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Abstract

Purpose Cancer cells can invade the surrounding stroma with the aid of fibroblasts (fibroblasts-dependent invasion). The
aim of this study was to explore the spatiotemporal characteristics of fibroblast-dependent invasion of cancer cells.
Methods We performed an in vitro three-dimensional collagen invasion assay using Fluorescent Ubiquitination-based Cell
Cycle indicator (Fucci)-labeled A431 carcinoma cells co-cultured with fibroblasts. We used time-lapse imaging to analyze the
total cell number, frequencies of small cancer cell nests and S/G2/M phase of A431 cells in the invasion area. We compared
the frequencies of small cancer cell nests and geminin (4) cancer cells within fibroblast-rich areas and fibroblast-poor areas
in surgically resected human invasive squamous cell carcinoma tissue.

Results The total invasion number of A431 cells was significantly higher when cultured with fibroblasts than without. The
formation of small cancer cell nests was observed within the invasion area only in the presence of fibroblasts. The frequency
of S/G2/M phase cells was significantly higher in A431 cells when cultured with fibroblasts than without. Immunohisto-
chemical analysis of surgically resected human invasive squamous cell carcinoma tissue revealed that the frequencies of
small cancer cell nests and geminin-positive cancer cells were significantly higher in fibroblast-rich areas compared to those
in fibroblast-poor areas within the same tumor region.

Conclusion Our current study clearly showed that fibroblast-dependent cancer cell invasion was characterized by the pro-
gression in cell cycle and formation of small cancer cell nests.
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brane and invade the stroma to reach blood or lymph vessels,
from where they can be carried to other organs (Schroeder
et al. 2011; Sahai 2007; Clark and Vignjevic 2015). Cancer
stroma, which is the path of invading cancer cells, is char-
acterized by a high number of fibroblasts and an extracel-
lular matrix (ECM) primarily made up of collagen type I
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(Kalluri and Zeisberg 2006). Previous in vitro and in vivo
studies have revealed diverse mechanisms by which cancer
cells invade into the stroma (Friedl and Alexander 2011;
Friedl et al. 2012). Single-cell invasion is characterized by
a lack of cell—cell interactions (Lammermann and Sixt 2009;
Madsen and Sahai 2010; Wolf et al. 2003). Some studies
have also shown that the cells causing single-cell invasion
have a mesenchymal cell-like phenotype, which is character-
ized by a spindle-shaped cell body (Wolf et al. 2007; Friedl
and Wolf 2009; Sanz-Moreno et al. 2008). On the contrary,
collective invasion is characterized by groups of cells that
retain cell—cell adhesion (Khalil and Friedl 2010; Konen
et al. 2017; Labernadie et al. 2017). The interplay between
intrinsic factors of cancer cells themselves and extrinsic stro-
mal factors, such as fibroblasts- and ECM-derived factors,
affect the cancer cell invasion (Skhinas and Cox 2017).

Stromal components provide a specialized microenviron-
ment for cancer cell proliferation and invasion. Cancer—asso-
ciated fibroblasts (CAFs) are the most abundant component
in the cancer stroma and can influence local invasion of
cancer cells via several biochemical and biomechanical
factors. Previous studies have indicated that biomechanical
remodeling of the ECM by CAFs can facilitate cancer cell
invasion into the matrix with the aid of the CAFs (Gaggioli
et al. 2007; Neri et al. 2015, 2016, 2017). This type of cancer
cell invasion might be affected not only by the properties of
cancer cells themselves, such as proteases and Rho function
but also by the properties of CAFs. We recently reported
that podoplanin-expressing CAFs favor the local invasion of
cancer cells via the increase in remodeled areas of the ECM
(Neri et al. 2015). These findings suggest that the capac-
ity of CAFs to remodel the ECM influences the number of
invading cancer cells.

Human pathological studies have revealed a great diver-
sity in stromal components. For example, for lung adeno-
carcinoma, scirrhous-type gastric adenocarcinoma, and
pancreatic adenocarcinoma, it is well-known that the tumor
stroma is abundantly composed of CAFs and ECM. On the
other hand, in the stroma of malignant lymphoma and mela-
noma, the number of CAFs is relatively small. Even within
the same tumor, there are fibroblast-rich and fibroblast-poor
areas. Therefore, it is of great interest to reveal the biologi-
cal characteristics of invading cancer cells associated with
fibroblast.

To elucidate this in more detail, three-dimensional time-
lapse analysis was required. In the current study, we used
cancer cells with Fucci (fluorescent ubiquitination-based
cell cycle indicator) system (Sakaue-Sawano et al. 2011;
Miyashita et al. 2017). These Fucci-labeled cancer cells
were cultured either in the presence or in the absence of
fibroblasts. Then, using time-lapse imaging technique for
in vitro three-dimensional collagen invasion assay, we eval-
uated the total invasion number, morphological pattern of
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cancer cell nests, frequency of apoptosis (apoptotic bodies/
invaded cells), and frequency of the S/G2/M phase of invad-
ing cancer cells in collagen type 1.

