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Abstract: Preventing cancer metastasis requires a thorough
understanding of cancer cell invasion. These phenomena
occur in human 3-D living tissues. To this end, we developed
a human cell-based three-dimensional (3-D) cultured tissue
constructs that imitate in vivo human tissue organization.
We investigated whether our 3-D cell culture system can be
used to analyze the invasion of human oral squamous cell
carcinoma (OSCC) cells. The 3-D tissue structure consisted of
five layers of normal human dermal fibroblasts along with
human dermal lymphatic endothelial cell tubes and was gen-
erated by the cell accumulation technique and layer-by-layer
assembly using fibronectin and gelatin. OSCC cells with dif-
ferent lymph metastatic capacity were inoculated on the 3-D
tissues and their invasion through the 3-D tissue structure
was observed. Conventional methods of analyzing cell

migration and invasion, that is, 2-D culture-based transwell
and Matrigel assays were also used for comparison. The
results using the 3-D cultured tissue constructs were compa-
rable to those obtained using conventional assays; more-
over, use of the 3-D system enabled visualization of
differential invasion capacities of cancer cells. These results
indicate that our 3-D cultured tissue constructs can be a use-
ful tool for analysis of cancer cell invasion in a setting that
reflects the in vivo tissue organization. © 2018 The Authors.
journal Of Biomedical Materials Research Part A Published By Wiley
Periodicals, Inc. J. Biomed. Mater. Res. Part A: 107A: 292-300, 2019.
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INTRODUCTION

Understanding the mechanisms of cancer cell migration and
invasion is essential for controlling local invasion or lympho-
genous and hematogenous metastasis. Importantly, these
phenomena occur in human 3-D living tissues.

In vivo experimental transplantation in animals is typi-
cally used, but is associated with some problems. For exam-
ple, a heterologous graft may provide results different from
the human phenomena, chronological observation is difficult,
and animal experiments have been restricted in recent years.
In contrast, in vitro experiments with conventional analysis
of migration and invasion ability based on 2-D culture
methods are also typically used to analyze these processes.

For instance, wound healing and transwell assays are used
to evaluate cell migration, whereas the Matrigel chamber
assay is used to assess cell invasion. However, these assays
may not reflect actual events that occur in living tissues. To
this end, we developed a 3-D cultured tissue system using
the layer-by-layer (LbL) approach’? consisting of a multilay-
ered tissue with normal human dermal fibroblasts (NHDFs)
and human dermal lymphatic endothelial cells (HDLECs),
which was similar to human subcutaneous tissue [Fig. 1(A)].

The oral mucosa and skin are composed of stratified
squamous epithelium. Almost all oral cancers are squamous
cell carcinomas, which are derived from stratified squamous
epithelial cells. Oral cancer cells that occur in the epidermis
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FIGURE 1. A: Construction of 3-D cultured tissue constructs. NHDFs are coated with fibronectin and gelatin via layer-by-layer (LbL) assembly, and a
3-D cultured tissue is constructed using the cell accumulation technique. In this manner, we developed a 3-D cultured tissue construct that imitates
the human living tissue organization. B: Schematic illustration for comparison for tumor cell invasion model using 3-D and 2-D cultured tissue con-
structs. Our 3-D invasion model better resembles the environment of the living body tissue than a 2-D invasion model. Our purpose was to compare
the ability of the 3-D cultured tissue constructs to assess tumor cell migration and invasion ability to that of conventional 2-D cell culture methods.
C: Schematic illustration of the invasion assay based on 3-D cultured tissue constructs. The tissue consisted of five layers of NHDFs, one layer of
HDLECs, and five layers of NHDFs. Tumor cell suspensions were adjusted to a concentration of 1 x 10* cells per 300 uL of medium and cultured on
3-D tissues for 5 days. The invasion of SAS-Venus cells and SAS-LM8 cancer cells through the structure was then observed.

(the outer layer of epithelium) destroy the basement mem-
brane and invade the dermis (the inner layer of epithelium),
in which fibroblasts, lymphatic vessels, blood vessels, and
extracellular matrix (ECM) including collagen fibers exist.
For investigation of tumor cell invasion, it has been neces-
sary to develop 3-D tissue constructs imitating human living
tissues such as the human epithelium.

