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ABSTRACT: Invasion and metastasis of cancer directly related
to human death have been associated with interactions among
many different types of cells and three-dimensional (3D) tissue
matrices. Precise mechanisms related to cancer invasion and
metastasis still remain unknown due to their complexities.
Development of tumor microenvironment (TME)-mimicking
system could play a key role in understanding cancer environ-
ments and in elucidating the relating phenomena and their driving
forces. Here we report a facile and novel platform of 3D cancer
cell-clusters using human adipose-derived mesenchymal stem cells
(hASCs) and breast cancer cells (MDA-MB-231) within a
collagen gel matrix to show cancer invasion in the cell and
extracellular matrix (ECM). Both clusters A (hASC only) and AC
(hASC and MDA-MB-231) exhibited different behaviors and
expressions of migration and invasion, as observed by the relating markers such as fibronectin, α-SMA, and CXCR4. hASCs
showed a protrusive migration from a cluster center, whereas MDA-MB-231 spread out radially followed by hASC migration.
Finally, the effect of matrix was further discussed by varying collagen gel densities. The new biomimetic system of 3D cancer
clusters developed here has the potential to be utilized for research on migration and invasion of cancer cells in extracellular
matrices.
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■ INTRODUCTION

Invasion and metastasis are responsible for approximately 90%
of deaths caused by cancer. Metastasis is a highly complicated
phenomenon that is associated with many different types of
cells, connective tissues, and blood vessel components within
different organs. Better understanding of cancer invasion and
metastasis is key to the development of effective cancer
intervention methods including anticancer drugs. Well-defined
tissue models, instead of more complicated in vivo models,
would be ideal to perform systematic studies, particularly
during the early development stages. However, most cancer
models that are currently available fail to faithfully mimic cancer
environments.
Several studies have focused on better mimicking cancer

environments and understanding the processes of cancer

invasion and metastasis.1,2 Invasive and metastatic tumors are
known to be heterogeneous as they contain a variety of
subpopulations of cells with different metastatic potentials.3

Cellular heterogeneity in cancer tissues has been reported in
epithelial cells. Moreover, a study on mammalian carcinoma
showed greater differentiation of neoplastic stem cells
compared to that in analogous noncancer tissues resulting in
tumor heterogeneity.4 In addition, another study reported that
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stem cell biology could provide new insight into cancer biology.
This study also proposes that tumors may contain a
considerable amount of cancer stem cells.5 This is direct
evidence that the behavior and fate of cancer cells rely on the
tumor microenvironment (TME). Martin et al. also showed
that mesenchymal stem cells (MSCs) have an influence on cell
growth and metastasis through the regulation of epithelial-to-
mesenchymal transition (EMT)-associated genes.6

Construction of TME is the first step in studying cancer
invasion and metastasis and the related tumor initiation,
progression, and responses to therapy. There have been
numerous studies showing that 3D cancer cell aggregates or
cancer clusters offer a similar TME.7−9 A natural biological
system including a solid tumor in a human body, is a three-
dimensional (3D) environment, providing a 3D matrix for
cancer cells.10,11 Compared to traditional cell cultures on a 2D
system, the cells and tissues in 3D microenvironments undergo
dramatic changes in cell phenotypes and biomarker expressions.
Furthermore, genetic and external environmental factors, along
with the physical and mechanical factors applied to cancer cells,
are known to affect the invasion and metastasis behaviors of the
cells in tissues and organs. For example, stiffer matrices formed
by collagen deposition can enhance cell proliferation and
invasion. In addition, circulating tumor cells (CTCs) are
significantly affected by shear flow during intravasation and
extravasation.12,13