Materials and methods
Cell culture

The human squamous cell carcinoma line A431 was
obtained from the ATCC (American Type Culture Collec-
tion, Manassas, VA). A431 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) from Sigma (St. Louis,
MO) supplemented with 10% FBS (fetal bovine serum,
Sigma), and 1% penicillin and streptomycin (Sigma). Cells
were incubated at 37 °C in an atmosphere containing 5%
CO2. The human foreskin fibroblast was obtained from CET
(Cellular Engineering Technologies, Coralville, IA). Fibro-
blast was cultured in minimum essential medium Eagle,
alpha modification (a-MEM) (Sigma) supplemented with
10% fetal bovine serum, 1% penicillin and streptomycin.
Cells were incubated at 37 °C in an atmosphere containing
5% CO2.

Collagen invasion assay

Cancer cells used for the collagen invasion assay were Fucci
transfected cells established previously (Fucci-encoding vec-
tor was kindly provided from Dr. Miyawaki of the RIKEN
Brain Science Institute) (Miyashita et al. 2017). Either the
cancer cells alone or a mixed population of human foreskin
fibroblasts and cancer cells were plated on collagen-coated
(0.3% collagen type I gel; Nitta Gelatin, Osaka, Japan) Essen
ImageLock 96-well plates (Essen BioScience, Ann Arbor,
MI), at a density of either 1x 10° cancer cells/well, or 5x 10*
human foreskin fibroblasts and cancer cells/well. After an
incubation period of 1 h, a wound was made in the cell layer
using the 96-well WoundMaker (Essen BioScience), and the
cells were embedded in collagen type I gel (Nitta Gelatin).
Fresh medium was added and images of scratched field were
then obtained using the IncuCyte Live-Cell Imaging System
(Essen BioScience). Time-lapse fluorescence and phase-con-
trast images were obtained at 3-h intervals for 72 h. Each
data element was measured for at least five fields (magnifica-
tion X 10) in three independent experiments.

Image analysis

Image analysis was performed as previously described (Neri
et al. 2016, 2017). Briefly, algorithms were developed to
evaluate the observations of each experiment as follows:
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1. The invasion region was detected using the first frame
of the phase contrast images.

2. The number of invaded cancer cells was determined
based on Fucci fluorescence.

3. The growth rate of invaded cancer cells was determined
based on green and red fluorescence.

4. The cell death ratio was calculated by the following
formula at 72 h. The apoptotic bodied was detected by
Caspase-3/7 apoptosis reagent (Essen BioScience).

[The cell death ratio] = [The number of apoptotic bodies] /

[The number of invaded cancer cells].

Pathological studies

We enrolled 14 patients with peripheral squamous cell carci-
noma of the lung measuring 30 mm or less in diameter that
were surgically resected at the National Cancer Center Hos-
pital East between February 2004 and December 2013 (sup-
plemental Table 1). We selected peripheral squamous cell
carcinoma of the lung, since peripheral SCC composed of
alveolar space filling area (Fibroblast-poor area) and alveolar
space destructing area (fibroblast-rich area) and it is easy to
discriminate between two areas (Funai et al. 2003). All sur-
gical specimens were collected and analyzed after receiving
approval from the Institutional Review Board of the National
Cancer Center Hospital East (IRB number 2017-158).

Surgical specimens were fixed with 10% formalin and
embedded in paraffin. The tumors were cut at approximately
5-mm intervals, and serial 3-um sections were stained with
hematoxylin and eosin. In this study, we defined the fibro-
blast-rich and fibroblast-poor areas according to the follow-
ing criteria:

1. Fibroblast-rich area The tumor cells form irregular-
shaped nests, intermingled with an extensive stroma.

2. Fibroblast-poor area The tumor cells show growth by
filling the alveolar space separated by thin preexisting
septa. Desmoplastic stroma is not found within this com-
ponent (Funai et al. 2003).

Immunohistochemistry

Immunostaining was performed using 4-um paraffin-embed-
ded serial tissue sections. The slides were deparaffinized in
xylene and rehydrated in graded ethanol. After antigen-
retrieval, individual slides were incubated overnight at 4 °C
using mouse monoclonal antibody Geminin (Leica, Wetzlar,

Germany) at a final dilution of 1:40. We used Fucci trans-
fected cells in in vitro experiments and analyzed the cell
cycle status based on green fluorescent of Fucci (mVenus-
hGeminin). In order to be consistent with the results from
in vitro experiments, we used geminin antibody in surgi-
cal materials. After washing with PBS, the slides were
incubated with EnVision + System-HRP Labeled Polymer
Anti-mouse (Agilent, Santa Clara, CA) for 1 h at room tem-
perature. After washing with PBS, the color reaction using
HRP was performed for 3 min in 2% 3, 3’-diaminobenzidine
in 50 mM Tris-buffer (pH 7.6) containing 0.3% hydrogen
peroxidase. Finally, the sections were counterstained with
Meyer’s hematoxylin, dehydrated, and mounted.

