assessed using the Kruskal-Wallis test with Dunn'’s
multiple comparison testing. p-Values of less than 0.05
were considered statistically significant.

Ethics approval statement and consent to participate. For the
use of human specimens, approval was received from Eulji
University’s Institutional Review Board (IRB number;
EU22-57), and the study was conducted in accordance with
the Declaration of Helsinki. All patients provided written
informed consent to participate in the study. Animal study
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Figure 1. The overall workflow of this study.

was approved by the Institutional Animal Ethics Committee
of Eulji University (EUIACUC22-13) and performed
according to the Guide for the Care and Use of Laboratory
Animals (NIH Publication no. 85-23, revised 1996).

Results

DEFA1 is overexpressed at the invasive tumor front in
collective cancer invasion. The overall workflow of this
study is presented in Figure 1. We easily observed
collective cancer invasion on HE-stained slides of tissues
from an oral cancer patient diagnosed with squamous
cell carcinoma (Figure 2A). From frozen surgical tissues
of patients diagnosed with OSCC, the collective cancer
invasion area was divided into the highly invasive tumor
front (ITF) and the tumor center (TC). Tissues were
separated, and microarray analysis was performed to
profile genes with more than a two-fold difference in
expression. As a result, a significant difference (p=0.038)
in expression was found for defensin-alpha 1 (DEFA1,
gene accession; ENST00 000382679) belonging to the
alpha defensin family (Table I). The average signal

i.m. injection of cancer
cells into mouse tongue

L8

Sacrifice and analysis :

intensity of DEFAI was 94.924 in ITF and 27.514 in TC,
indicating a 3.45 times higher signal in ITF. No significant
expression changes were observed for genes of the beta
defensin family. The expression of DEFA1 was confirmed
by immunostaining compared to an antibody isotype
control (IgG2a) in the collective cancer invasion area of
squamous cell carcinoma, showing a particularly strong
staining in ITF (Figure 2B).

Role of DEFA1 in cancer invasion and tumor growth. To
elucidate the role of DEFA1 in cancer progression, we
established YD10B OSCC cell lines in which DEFA1
expression was suppressed using shRNA (Figure 3A).
Among these, YD10B shRNA-A (siDEFA1-A) and shRNA-
B (siDEFA1-B) cell lines with DEFA1 protein expression
effectively suppressed were used to perform xenografts
on mouse tongues to confirm the role of DEFA1 in tumor
growth. As shown in Figure 3B, tumor volumes of
tongues injected with the wild type (siCon-WT) were
significantly larger than those of the negative control
(non-injection) (519+51.8 vs. 132.5+25.9, p<0.001).
Conversely, tumor volumes of tongues injected with
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Table I. The gene expression of defensin isoforms in the invasive tumor front (ITF) and tumor core (TC) regions within a collective cancer invasion of
oral squamous cell carcinoma (0SCC) tissue was analyzed using microarray analysis.

Gene description Gene Gene accession Signal for tumor  Signal for invasive Fold change p-Value
symbol center (C) tumor front (M) [Mvs. C] [Mvs. C]
(N=3, mean) (N=3, mean)
Defensin, alpha 1 DEFA1 ENST00000382679 27.514 94.924 3.449 0.038
Defensin, beta 123 DEFB123 ENST00000376309 28.899 57.285 1.982 0.265
Defensin, beta 136 DEFB136 NM_001033018 10.734 15.838 1.475 0.288
Defensin, beta 131 DEFB131 NM_001040448 6.887 9.351 1.357 0.516
Defensin, beta 124 DEFB124 NM_001037500 19.686 26.653 1.353 0.086
Defensin, beta 126 DEFB126 ENST00000382398 37.866 48.111 1.270 0.418
Defensin, beta 113 DEFB113 NM_001037729 24.161 28.918 1.196 0.572
Defensin, beta 117 DEFB117 DQ012021 9.343 10.985 1.175 0.855
Defensin, beta 121 DEFB121 NM_001011878 4.747 5.423 1.142 0.131
Defensin, beta 134 DEFB134 ENST00000526438 9.437 10.380 1.099 0.230
Defensin, beta 130 DEFB130 NM_001037804 4.652 5.005 1.075 0.501
Defensin, alpha 4, Corticostatin DEFA4 ENST00000297435 28.127 28.211 1.002 0.937
Defensin, beta 129 DEFB129 NM_080831 6.131 5.485 0.894 0.191
Defensin, alpha 6, Paneth cell-specific DEFA6 NM_001926 8.604 6.758 0.785 0.032
Defensin, alpha 5, Paneth cell-specific DEFA5 NM_021010 15.363 11.452 0.745 0.055
Defensin, beta 1 DEFB1 ENST00000297439 17.598 12.700 0.721 0.434
Defensin, beta 4B // defensin, beta4A DEFB4B//  ENST00000318157// 143.011 91.410 0.639 0.788
DEFB4A ENST00000318157