It has been reported that 3D cell aggregates were formed by
controlling the strength balance between cell-matrix adhesion
and cell-to-cell contact.14 A number of researchers showed that
fibronectin plays a major role in cellular morphology and
function through cell-fibronectin interactions.15 Attachment to
the RGD motif of fibronectin is mediated primarily by the β1
subunit of integrin. Integrins are a family of cell adhesion
receptors linking the ECM to intracellular signaling molecules
and the cytoskeleton network. In addition to the RGD motif,
other domains of fibronectin can promote the attachment of
specific cells.16,17 Previously, we reported that heparan sulfate
proteoglycans (HSPGs) on the membrane of hASCs are
involved in cell adhesion through interactions with the heparin-
binding domain of fibronectin. The basic fibroblast growth
factors (FGF2) are molecules having affinity to HSPG.18,19 A
simple method to immobilize FGF2 to hydrophobic surfaces
was introduced using maltose binding protein (MBP) as a
physical linker, which was designed to induce HSPG-mediated
stem cell adhesion.20 We demonstrated that hASCs adhered to
a surface coated with MBP-FGF2 through HSPG-mediated
interaction and integrin-mediated adhesion were restricted in
hASCs adhered to the surface to cause a reduction in cell-
matrix adhesive force.21 A hydrophobic polystyrene surface
coated with MBP-FGF2 was used to generate a spheroid type
3D cluster of hASCs, resulting in weakening cell-matrix
adhesion of 3D cell mass (3DCM). Recently, we have
developed the 3DCM of hASCs as an injectable microtissue
in cell-based regenerative medicine.22

In this article, we report a facile and novel platform of 3D
cancer cell-clusters consisting of either hASCs only (cluster A)
or a mixture of hASCs and breast cancer cells (MDA-MB-231)
(cluster AC) within a collagen gel matrix to show cancer cell
invasion in cell and matrix environments. The morphological
changes and migration behaviors of the clusters were
monitored over time when the clusters were prepared in
various concentrations of collagen gels. We investigated the
expression levels of migration and invasion markers, such as

CD44, fibronectin, α-SMA, and CXCR4, in the clusters.
Furthermore, we found that the biophysical regulation of the
breast cancer cells was affected by the cocultured system and
matrices that is biomimetic to TME. This novel biomimetic
system of 3D cancer/stem cell clusters has potential to offer a
reliable model for research on migration and invasion of cancer
cells.

■ EXPERIMENTAL SECTION
Materials. hASCs and MDA-MB-231 were obtained from

Cefobio (Seoul, Korea) and American Type Culture Collection
(Manassas, VA, USA), respectively. Rat tail collagen I used in
this study was purchased from Corning (Corning, NY, USA).
The Live−Dead Cell Staining Kit was purchased from
BioVision (Seoul, Korea), and all antibodies used for
immunofluorescence assays were obtained from Abcam (Cam-
bridge, U.K.).

Cell Culture. hASCs (passage 6) were cultured under 5%
CO2 atmosphere at 37 °C by using an hASC growth medium
(Cefobio, Korea) containing supplement and 1% penicillin/
streptomycin. The medium was replaced every 3 days. MDA-
MB-231 was maintained in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. The medium was replaced every 2 days.

Preparation of the MBP-FGF2 Surface. The MBP-FGF2
surfaces were prepared using our previously published
protocol.21,23 Briefly, MBP-FGF2 fusion protein was obtained
from Escherichia coli carrying pMAL-FGF2 plasmids that were
generated by the insertion of human FGF2 complement DNA
(cDNA) (Bioneer, Korea) into the pMAL vector (New
England Biolabs, U.K.). Human FGF2 165 cDNA was cloned
from human fibroblasts by means of polymerase chain reaction
(PCR) using oligonucleotide pairs (Bioneer; 5′-CCGAA-
TTCCCCGCCTTGCCCGAGGATGGC-3′ and 5′-CAAAG-
CTTTCAGCTCTTAGCAGACATTGGAAG-3′) including
EcoR I and Hind III restriction sites, respectively. The PCR
products were cloned into plasmid pGEM-T (Promega, USA)
to generate pGEM-FGF2. The pGEM-FGF2 and plasmid
pMAL were digested using EcoRI-Hind III and recovered from
an agarose gel. The digested fragments were ligated using a
ligation kit (Takara, Japan) to generate pMAL-FGF2. MBP-
FGF2 (20 μg/mL) was spontaneously adsorbed to a
polystyrene (PS) surface plates (nontissue culture-treated
plate, 96- or 384-well plates; Falcon, Fisher Scientific, USA)
at 37 °C for 4 h.21,22,24