Recently, several studies of tumor cell invasion in 3-D
models have been reported. For example, breast cancer cell
invasion was quantified using a 3-D model.* A cancer cell
spheroid assay was used to assess invasion in a 3-D setting.*
Cell spheroids have been employed as 3-D culture models,
especially 3-D cancer spheroids for modeling of cancer cell

metastasis. Although interesting 3-D-co-culture spheroids
have been reported for the investigation of tumor invasion,
the reconstruction of the delicate and precise 3-D location of
multiple types of cells has not been achieved yet due to cell
heterogeneity, the lack of control of cell number and location,
and necrosis inside the spheroids because of insufficient
nutrient supply. Recently, several bottom-up approaches
such as a cell sheet®>” and cell-containing gel layer® have
been reported for the construction of multilayered tissues.
These methods are intriguing, but have limitations due to the
complicated manipulation of fragile cell sheets.

We previously developed a simple bottom-up approach
by preparing nanometer-sized ECM films on cell surfaces® !
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using fibronectin-gelatin (FN-G) films with a thickness of
<10 nm, prepared by layer-by-layer (LbL) assembly.'?71*
These films promoted cell-cell interactions similar to natu-
ral ECM. This technique is simple but can be used to
develop multilayered constructs while controlling the cel-
lular type and location. However, the fabrication of multi-
layer tissues is limited due to the time required for stable
cell adhesion.

Therefore, we have developed a simple bottom-up
approach, called the cell accumulation technique.® Our sim-
ple approach through nano-ECM film fabrication easily pro-
vides approximately 3-D tissue constructs with 8-10 layers
after only one day of incubation. Using our simple and rapid
cell-accumulation technique, the layer number, cell type, and
location were successfully controlled by altering the seeding
cell number and order.

We previously reported that SAS-Venus and SAS-LMS,
which are highly metastatic lymph cells, showed increased
migration and invasion in a 2-D cell culture system upon
stimulation with Wnt5b.>"'7 In this study, we investi-
gated whether our 3-D cell culture system can be used to
analyze the migration and invasion of human oral squa-
mous cell carcinoma (OSCC) cells and compared the
results to those obtained using conventional 2-D cell cul-
ture methods.

MATERIALS AND METHODS

Cell lines and culture

The SAS cell line was derived from surgical specimens of
poorly differentiated SCC obtained from a Japanese woman
with a primary tongue lesion.'® SAS-Venus and SAS-LM8
human SCC cell lines stably overexpressing green fluorescent
Venus protein were provided by Professor T. Yoneda, Osaka
University Graduate School of Dentistry, Japan. Highly lymph
metastatic SAS-LM8 human SCC cells (SAS-LM8 cells) were
established from SAS-Venus human SCC cells (SAS-Venus
cells) through eight rounds of in vivo selection®>®
(Supporting Information, Fig. 1). HSC3 cells were derived
from poorly differentiated 0SCC'® and provided by Riken
BioResource Center, Cell Engineering Division (RCB1975)
(Ibaraki, Japan). HSC3-Venus human SCC cells (HSC3-Venus
cells) stably overexpressing green fluorescent Venus protein
were prepared by the same method as SAS-Venus cells.® The
GFP expression vector, pZGreenl-N1, was obtained from
Clontech (CA, USA). For gene transfer, plasmid DNA and the
gene transfer reagent FUGENE 6 (Promega, WI, USA) were
used in a ratio of 1:3, mixed with MEM without addition of
FBS. G-418 (Thermo Fisher Scientific, MA) was added to the
medium at a concentration of 500 pg/mL, and cells expres-
sing GFP were selectively cultured. Under visual confirma-
tion of GFP by LED light (Optocode, Tokyo, Japan), colonies
expressing GFP were cloned.

NHDFs and HDLECs were obtained from Lonza (Basel,
Switzerland) and used at passage 4; the cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) with 10%
fetal bovine serum (FBS) at 37°C in a humidified atmosphere
of 5% CO..
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Cell stimulation with recombinant Wnt5b

Cells were cultured with recombinant human Wnt5b
(500 ng/mL) (R&D Systems, Minneapolis, MN, USA) for 48 h
at 37°C and then used for experiments.