Statistically significant p-values are shown in bold.

siDEFA1-A (162+45.8), or siDEFA1-B (154.5+41.8) were
significantly smaller than those of siCon-WT (p<0.001).
Differences in tumor growth among siCon-WT, siDEFA1-
A, and siDEFA1-B were further confirmed through HE
staining of xenografted tissue sections (Figure 3C). In the
siCon-WT tongues, several large tumor masses were
observed (diameter of tumor: 3.170+0.183 mm -
1.936+0.117 mm). In contrast, in the siDEFA1-A and
siDEFA1-B tongues, multiple tumor foci and numerous
tumors of relatively smaller size were observed
(siDEFA1-A: 0.524#0.275 mm - 0.113+0.037 mm,
siDEFA1-B: 0.280+0.131 mm - 0.091+0.058 mm). To
confirm the role of DEFA1 in cancer invasion, we
observed invasion activity using a Matrigel-coated
Transwell chamber. Compared to the number of invaded
cells in siCon-WT (461.7+£53.7) after 48 h, numbers of
invaded cells in siDEFA1-A (105.3+15.3) and siDEFA1-B
(110.8£20.33) were significantly lower (Figure 4A). FACS
analysis was conducted to determine if the difference in
the number of infiltrating cells between cell lines was

due to different cell growth rates. Results showed no
significant difference in cell cycles among groups (siCon-
WT, siDEFA1-A, and siDEFA1-B) (P2; sub-G; phase, P3;
Gy/G; phase, P4; G,/M phase) (Figure 4B).

Role of DEFA1 in cancer cell invasion mediated by U937
monocytic cells. To investigate the role of DEFA1 in the
enhancement of cancer cell invasion mediated by U937
monocytic cells, a co-culture experiment was conducted
using Transwells coated with collagen type I (45 pg/well)
as shown in Figure 5A. To distinguish between U937 cells
and cancer cells, YD10B cells were labeled with Calcein-
AM. Calcein-AM-labeled YD10B cells (siCon-WT or
siDEFA1-A) were added to the upper chamber, while
U937 cells without Calcein-AM labeling were added to the
lower chamber and co-cultured for 24 h. After 24 h, all
cells in the lower chamber were harvested and Calcein
the
fluorescence level of the siCon-WT control cultured alone
(9,531+1,730), the fluorescence level of siCon-WT

fluorescence was measured. Compared to

333



Jeong et al: DEFA1 in Cancer Invasion and Tumor Growth

Figure 2. Expression of DEFA1 in collective cancer invasion of oral squamous cell carcinoma (0SCC). (A) Hematoxylin and eosin (H&E) staining of
squamous cell carcinoma tissue. The invasive tumor front (ITF) and tumor center (TC) regions were selected and delineated with solid lines in the
collective cancer invasion for microarray analysis (magnification; 10x, scale bars: 100 um). (B) Representative immunohistochemical analysis image
showing DEFA1 expression in collective cancer invasion tissue. Hematoxylin was used for nuclear counterstaining. IgG2a served as an antibody isotype

control (magnification; 20x, scale bars: 100 um).

co-cultured with U937 cells was significantly increased
(30,794+4,433) (p<0.001) (Figure 5B). However, the
increased fluorescence level of siCon-WT due to co-
culture with U937 cells was significantly suppressed
(p<0.01) to 14,130+3,257 after adding 2 pg/ml anti-
DEFA1. In LC-MS/MS analysis, DEFA1 peptides were not
detected in the conditioned media (CM) of siCon-WT,
whereas two prominent DEFA1 peptides were detected
in the CM of U937 cells (Accession P59665, neutrophil
defensin 1) (Figure 5C). These two peptides (IPACIAGERR
and YGTCIYQGR) were confirmed to match DEFA1l
through alignment with a Reference Sequence
(NP_004075.11) from NCBI (Figure 5D). Additionally,
DEFA1 ELISA analysis showed no significant detection of