Preparation of Clusters A and AC. hASCs or hASCs/
MDA-MB-231 suspensions were seeded on a MBP-FGF2-
coated 96- or 384-well PS plate in the hASC growth medium
(Cefobio, Korea). The medium was supplemented and cultured
for 1 day in an incubator at 37 °C. After 24 h of culture, clusters
A and AC were observed using an Axio Vert.A1 inverted
microscope (Zeiss, Germany).

Viability and Morphology. For the live−dead cell assay,
after 24 h, clusters A and AC were stained using the Live−Dead
Cell Staining Kit (BioVision, Korea) for 1 h according to the
manufacturer’s protocol. After washing with PBS, the clusters
were fixed in a formaldehyde solution and embedded into the
optimal cutting temperature (O.C.T.) compound (SAKURA
Tissue-Tek, USA) for 12 h and then frozen. The frozen clusters
were sectioned into 10 μm thick samples at −20 °C and
attached to glass slides. Clusters A and AC were encapsulated
in collagen gels prepared using Rat tail collagen I at
concentrations of 2, 4, and 6 mg/mL and fixed in a
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formaldehyde solution. The fixed gels were then embedded into
the O.C.T. compound for 12 h and frozen. The frozen gel
samples were sectioned into 10 μm thick sections at −20 °C
and attached to the glass slides. The behaviors of clusters A and
AC within the collagen gels were monitored using the Axio
Observer microscope (Zeiss, Germany) over incubation of 0, 6,
12, 24, and 48 h. Prior to cluster formation, PKH67 labeled
hASCs (PKH67 Green Fluorescent Cell Linker Mini Kit,
Sigma, USA) and PKH26 labeled MDA-MB-231 (PKH26 Red
Fluorescent Cell Linker Mini Kit, Sigma, USA) were seeded on
a MBP-FGF2-coated 384-well PS plate in the hASC growth
medium (Cefobio, Korea). At each of the concentrations of
collagen gels and the incubation hours, cell migration was
defined by the distance the cells traveled from the center of the
clusters measured using ImageJ software.
Scanning Electron Microscopy. The scanning electron

microscope (SEM) images of clusters A and AC were obtained
after formation of the clusters. After washing with PBS, the
clusters were fixed in 2.5% glutaraldehyde solution at 4 °C for

30 min. The fixed clusters were maintained in the 2% osmium
tetroxide (OSO4) for 2 h at 4 °C, and washed with deionized
water. After dehydration with dilute ethanol, the clusters were
dried by evaporation using hexamethyldisilazane (HMDS) and
stored in a vacuum chamber for 1 day before the imaging
experiments. SEM images were then acquired using FE-SEM
Hitachi S 4100 (Hitachi, Japan).

Immunofluorescence Staining. For the immunofluor-
escence study to measure expression levels of CD44,
fibronectin, α-SMA, and CXCR4, sections of clusters A- and
AC-injected collagen gels were incubated at 4 °C with the
corresponding primary antibodies (Abcam, U.K.). After
washing the sections with PBS, antibody staining was
performed using secondary antibodies (Abcam, U.K.) according
to the manufacturer’s protocol. Then, the sections were
incubated with 4′,6′-diamidino-2-phenyl indole (DAPI)
(Thermo Fisher Scientific, USA) for nucleus staining followed
by actin staining using rhodamine phalloidin (Thermo Fisher
Scientific, USA). The fluorescently labeled cells were finally