Cell migration and invasion assays

Cell migration was evaluated with transwell assays using BD
BioCoat cell culture inserts (Becton- Dickinson, Franklin
Lakes, NJ, USA). Cells were resuspended in serum-free
DMEM and added to the upper chamber at a density of 5 X
10* cells/insert. DMEM containing 10% FBS was added to
the lower chamber. After incubation at 37°C for 48 h, cells
that penetrated through the membrane to the lower side
were fixed with 4% paraformaldehyde, and stained by May-
er’s hematoxylin (Muto, Tokyo, Japan). To measure cell inva-
sion activity, the same assay was performed using BD
BioCoat Matrigel invasion chambers (Becton-Dickinson). Cell
migration activity and invasiveness were determined by
measuring the area occupied by the cells on the lower side
of the filter under a fluorescence microscope in 10 randomly
selected fields at 200x magnification and quantified using
the public domain Image] program.’” The area occupied by
the cells that passed through the membrane was calculated.
The measurement was repeated in three specimens.

For the data shown in Figures 2(C) and 3(C), rather than
Mayer’s hematoxylin (Muto, Tokyo, Japan), the area occupied
by the cells on the lower side of filter through the pores was
measured under a fluorescence microscope.

Nanofilm coating by LBL filtration

Fibronectin (FN) from human plasma (MW = 4.6 x 10° Da)
was purchased from Sigma-Aldrich (St. Louis, MO, USA), and
gelatin (G) (MW =1.0 x 10° Da) was purchased from Wako
Pure Chemical Industries (Osaka, Japan). All chemicals were
used without purification. For LbL filtration, 2.5 mL of a
solution containing 0.2 mg/mL FN and G in 50 mM Tris-HCl
(pH =7.4) were added to three wells of a 6-well plate. NHDFs
dissociated with 0.1% trypsin were resuspended in 500 pL
of 0.2 mg/mL FN and G/Tris-HCl solution and transferred to
a 6-well plate culture insert with a membrane pore size of
0.4 pm (Corning, Inc, Corning, NY, USA). The insert was
placed in the well containing the FN and G/Tris-HCI solution
and alternately incubated for 1 min in a shaking incubator
(SI-300; As One Co., Osaka, Japan) and washed. To collect
the coated cells at each step, the insert was transferred to an
empty well and shaken horizontally at 1.1 g to filter the cell
suspension.2

Construction of 3-D tissues by cell accumulation

Cell surfaces were coated with FN-G nanofilms applied over
nine steps, then resuspended at a concentration of 5 x 10°
cells per 300 pL. of DMEM with 10% FBS and seeded in
24-well cell culture inserts with a semipermeable membrane
placed in a 6-well culture plate. Medium (1 mL) was added
to each well, followed by incubation for 1 h. An additional
1 mL of medium was added to each well to connect the
media on the inner and outer portions of the inserts, fol-
lowed by incubation at 37°C and 5% CO, for 24 h. This
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FIGURE 2. Migration assays for SAS-Venus (A) and HSC3-Venus (B) cells stimulated with Wnt5b (500 ng/mL, 48 h). C: Migration assay for SAS-
Venus cells relative to SAS-LM8 cells. SAS-Venus, HSC3-Venus, and SAS-LM8 cells stably overexpressing green fluorescent Venus protein. Wnt5b
(x): recombinant human Wnt5b was added to the culture solution at a concentration of 500 ng/mL and cultured for 48 h at 37°C. The area occupied
by the cells on the lower side of the filter was measured under a fluorescence microscope in 10 randomly selected fields at 200x magnification and
quantified using the public domain software Imaged. Each column indicates the mean + SD of 3 separate experiments. *p < 0.05, **p < 0.005.

yielded a tissue with five layers of NHDFs. EGM-2 MV
(Lonza) was used as the medium for HDLEC cultures and
the cells were grown to confluence, dissociated by treatment
with 0.1% trypsin, and resuspended in DMEM contain-
ing 10% FBS. The cell suspension was adjusted to 1 x 10°
cells and inoculated on the 3-D NHDF tissue. After 12 h of
culture, NHDFs were coated with FN-G nanofilms following a
procedure similar to that described above and seeded in
24-well cell culture inserts with a semipermeable membrane
placed in a 6-well cell culture plate. Medium (1 mL) was
added to each well. After 1 h of incubation, an additional
1 mL of medium was added to connect the media inside and
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outside the inserts, followed by incubation at 37°C and 5%
CO,. After 2 or 3 days of culture, the 3-D tissue comprised
five layers of NHDFs, one layer of HDLECs, and five layers of
NHDFs [Fig. 1(B)].