DEFA1 in the CM of siCon-WT cells, whereas DEFA1 was
detected in the CM of U937 cells at 286.5£20.14 ng/ml
(Figure 5E). Moreover, the invasion of siCon-WT cells was
increased by co-culturing these cells with U937 cells
(27,844+4,264) or PMA-differentiated U937 cells
(28,062£3,561) (p<0.001), showing no significant
difference in the enhancement of cancer cell invasion
between the two U937 cells (Figure 5F).

Regulation of DEFA1 expression and the invasion of cancer
cells through co-culture with U937 monocytic cells. To
investigate the expression of DEFA1l in cancer cells
influenced by U937 monocytic cells, siCon-WT cells were
co-cultured with U937 cells using Transwell-COL
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siCon-WT; n=11, siDEFA1-A; n=10, siDEFA1-B; n=10). *p<0.001 vs. non-injection, **p<0.001 vs. siCon-WT. (C) Representative H&E staining images of
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permeable supports (0.4 um pore, collagen-coated) for 24 h.
Subsequently, siCon-WT cells from the Transwell were
harvested and DEFA1 levels were analyzed via western
blot. As shown in Figure 6A, DEFA1 levels in siCon-WT cells

did not significantly change compared to their levels when
co-cultured with U937 cells. Similarly, QuantSeq 3’ mRNA-
Sequencing of defensin family mRNA expression revealed
that no difference in DEFA1 level between siCon-WT cells

335



Jeong et al: DEFA1 in Cancer Invasion and Tumor Growth

A 600+
siCon-WT D
s
@
8 400-
0
3]
o *
. °
siDEFA1-A © 2004
g
E =
0 T T T
. & X 2
siDEFA1-B 5 W
§ &
LR
S O
B 800 -
P2 Population | Events | Parent (%) | Total (%)
600 All Events 12,532 - 100
. 2 P1 9,960 79.5 79.5
SiCon-WT 5 o P2 183 1.8 1.5
8 P3 4,600 46.2 36.7
200 P4 2,848 28.6 22.7
P5 2,203 22.1 17.6
T I rrrrrrrTT I ll
50 100 150 200 250 (x1,000)
800 1
Population E Parent (%) | Total (%)
@ 60 P4 All Events 12,375 - 100
. = P1 9,961 80.5 80.5
SiDEFAL-A = .| P2 164 16 13
. P3 4,902 49.2 39.6
200 P4 2,537 255 20.5
P5 2,191 22.0 17.7
0 =TT TT LA B L L B ?
50 100 150 200 250 (x1,000)
03 P4 Population | Events | Parent (%) | Total (%)
o 600 All Events 12,447 - 100
= P1 9,950 79.9 79.9
. e A
siDEFA1-B 3 0] P P2 144 14 1.2
© P3 4,627 46.5 37.2
200 P4 2,767 27.8 22.2
P5 2,325 234 18.7
0 Ty LN B I B B B B L I B B I | I.
50 100 150 200 250 (x1,000)
PE-CF594-A

Figure 4. Role of DEFA1 in cancer cell invasion. (A) An in vitro invasion assay was performed for 48 h using a Matrigel-coated Transwell. More than four
repeated experiments were conducted. Two representative images are provided (magnification; 100x, scale bars: 200 um). The number of cells that migrated
to the lower chamber was counted and presented in a graph. *p<0.0001 vs. siCon-WT. (B) Flow cytometry analysis for cell cycle distribution. Equal numbers
of cells were stained with propidium iodide. Cell cycle distributions are displayed as representative histograms. P2: Sub-Gy, P3: Gy, P4: S, P5: G,/M.