Figure 1. (a) Scheme for the formation of clusters A and AC through control of cell-matrix or cell-to-cell interaction on a substrate with immobilized
MBP-FGF2. (b) Behavior of hASCs and MDA-MB-231 on MBP-FGF2 coated PS-plate during cluster formation. Cell density of hASCs and MDA-
MB-231 were 10000 cells per well in a 384-well PS-plate, respectively. After 1 h, we observed the rolled up cell sheet, and then formed the cell cluster
at 12 h. The scale bar is 200 μm.
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observed under a LSM 700 laser scanning confocal microscope
(Zeiss, Germany).
Statistical Analysis. Quantitative data were expressed as

mean ± standard error of the mean (SE). The significance of
differences in the mean values was evaluated using the one-way
ANOVA with Tukey tests. Differences were considered
significant when the p value was less than 0.05 (marked as *).

■ RESULTS AND DISCUSSION

Formation of Clusters A and AC.We examined whether a
cocluster composed of hASCs and MDA-MB-231 was formed
on MBP-FGF2-coated PS plates. Figure 1a shows a scheme for
formation of clusters A and AC. We obtained clusters A and AC
(Figure 1b) by culturing hASCs and the mixture of hASCs and
MDA-MB-231 cells in 3D, respectively, on the MBP-FGF2-
coated PS plates. The mechanism of the 3D cluster formation
of hASCs is biophysically explained by the strength balance
between cell-ECM-cell contact and cell-matrix adhesion, as

shown in Figure 1. For cluster AC, suspension of MDA-MB-
231 cells and hASCs were cultured on the MBP-FGF2-coated
PS plate. There were numerous approaches of forming
spheroid clusters, such as culturing cells in nonstick U-bottom
wells, in hanging drop, in rotating wall vessels, etc. Some
reports have been shown that MDA-MB-231s were aggregated
Matrigel or solid-like gel such as methylcellulose (MethoCel),
DEX-in-PEG ATPS, and poly-HEMA.25−29 On the poly-
HEMA coated plates, MDA-MB-231 form loose aggregates of
cells after 24 h. The cell−cell interactions established by this
method are weak, and the aggregates can be easily regressed
mechanically by pipetting without additives such as collagen
and reconstituted basement membrane. MDA-MB-231 cells did
not form clusters because these epithelial cells do not produce
ECMs in our systems (Figure S1). In a similar manner, we
believe the reason why MDA-MB-231 does not form a stable
cell cluster is because an interaction force between the cells is
much weaker than that between cell and the surface coated with

Figure 2. (a) Morphology and (b) viability of cluster A and AC on MBP-FGF2 coated PS-plate at 24 h. The scale bar is 200 μm. (c) SEM image of
cluster A and AC. The white and black arrow indicates ECM fiber and hASC. hASCs shows bigger than breast cancer cells. The scale bar is 100, 15,
and 3 μm, respectively.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.5b00953
Mol. Pharmaceutics 2016, 13, 2204−2213

2207



MBP-FGF2, the membrane binding motif. Thus, we used our
3D cluster model to permit rapid experimental manipulations,
testing of hypotheses, and reducing nonuniformity. This
method allows an efficient formation of 3D coculture model
of stromal cells and epithelial cells, offering a uniform cluster
formation with various sizes, strengths, and cell populations
that are distinct from other methods (Figure S2).
After 24 h, the morphology of clusters A and AC were

observed in a 384-well PS plate using phase contrast
microscopy (Figure 2a). Live−dead cell assays of clusters A
and AC using confocal microscopy differentiate live and dead
cells, appearing as green and red colors, respectively (Figure
2b). After 24 h, both clusters A and AC showed healthy cells
but with different roughness of the edges. Cluster AC had
rougher surface morphology than cluster A. Figure 2c shows
the SEM images of clusters A and AC, revealing that hASCs in
cluster A are associated and interlinked with the ECM fibers
(white arrow) surrounding the cell membrane surfaces. In
contrast, cluster AC did not show the ECM fibers. This result
indicates different cell-ECM-cell interactions in cluster AC from
that in cluster A during the cluster formation. Collective cell
behaviors are defined as an orchestrated movement among
interconnected cell groups.30 It is exploited by cancer cells as an
efficient invasion strategy that can be modeled in the
laboratory.31 The ECM remodeling surrounding the cells,
resulting in a topological rearrangement of ECM fibers that in
turn shape the tissue microenvironment or promote invasive
phenotypes.32 The formation of ECM fiber might be improved
by their biophysical interaction of the cell-ECM-cell contact
and cell-matrix adhesion, as illustrated in Figure 1a, which is not
the case for cluster AC.
Behaviors of Clusters A and AC within Collagen Gels.