Invasion assay using 3-D tissue-cultured constructs

0SCC cells (SAS-Venus and HSC-Venus cells with or without
Wnt5b stimulation and SAS-LM8 cells) were resuspended in
DMEM containing 10% fetal calf serum (FCS) at 1 x 10*
cells/300 pL, and inoculated on the 3-D tissues and cultured
for 5 days at 37°C and 5% CO,. The migration of cancer cells
through the 3-D tissue constructs was observed. Three
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randomly selected views were imaged for each of the three
specimens. The number of cells that reached the membrane
at the bottom of the 3-D tissue construct, which had a length
of ~280 pm in each view, was counted manually. This exper-
iment was repeated twice independently.

Histology and immunohistochemical analysis

Paraffin-embedded 3-D tissues were sectioned at a thick-
ness of 6 pm; the sections were stained with hematoxylin
and eosin. For immunohistochemistry, sections were
deparaffinized, and incubated for 5 min at 20°C with pro-
teinase K (Dako, Glostrup, Denmark) diluted 1:1000 in
phosphate-buffered saline [PBS (-)] followed by 3%
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hydrogen peroxide. After washing, sections were incu-
bated in 1% bovine serum albumin for at least 20 min at
room temperature. A mouse monoclonal antibody against
human cytokeratin (CK) (Dako) diluted 1:500 was added
overnight at 4°C, followed by incubation for 30 min at
room temperature with horseradish peroxidase-conjugated
antimouse secondary antibody (Dako). After washing with
PBS (-), staining with diaminobenzidine (Dako), and
nuclear staining with Mayer’s hematoxylin for 30 s, sec-
tions were washed and imaged under a light microscope
(400x magnification) with an AxioCamERc5s digital cam-
era (Carl Zeiss, Oberkochen, Germany). Three randomly
selected views were imaged for each of the three

THREE-DIMENSIONAL CULTURED TISSUE CONSTRUCTS
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FIGURE 4. Invasion assay using 3-D tissue constructs. The number of
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domly selected views were imaged for each of the three speci-
mens. *p < 0.05.

specimens. The average of number of CK-positive cells
that reached the membrane at the bottom of the 3-D tis-
sue was determined.

Statistical analysis
Student’s t test was used to compare group means. p < 0.05
was considered statistically significant.

RESULTS

In the transwell migration assay, we measured the area
occupied by cells on the lower side of the filter after their
migration through the pores for 48 h. The area was 8.1-fold
higher for SAS-Venus cells stimulated with Wnt5b as com-
pared to that for unstimulated cells (14.6% vs. 1.8%;
p < 0.005) [Fig. 2(A)]. Similarly, the area was 2.4-fold higher
for Wnt5b-stimulated HSC-3 Venus cells than that for unsti-
mulated cells (9.8 vs. 23.8%; p < 0.005) [Fig. 2(B)].

ORIGINAL ARTICLE

Similar trends were observed in the Matrigel invasion
assay; the cell-covered areas of Wnt5b stimulated SAS- and
HSC3-Venus cells were 5.2- and 2.5-fold higher, respectively,
than that of unstimulated cells (12.0% vs. 2.3% and 24.1%
vs. 9.5%, respectively; p < 0.005) [Fig. 3(A,B)].

In the transwell migration assay, SAS-LM8 cells covered
an area that was 2.7-fold larger than the area occupied by
SAS-Venus cells (5.4% vs. 14.6%; p < 0.005) [Fig. 2(C)]. In
the Matrigel invasion assay, the SAS-LM8 cell-covered area
was 2.2-fold higher than the SAS-Venus cell-covered areas
(4.9% vs. 10.9%; p < 0.005) [Fig. 3(C)].