co-cultured with U937 cells and siCon-WT cells cultured  siCon-WT only vs. siCon-WT (co-culture with U937) vs.
alone (Figure 6B). This is illustrated in the hierarchical U937 only]. Instead of co-culturing with U937,
clustering heatmap [siCon-WT (co-culture with U937) vs.  recombinant DEFA1 (rDEFA1) was added to siCon-WT
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cells and invasion was observed using collagen-coated
Transwell chambers. After 24 h, the number of invading
cells at the bottom of the chamber was counted. Compared
to the number of invading siCon-WT cells cultured alone,
the number of invading siCon-WT cells treated with 2
pug/ml or 10 pg/ml rDEFA1 was increased (Figure 6C).
These results suggest that DEFA1 secreted from U937 cells
can stimulate cancer invasion independently of any
changes in DEFA1 levels within cancer cells.

Cell signal molecules in cancer cells influenced by co-culture
with U937 monocytic cells. The signaling pathway related to
cancer invasion in siCon-WT cells co-cultured with U937
was analyzed using western blotting (28). Compared to
control cells not co-cultured with U937, the activation
(phosphorylation) of c-Jun NH2-terminal kinase (JNK), a
member of the mitogen-activated protein kinases (MAPKs),
was significantly increased in siCon-WT cells co-cultured
with U937 (Figure 7A). No significant changes were
observed in the activation of extracellular signal-regulated
kinases-1/2 (ERK1/2), p38 MAPK, and Akt. The enhanced
activation of JNK induced by co-culture with U937 was
markedly inhibited by treatment with 10 pg/ml rDEFAL.
Additionally, we assessed the nuclear translocation levels of
p50 and p65, components of the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) complex, which
are critical in regulating cancer invasion and progression. To
achieve this, cell extracts were fractionated into cytosolic and
nuclear components for analysis. Compared to control cells,
the levels of p50 and p65 in the nuclear fraction of siCon-WT
cells co-cultured with U937 were increased (Figure 7B). The
enhancement of nuclear translocation of p50 and p65 in
cancer cells induced by co-culture with U937 was
significantly reduced by treatment with 10 pg/ml rDEFA1.

Discussion

Metastasis is a process in which cancer cells migrate from
the primary tumor; requiring invasive cancer cells to traverse
the basement membrane (BM). The BM serves as a natural
barrier between the epithelium and the stroma, the latter
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Figure 5. Continued

being an extracellular matrix (ECM) network that houses
various cell types (29). Cancer research has focused on
genetic and epigenetic mutations within tumor cells.
However, it is now proposed that the tumor micro-
environment can significantly influence the biological
characteristics of cancer. Consequently, research direction is
shifting towards understanding interactions between cancer
cells and stromal cells to control tumor progression,
metastasis, recurrence, and drug resistance. Cancer invasion
is often attributed to epithelial-mesenchymal transition
(EMT), a mechanism where single cells dissociate and
migrate independently. However, in actual cancer patient
tissues, it is difficult to observe cells that are undergoing
EMT, with most cases exhibiting collective invasion of
invasive solid tumors (1). In collective invasion, cell-cell
contact is maintained through cadherin, forming groups of
aggregated cells that can invade collectively via ECM
adhesion. Factors driving the individual versus collective
migration of cancer cells are not fully understood yet.
Nonetheless, amoeboid cells such as A375 and B16F2
melanoma cells tend to migrate individually or in streams,
whereas epithelial cells migrate collectively. Cells with
mesenchymal morphologies, such as MTLn3 or HT-1080,
can switch between single-cell and collective migration
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Figure 5. Influence of U937 monocytic cells on cancer cell invasion. (A)
Image showing the Transwell insert well and cell positioning used in co-
culture experiments. (B) Impact of U937 cells on cancer cell invasion
activity was observed through co-culture using a Transwell chamber.
Calcein-AM-labeled siCon-WT cells were added to the Transwell insert well
and U937 cells were added to the lower chamber in serum-free media for
co-culture. After 24 h, cells in the lower chamber were harvested and
fluorescence was analyzed. To observe DEFA1 antibody response in cancer
cell invasion, a DEFA1 antibody (2 ug/ml) was added to both the Transwell
insert well and the lower chamber for co-culture. *p<0.001 vs. siCon-WT,
#p<0.01 vs. +U937. (C) DEFA1 peptide spectrum detected in conditioned
media of U937 cells by LC-MS/MS analysis. Amino acid sequence peptide
spectrum: peptide 1 - IPACIAGERR (up), peptide 2 - YGTCIYQGR (down).
Peaks marked in red and blue indicate peaks matching each peptide
sequence. (D) Alignment of the two peptide sequences detected in the LC-
MS/MS analysis with the NCBI Reference Sequence of neutrophil defensin
1 (DEFA1) (Homo sapiens, NP_004075.11). (E) Quantification of DEFA1 by
ELISA. DEFA1 levels in the conditioned media of YD10B siCon-WT, siDEFA1-
A, and U937 cells was quantified. (F) Comparison of cancer cell invasion in
a collagen-coated Transwell chamber between U937 cells treated with 100
nM phorbol 12-myristate 13-acetate (PMA-U937) and untreated U937 cells
(U937) co-cultured with Calcein-AM-labeled cancer cells. *p<0.001 vs.
siCon-WT (cont).