In the body, stiffness of a 3D matrix is an important factor for
the growth and differentiation of cells.2,33 In addition,
microenvironments can regulate cell function and tissue
integrity, including migration and alterations in cell-to-cell
and cell-matrix adhesions. The elasticity and stiffness of tissues
have been reported to be linked to cancer biology.34,35 For
example, cancer progression in soft tissues is correlated with an
increase in stiffness due to local accumulation, often caused by
cross-linked collagen matrices of the tumor via physical
interactions.
We prepared clusters A and AC within collagen gels with

different matrix densities.36 To study different matrices that
mimic in vivo systems, collagen concentrations of 2, 4, and 6
mg/mL were used for this study. The storage modulus (G′) of
collagen gel at 25 °C prepared from the collagen solutions
carried over 300−500, 800−1800, and 2300−4700 Pa at
concentration of 2, 4, and 6 mg/mL, respectively (Figure S3).
The morphological changes of clusters A and AC within the

collagen gels were monitored using live cell microscopy (Figure
3a and Video S1). A time-lapse video shows different
movement patterns of cell migration from clusters A and AC.
Additionally, the fluorescence images of the cells after staining
with green and red dyes for hASCs and MDA-MB-231,
respectively, indicate that both cells do migrate (Figure 3b).
During cell migration, hASCs (black arrow) showed the
fibroblast-like escaping behavior from cluster A. However,
behaviors of MDA-MB-231 (white arrow) appeared to be
drastically different from those of hASCs. Cell migration was
measured at 20 spots, as defined by distances from the center of
the clusters after 48 h (Figure 3c). This data shows that the
concentration of the collagen gels, although modest, affects cell

migration. The distance that the cells migrated in a collagen gel
of 4 mg/mL (A, 696.6 ± 73 μm; AC, 838.5 ± 97 μm) was
slightly greater compared to that of the cells in a collagen gel
concentration of 2 mg/mL (A, 639.4 ± 112 μm; AC, 736.5 ±
95 μm) or 6 mg/mL (A, 604.7 ± 80 μm; AC, 807.1 ± 88 μm).
Many research groups have investigated responses including

Figure 3. (a) Morphological change of clusters A and AC in collagen
gel as a function of concentration (2, 4, and 6 mg/mL) at 48 h. The
dashed line indicates initial cluster shape. The black and white arrow
indicates migrated hASCs and cancer cells. (b) Fluorescence images of
clusters A and AC in collagen gel (2, 4, and 6 mg/mL) at 48 h. The
inset shows a higher magnified view. The hASCs (green arrow) and
MDA-MB-231 (red arrow) stained with PKH67 and PKH27,
respectively. The scale bar is 500 μm. (c) Migrated distances (μm)
comparison of clusters A and AC in collagen gel (2, 4, and 6 mg/mL)
at 48 h. The distance of migrating cells was measured by ImageJ
software (mean ± SE, n = 20; ANOVA, p < 0.05; * vs 2 mg/mL).
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cell motility in the hydrogels. The cells showed fast movement
in stiff hydrogels because the increased stiffness of the gels
simultaneously increased the adhesion site density of
compounds such as integrin.37,38 In addition, integrin receptors

and fibronectin appear to play important roles in migration and
invasion.39,40 Thus, we found that the migration behavior of
cancer cells escaping from clusters A and AC was governed by
collagen gel concentrations.