The difference in the migration and invasion activity of
SAS-Venus cells in the presence of Wnt5b stimulation
(8.1-fold and 5.2-fold, respectively) was larger than that of
SAS-Venus and SAS-LM8 cells (2.7-fold and 2.2-fold, respec-
tively). The difference in the migration and invasion activity
of SAS-Venus cells in the presence of Wnt5b stimulation
(8.1-fold and 5.2-fold, respectively) was larger than that of
HSC3-Venus cells (2.4-fold and 2.5-fold, respectively). The
same results were obtained when two or more researchers
performed these assays independently.

In the invasion analysis, we measured the number of CK-
positive cells that reached the lower side of the 3-D culture
tissue constructs after passing through the structure. The
number of SAS-Venus cells that reached the lower side of the
3-D culture tissue upon stimulation by Wnt5b was 2.7-fold
greater than that for cells without Wnt5b stimulation (12%
vs. 4.5%, p < 0.05) [Fig. 4(A)].

The amount of Wnt5b-stimulated HSC-3 cells that
reached the lower side of the 3-D culture tissue was 3-fold
higher than that of Wnt5b nonstimulated HSC-Venus cells
(3.6% vs. 1.2%; p < 0.05) [Fig. 4(B)]. The area covered by
SAS-LM8 cells was 2.3-fold larger than the area covered by
SAS-Venus cells (9.8% vs. 4.2%; p < 0.05) [Fig. 4(C)].

The difference in the invasion activity of SAS-Venus cells
in the presence of Wnt5b stimulation (2.7-fold) was some-
what larger than that of SAS-Venus and SAS-LM8 cells
(2.3-fold). The difference in the invasion activity of SAS-
Venus cells in the presence of Wnt5b stimulation (2.7-fold)
was almost the same as that of HSC3-Venus cells in the pres-
ence of Wnt5b stimulation (3.0-fold).

Importantly, we clearly observed the invasion of these
cancer cells into the 3-D tissue structure [Fig. 5(A,B)]. More
SAS-LM8 cells than SAS-Venus cells moved toward and
reached the bottom of the structure [Fig. 4(B), arrows].
Moreover, we observed that HDLEC cells formed capillary-
like extensions in the 3-D structure [Fig. 5(C), arrows].

Moreover, we visualized the tumor cell invasion in the
3-D tissue constructs using immunofluorescence (Support-
ing Information, Fig. 3). SAS-Venus cells and SAS-LM8 cells
were recognized as GFP Venus-positive (green). HDLECs
(human dermal lymphatic endothelial cells) reacted with a
mouse monoclonal antibody against human CD31 (Dako
Denmark) and Alexa Fluor 546-labeled goat anti-mouse IgG
antibody (Invitrogen CA USA) (red). DAPI staining mainly
indicated NHDFs (normal human dermal fibroblasts) (blue).
We could confirm that HDLECs formed lymphatic capillary
networks.
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DISCUSSION

When SCC cells undergo oncogenic transformation within
the epithelial tissue, the basement membrane is destroyed
and the cells invade the underlying stroma, which consists of
fibroblasts, extracellular matrix (ECM), and collagen fibers,
among other components.?>?! Cancer cells invade blood and
lymph vessel endothelial cells and pass through these ves-
sels, resulting in distant or regional lymph node metastasis.
These processes are mediated by complex and dynamic
interactions involving various cell types and the ECM in the
tumor microenvironment.?? For example, surrounding fibro-
blasts promote tumor progression, motility, and malignancy,
and some tumor cells induce angiogenesis and lymphangio-
genesis.?*?** Therefore, establishing 3-D constructs that imi-
tate the 3-D tumor microenvironments can provide
mechanistic insight into the process of tumor invasion.

298 IWAIET AL.

Recently, 3-D culture systems have been developed that dis-
play the features of actual tissue, including cell shape, che-
moresistance, hypoxia gradient, and angiogenic capacity, in
contrast to 2-D models.?>28 However, most of these 3-D tis-
sue constructs, including spheroid culture systems, are het-
erocellular. In this study, we evaluated whether a 3-D
cultured tissue system is more useful for analyzing human
OSCC cell migration and invasion than conventional methods
based on 2-D cell cultures. Invasion was also increased in
the 3-D cultured tissue constructs. Our findings are consis-
tent with those of a previous study reporting that SAS-Venus
cell migration and invasion were increased by stimulation
with Wnt5b."”