modes. In hepatocyte growth factor (HGF)-treated MDCK
cells, increased N-cadherin activity can promote the
transition from individual invasion to collective cell
migration. Collective invasion has been observed for various
cancer types (6, 11, 30, 31). Group migration is characterized
by sustained inter-cell adhesion and high directional
movement with neighboring cells during migration. In

collective invasive tissues, the invasive tumor front migrates
as narrow linear strands led by leading cells or as broad,
irregularly shaped sheets led by multiple leading cells.
Leader cells at the invasive front guide the invasion, while
follower cells at the tumor center follow their signals (1, 32).
The fibrosis at the borderline between the tumor
microenvironment (TME) and cancer cells has been
reported to be associated with higher T classification, N
classification, stage, histological grade, and invasion mode
(33). In this study, we harvested the invasive tumor front
area composed of leader cells and the tumor center area
composed of follower cells from oral squamous cell
carcinoma tissue exhibiting collective cancer invasion and
compared their gene expression profiles. We confirmed that
defensin 1-alpha (DEFA1) was highly expressed in cancer
tissues compared to that in normal tissues. We also found
that DEFA1 was especially expressed at a higher level in the
invasive tumor front than in the tumor center of collective
cancer invasion. Mass spectrometry separation and amino
acid sequencing have revealed that alpha-defensins (human
neutrophil peptides 1, 2, and 3) are expressed in squamous
cell carcinoma tissue of human tongues (34). However, our
study is the first to confirm high expression of DEFA1 at the
invasive tumor front of collective cancer invasion.
that
characteristics of cancer can be regulated by the tumor

Considering accumulated reports biological
microenvironment, including cancer-associated fibroblasts
(CAFs), tumor-associated macrophages (TAMs), and other
immune and inflammatory cells (35), the high expression of
DEFA1 at the invasive tumor front of collective cancer
invasion adjacent to the cancer-surrounding stroma
suggests that DEFA1 expression is likely to be regulated by
the tumor microenvironment. Accordingly, we investigated
not only the role of DEFA1 in cancer cells but also the
regulation of DEFA1 expression by stromal cells around the
tumor. High expression levels of DEFA1 at the invasive front
of collective invasion were identified through microarray
analysis of surgical tissues from three patients. To validate
the findings obtained from small sample size, we used tissue
immunostaining to reconfirm the overexpression of DEFA1

at the invasive front of collective invasion. Further
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Figure 6. DEFA1 expression and invasion of cancer cells co-cultured with U937 cells. (A) Analysis of DEFA1 expression in cancer cells (siCon-WT) co-
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(C) Cancer cells (siCon-WT) were co-cultured with recombinant DEFA1 (rDEFA1; 2 ug/ml, 10 ug/ml) in Transwell inserts and incubated in 1% media.
After 24 h, all cells attached to the lower chamber were counted. More than five repeated experiments were conducted. A representative result is provided
(magnification; 100x, scale bars: 200 um). Data are expressed as the mean+SD of three independent experiments. *p<0.001 vs. siCon-WT only.

confirmation in a larger sample size is necessary to
generalize our findings. Additionally, follow-up studies are
needed to elucidate the intracellular signaling pathways and
transcription factors involved in the overexpression of
DEFA1.