Figure 4. (a) Morphological change of clusters A and AC in collagen gel (6 mg/mL) at 0, 6, 12, 24, and 48 h. 0 hero hours indicates time of
embedded cluster in collagen gel. The dashed line indicates initial cluster shape. The black and white arrow indicates migrated hASCs and cancer
cells. (b) Fluorescence images of cluster A and AC in collagen gel (6 mg/mL). The inset shows a higher magnified view. The hASCs (green arrow)
and MDA-MB-231 (red arrow) stained with PKH67 and PKH26, respectively. The scale bar is 500 μm. (c) Migrated distances (μm) comparison of
clusters A and AC in collagen gel (6 mg/mL) from a time-dependent behavior. The distance of migrating cells was measured by ImageJ software.
(mean ± SE, n = 20; ANOVA, p < 0.05; * vs 0 h).
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While normal resident cells in the soft microenvironment of
the breast tissues have a shear modulus of around 150 to 1200
Pa, mammary tumor stiffness ranges from 2400 to 4800 Pa. To
mimic the TME, we observed the behavior of clusters A and
AC within the collagen gel (6 mg/mL) that has similar range of
modulus to tumor stiffness at 0, 6, 12, 24, and 48 h.36,41 Note
that the 0 h time point indicates the time of injection of the
clusters within the collagen gel. The live cell images (Figure 4a,
Video S1(c), and Video S1(f)) and the fluorescence images
(Figure 4b) display different behaviors of the cells in a time-
dependent manner. Clusters A and AC showed similar
behaviors until 6 h after embedding, after which the migration
velocity of the cells rapidly increased after 12 h. The migration
distance of both hASCs and MDA-MB-231 significantly
increased in cluster AC (807.1 ± 88 μm), compared to that
in cluster A (604.7 ± 80 μm) (Figure 4c).
Karnoub et al. found that CCL5 (chemokine ligand 5)

enhances breast cancer cell migration, invasion, and metastasis
from MSCs, which then acts in a paracrine effect on the cancer
cells to induce their motility. Thus, MSCs accelerate the growth
and invasion of breast cancer cells.42 Moreover, MSCs and
breast cancer cells via the formation of gap junctions favor the

exchange of exosomes and micro-RNAs that contribute to
transforming MSC.43 Furthermore, MSCs cocultured with
breast cancer cells were reported to up-regulate EMT-
associated genes.6 Therefore, this may explain our observation
where the cancer cells migrate farther distances when
cocultured with hASCs.

Migration and Invasion Markers in Cancer. hASCs
express markers including CD29, CD44, CD90, CD105, and
CD166.24,44,45 In particular, CD44 is a receptor that binds
primarily to the extracellular glycosaminoglycan, hyaluronan.
The engagement of CD44 by hyaluronan results in intracellular
signaling that is linked to various effects such as cellular
adhesion, migration, and invasion that are important in cancer
progression.46−48 In addition, purified cells from the stroma of
human primary invasive breast carcinomas express a number of
markers that are collectively used to characterize hMSCs. This
implies that human carcinomas contain significant numbers of
MSCs.42 A recent report suggests CD44 plays a crucial role in
the migration of MSC toward injured tissue.49 Specially,
CD44+/CD24− breast cancer cells exhibit increased invasive
properties, which is an early progression necessary for
metastasis.50 According to our results, CD44 was expressed

Figure 5. Immunofluorescence images of (a) CD44, (b) fibronectin, (c) a-SMA, and (d) CXCR4 expression at clusters A and AC in collagen gel (6
mg/mL) at 48 h. The migration and invasion related marker (green) was stained by Alexa Fluor 488 secondary antibody. The actin (red) and nuclei
(blue) of cells are stained by rhodamine phalloidin and 4′,6′-diamidino-2-phenyl indole (DAPI). The dashed line indicates cluster boundary. The
scale bar is 200 μm (a, low magnification, 10×) and 50 μm (b−d, high magnification, 40×). (e) The intensity of antibodies by ImageJ software.
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by both clusters A and AC within the collagen gel at 48 h
(Figure 5a,e). Particularly, cluster AC expressed a higher level
of CD44 than cluster A. Comparable to a 2D culture, the
hASCs and MDA-MB-231 suspension shows a high level of
CD44 expression than that of hASCs or MDA-MB-231 alone
(Figure S4). These results imply that cluster AC has more
migration potential from a coculture environment, indicating
that cluster AC can be utilized as an invasion model in breast
tumor research.
ECM molecules, such as proteoglycans, fibronectin, collagen,