We investigated and confirmed the proliferative capacity
of each cell type or each condition in 2-D conventional cell
culture. For example, no difference in proliferative capacity

THREE-DIMENSIONAL CULTURED TISSUE CONSTRUCTS



was observed between SAS-Venus cells and SAS-LM8 cells."”
Moreover, no difference in proliferative capacity was
observed between SAS-Venus Wnt5(-) and SAS-Venus Wnt5
(¥) cells or between HSC-Venus Wnt5(-) and HSC-Venus
Wnt5(#) cells (data not shown).

We showed that SAS-LM8 and SAS-Venus cells undergo
cervical lymph node metastasis in a mouse model,'® with a
2.5-fold higher rate of metastasis for SAS-LM8 cells
(Supporting Information, Fig. 1). There was no difference in
proliferation between SAS-Venus and HSC3-Venus cells with
or without Wnt5b stimulation and SAS-LM8 cells.’” In the
wound healing assay, SAS-LM8 cells occupied a larger area
than SAS-Venus cells (98% vs. 62%; p < 0.05) (Supporting
Information, Fig. 2).

The results in Figure 2 indicate the migration activity,
that is, the chemotaxis of tumor cells to FBS as a chemoat-
tractant. The results in Figure 3 indicate the invasion activ-
ity, that is, the capacity of tumor cells to dissolve Matrigel
using MMPs and then penetrate the Matrigel. The process of
tumor cell invasion is affected by many factors. The results
in Figure 4 show that the tumor cells migrate through fibro-
blasts and move by dissolving the stroma in the 3-D space.
When analyzing the invasion process of tumor cells, this 3-D
tissue construct may be more similar to living body tissue
than 2-D cultures.

The results obtained with the 3-D tissue culture system
were consistent with those obtained using conventional
methods based on 2-D cultures. Importantly, this method
enabled visualization of tumor cell invasion through the 3-D
cultured structure by immunohistochemistry.

Moreover, our system may enable observation of the pro-
cess of cancer cell invasion using 3-D constructs of human
tissue complete with lymph vessel endothelial cells mimick-
ing stromal tissue. It also enabled estimation of the average
distance from a given cancer cell to HDLECs based on immu-
nofluorescence labeling (data not shown). In this manner,
the invasion of blood vessels and lymphatic vessels can be
analyzed in detail.

Moreover, using our model, it may be possible to analyze
time- or area-specific changes in mRNA or protein expres-
sion in cancer cells or surrounding tissue. For example, can-
cer cells invade the stroma and secrete matrix
metalloproteinases (MMPs) that destroy the ECM, whereas
surrounding fibroblasts promote tumor progression and
malignancy.?®> Moreover, some tumor cell types induce
angiogenesis and lymphangiogenesis.>* MMPs are involved
in tumor growth, differentiation, migration, invasion, and
apoptosis.??3® However, it is difficult to identify the MMPs
that are secreted from cancer cells during invasion using a
2-D culture system or xenograft models. Our 3-D cultured
tissue system would allow observation of the MMPs secreted
by cancer cells at different stages of invasion, providing a
mechanistic understanding of cell-cell and cell-ECM interac-
tions that could provide a basis for the development of effec-
tive drugs to prevent metastasis.

As a future direction, human squamous epithelium tissue
constructs could be constructed for drug toxicity testing. We
will construct not only lymph endothelial tube networks but
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also capillary networks and cultured them with many types
of cells, for example, immunocytes, and with blood substi-
tute. These 3-D tissue constructs will replicate the processes
of tumor cell invasion, intravasation, tumor angiogenesis,
and extravasation. For preclinical anticancer drug assays,
3-D tissue constructs with vascularized structures have the
potential to reproduce drug responses individually.

In conclusion, our 3-D cultured tissue constructs allow
detailed analysis of cancer cell migration and invasion in an
environment that imitates actual human tissue. It is expected
that the expression of genes and proteins involved in these
processes can be evaluated using this system.
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