Human defensins acting as antimicrobial peptides in the
innate immune system are known to contribute to host
defense by serving as a barrier in the epithelial layer against
local infections (36). While defensins are known for their
roles in cell division, immune cell attraction and maturation,
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Figure 7. Analysis of signal transduction molecules in cancer cells co-cultured with U937 monocytic cells. (A) Western blot analysis was conducted to
assess the activation levels of mitogen-activated protein kinases (MAPKs) in siCon-WT cells co-cultured with U937. Activation was evaluated based
on the phosphorylation levels of [NK, ERK1/2, p38 MAPK, and Akt. siCon-WT cells that were not co-cultured with U937 served as the control.
Recombinant DEFA1 (rDEFA1, 10 ug/ml) was added into the co-culture media of U937 and siCon-WT. (B) Analysis of nuclear translocation of the
transcription factor NF-xB in siCon-WT cells co-cultured with U937. The levels of NF-kB components p50 and p65 were analyzed in cytosolic and
nuclear extracts obtained from the cells. f-actin and lamin A/C were used as loading controls for cytosolic and nuclear extracts.

epithelial tissue differentiation and remodeling, wound
healing, and tumor suppression, information on their roles
in cancer invasion is still limited (37). Vertebrate defensins
include a-DEFA and (-DEFA. Among six human o-DEFA
isotypes, HNP1, HNP2, and HNP3 are encoded by DEFA1 and
DEFA3 genes. They can be distinguished by a conserved
cysteine motif, unlike DEFA5 (HD5) and DEFA6 (HD6) (38).
Beta-defensin (HBD) acts as a tumor suppressor in some
tumor types, while alpha-defensin (DEFA) promotes tumor
cell growth or causes cell death at high concentrations (38,

39). Overexpression of DEFA1 has been observed in bladder
cancer, colorectal cancer; and renal cell carcinoma (40-42),
promoting tumor cell proliferation (42, 43) and contributing
to tumor progression and invasiveness (40, 44). Our
microarray analysis of gene expression profiling in the
tumor center and invasive tumor front regions of collective
cancer invasion revealed no significant difference in HBD,
whereas DEFA1 and DEFA3 showed more than a 3-fold
difference, with DEFA1 being statistically significant. In our
study, we constructed an oral cancer cell line with
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suppressed DEFA1 expression and confirmed that DEFA1
was involved in invasive activity and cancer growth through
in vitro and in vivo studies. Cell lines inhibited DEFA1
expression showed reduced invasion without showing
changes in cell cycle distribution, indicating the role of
DEFA1 in cancer invasion. Tongue cancer established at an
orthotopic site exhibited a significant reduction in tumor
volume due to DEFA1 expression inhibition with foci-sized
cell growth in multiple tissues. These results provide
evidence for the role of DEFA1 in cancer progression at the
invasive tumor front. We investigated the role of DEFA1 in
cancer growth using a mouse xenograft model. While there
are limitations in accurately replicating the human cancer
growth environment, tumor xenograft models using
immunocompromised mice are commonly employed as
they most closely mimic the human cancer growth and
metastasis environment. It has been reported that bladder
cancer patients with increased tumor grade, lymphovascular
invasion, and lymph node metastasis have higher plasma
DEFA1-3 levels, suggesting that it could be used as a
preliminary indicator for diagnosing cancer progression in
bladder cancer patients (44). Additionally, plasma DEFA1-3
concentrations are elevated in patients with colon cancer
(41,45, 46). Although we attempted to detect DEFA1 in sera
samples of xenografted mice, no significant concentration
changes were measured. Further studies on the serum of
oral cancer patients are needed to evaluate the potential of
DEFA1 as a diagnostic marker for OSCC. This could
contribute to the development of a tool for the more rapid
diagnosis of OSCC.