laminin, hyaluronic acid, and other ECM components, play an
important role in cell adhesion and migration.51,52 As cancer
cells undergo invasion and metastasis, they penetrate and attach
to the matrix of target tissues.39 In addition, MSC migration is
regulated by fibronectin.53 Likewise, we observed similar
expression of fibronectin in migrated cells from outside the
cluster (Figure 5b,e, not significant). We found that fibronectin
was necessary for efficient migration of hASCs and MDA-MB-
231 clusters A and AC toward the matrix.
Transforming growth factor beta-1 (TGF-β1) controls

myofibroblast differentiation and promotes invasion of cancer
cells.54 In previous work, we discussed the expression of TGF-
β1 from 3DCM formed hASCs such as cluster A.22 We
examined clusters A and AC using immunofluorescent staining
of α-SMA and confocal microscopy. α-SMA expression was
observed in the center of both clusters A and AC (Figure 5c,e).
The result indicates that the putative myofibroblast of α-SMA-
positive cells are differentiated from the cells in the clusters.
Breast cancer cells are regulated by MSCs through cytokine

networks such as IL6, IL8, CDCR4, CXCR7, and SDF-1α.55−58

Particularly, breast cancer cells express high levels of the
CXCR4 receptor whose ligands are expressed on organs that
represent important sites of breast cancer metastasis. CXCR4 is
associated with organogenesis, hematopoiesis, and immune
responses and can be located on ASCs. Figure 5d,e shows that
the expression levels of CXCR4 from cluster A were
comparable to those of cluster AC. They showed similar
expression patterns of CXCR4 in clusters A and AC (not
significant).
To investigate the migration and invasion of hASCs and

breast cancer cells, we compared clusters A and AC within
collagen gels at 48 h. We have already verified that a hypoxic
cluster modulates its microenvironment to enhance angiogenic
property by expression of cytokines.22−24 Thus, our results
demonstrate that clusters A and AC can regulate invasion by
expression of cytokines such as CD44, fibronectin, α-SMA, and
CXCR4 from the cluster within the collagen gel. In addition,
high density of collagen gel offered a similar environment to a
solid TME, resulting in these cluster systems representing a
biomimetic tissue of invading cancer cells.

■ CONCLUSIONS
In conclusion, a novel method for mimicking 3D conditions for
cancer migration and invasion was developed through the
preparation of cell clusters within a collagen gel matrix. A
methodology for mimicking 3D conditions has been pursued to
prepare a spheroid-type 3D microtissue consisting stromal cell
and cancer cell, cluster AC, by mixing hASCs and MDA-MB-
231 on an artificial matrix. The migration activity such as
morphological change, movements, and biochemical properties
was higher in clusters AC than that in cluster A within a
collagen gel matrix. In addition, fibronectin, α-SMA, and
CXCR4, typical markers, related to cell migration and invasion,

were expressed in cluster AC similar to in cluster A.
Interestingly, CD44 expression was up-regulated in cluster
AC compared to in cluster A, indicating that coexistence of the
two cells increases CD44 expression. In this study we focus to
establish and characterize a 3D tumor microenvironment to
examine the effect of the interaction between stroma and cancer
cells on cancer behaviors. A collagen-embedded 3D matrix of
hASCs and cancer cells provides a platform for cancer research
related to invasion and metastasis of cancer cells to aid in
anticancer drug discovery.
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