Considering that a favorable environment for tumor
growth and progression is created by tumor-associated
fibroblasts (CAFs), tumor-associated macrophages (TAMs),
and various immune and inflammatory cells within the
tumor microenvironment, many studies have proposed
strategies to simultaneously target cancer cells and the
tumor microenvironment (47). In this study, we confirmed
that cancer cell invasion was significantly increased through
co-culture with U937 monocytic cells. Consistent with this,
several studies have reported that monocyte-derived factors
can regulate cancer activity. For example, prostate cancer

cells co-cultured with U937 cells showed increased cancer
invasion activity, which was inhibited by tissue factor
neutralizing antibodies (48). Additionally, interleukin-6 (IL-
6) secreted by monocytes could increase cancer cell
migration and invasion by regulating EMT and promoting
macrophage recruitment through C-C Motif Chemokine
Ligand 2 (CCL2) (49). Monocytes co-cultured with MKN1
gastric cancer cells could differentiate into a tumor
microenvironment (TME) producing matrix metallo-
proteinase-9 (MMP9), which could promote cancer invasion
through ECM degradation (50). MMP-9 secreted by cancer
cells not only can promote tumor progression and
exacerbation by facilitating cancer cell migration and
invasion by degrading the extracellular matrix (ECM), but
also can regulates the migration and invasion of endothelial
cells, thereby contributing to tumor-associated angio-
genesis (51). In particular, CAFs can secrete IL-6 and
granulocyte-macrophage colony-stimulating factor (GM-
CSF) to differentiate monocytes into M2-like TAMs, thereby
promoting tumor progression (52). Interestingly, we
confirmed that increased cancer cell invasion by co-culture
with U937 monocytic cells was significantly suppressed by
a DEFA1 antibody. As a result of LC-MS/MS and ELISA
analysis, DEFA1 (286.5+20.14 ng/ml) was detected in the
culture medium of U937 cells. However; it was not detected
at a significant concentration in the culture medium of
cancer cells. These two results suggest that DEFA1 secreted
from U937 cells can stimulate cancer invasion activity. In an
invasion assay conducted at 24 h after treatment with
recombinant DEFA1 (10 pg/ml) instead of co-culture with
U937 cells, a significant increase in cancer cell invasion was
found. These results imply that not only endogenous DEFA1,
but also exogenous DEFA1 can regulate cancer invasion.
Consistent with our results, the enhancement of cancer cell
characteristics has been confirmed by exogenous DEFA (40).
Exogenously treated DEFA can increase intracellular calcium
ions influx, resulting in increased cell proliferation, motility,
and invasiveness of bladder cancer cell lines. For this reason,
they have proposed a role for autocrine tumor expression of
DEFA in promoting the invasive phenotype of cancer cells.
In our western blot analysis and gene expression profiling,
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there was no further increase in DEFA1 expression in cancer
cells co-cultured with U937 cells. Our results also indicated
no autocrine action of DEFA1 in oral cancer cells and that
exogenous DEFA1 might enhance cancer invasive activity
through a mechanism separate from DEFA1 in cancer cells.
Therefore, DEFA1 has a high potential to be developed as an
inhibitor or a targeted immunotherapy agent, warranting
further studies to explore its preclinical effects. In addition
to the role of DEFA1 in enhancing tumor characteristics (40,
42-44), there have been reports on the regulation of cancer
cell proliferation by exogenous DEFA1. As a result of the cell
proliferation test observed for 48 h, a low concentration of
DEFA1 (8 pg/ml) promoted epithelial cell proliferation of
the KB squamous cell carcinoma cell line, while a high
concentration of DEFA1 (50 pg/ml) was cytotoxic (43).
In the renal cell carcinoma cell line A498, a mixture of
a-defensins (DEFA-1, -2, and -3) at 12.5 pg/ml stimulated
cell proliferation, whereas a mixture of a-defensins at a high
concentration of >12.5 pg/ml caused cytotoxicity, such as
inhibition of DNA synthesis (42).

In conclusion, our study not only demonstrated that
DEFA1 plays an important role in cancer invasion, butalso
indicates that invasion can be enhanced by exogenous
DEFA1 derived from the tumor microenvironment. We
speculate that exogenous DEFA1 can regulate cancer
invasion through a separate pathway rather than by
further increasing DEFA1 expression in cancer cells. To
clarify this, further studies are needed to determine the
mechanism of interaction between cancer cells and
monocytes. In addition, our study confirms that the
invasive tumor front of collective cancer invasion is an
area where cancer activity is closely regulated by the
surrounding tumor microenvironment. Although further
research is needed to fully understand implications of
collective cancer invasion, it is clear that the invasive
tumor front area is a highly strategic area for identifying
targets that can diagnose and predict invasive cancer.
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