Evaluation of the frequency of small cancer cell
nests in surgically resected specimens

In this study, we defined small cancer cell nests as less than
5000 um? (the number of cancer cells within a nest was about
25-50). After acquiring whole slide image by slide scanner
(NanoZoomer Digital Pathology virtual slide viewer, Hama-
matsu Photonics, Shizuoka, Japan), we randomly selected
fields (1.5 mm?/field) within the fibroblast-rich area and the
fibroblast-poor area, and we measured at least ten nests in each
area. The frequency of small cancer cell nests was evaluated
by the following formula.

[The frequency of small cancer cell nests]
= [The number of small cancer cell nests]/

[The number of total cancer cell nests].

Evaluation of the frequency of geminin-positive
cancer cells

Using the whole slide image, we randomly selected five
fields within both fibroblast-rich and fibroblast-poor areas.
The frequency of geminin-positive cancer cells was evalu-
ated in these fields (0.1 mm?) for each area. The ratio of the
geminin-positive cancer cells per field was measured and
average number was used as the ratio of the geminin-positive
cancer cells in each case.

Statistical analysis
Statistical significance was assessed by the Student’s ¢ test.
Comparison between fibroblasts-rich area and fibroblast-poor

area was assessed by the Wilcoxon signed-rank test. p values
of <0.05 were considered statistically significant.
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Results

Fibroblasts enhanced cancer cell invasion
into the collagen matrix

We examined the number of A431 cells which invaded the
ECM every 12 h. After 72 h, the total number of A431 cells
in the invasion area was evaluated (Fig. 1a, b). When co-
cultured with fibroblasts, the total number of A431 cells in
the invasion area was 321.2+57.1, whereas the number of
invaded A431 cells was 44.9 +23.1 when A431 cells were
seeded alone (p <0.01). The number of invaded A431 cells,
when co-cultured with fibroblasts, was significantly higher
than that of A431 cells alone at all time points (Fig. 1c). In
this collagen invasion assay, we observed that human fore-
skin fibroblasts extensively invaded the collagen matrix, and
furthermore, the cancer cells followed the leading human
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Fig. 1 Total number of invaded A431 cells in the invasion area. a
Representative image of invaded A431 cells in monoculture. White
arrow indicates the invasion point. b Representative image of cancer
cells co-cultured with fibroblasts. White arrow indicates the inva-
sion point. ¢ The average number of invaded A431 cells evaluated
every 12 h. Values are given as mean+SD from three independent
experiments. Statistical analysis was performed using Student’s ¢ test.
*p<0.1, #¥%p <0.01
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foreskin fibroblasts and invaded (fibroblast-dependent cancer
cell invasion).

Next, we measured the maximum distance of invasion.
The maximum distance of invasion measured for A431
cells co-cultured with fibroblasts was significantly larger
than that measured for A431 cells alone (206.8 +15.3 um
vs. 46.2+17.0 um, p <0.01) (Fig. 2a, b).

Fibroblasts increased the frequency of S/G2/M
phase in A431 cells invading into the collagen
matrix

Cell cycle status of A431-Fucci cells within invasion area
was analyzed (Supplemental Fig. 2a, b). Representative
images of A431-Fucci cells at 72 h are shown in Fig. 3a
(fibroblasts-absent) and Fig. 3b (fibroblasts-present).
Although the frequency of invaded A431 cells with green
fluorescence (with S/G2/M phase) was not significantly dif-
ferent between the two groups until first 48 h. However, the
frequency of green fluorescent cells was higher in A431
cells co-cultured with fibroblasts compared to A431 cells
alone at 60 h (30.0+3.5% vs. 24.3+2.5%, p<0.1) and 72 h
(28.8+4.3% vs. 21.1 +1.5%, p<0.05) (Fig. 3c).
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Fig.2 The maximum distance of invasion by A431 cells. a Repre-
sentative image of the maximum invasion distance of A431 cells in
monoculture or when co-cultured with fibroblasts at 72 h. Left panel:
monoculture. Right panel: co-cultured with fibroblasts. Blue line:
initial scratch line. White arrow: maximum invasion distance. b The
average maximum invasion distance at 72 h. Values are given as
mean+SD from three independent experiments. Statistical analysis
was performed using Student’s ¢ test. ***p <0.01
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Fig.3 Frequency of S/G2/M phase in invaded A431 cells. a Repre-
sentative image of cell cycle progression of invaded A431 cells in
monoculture. b Representative image of cell cycle progression of
invaded A431 cells when co-cultured with fibroblasts. White arrow
indicates the invaded cells with green fluorescence. ¢ The average
ratio of S/G2/M phase in invaded A431 cells at every 12 h. Values are
provided as mean +SD from three independent experiments. Statisti-
cal analysis was performed using Student’s ¢ test. ¥*p <0.1, **p <0.05

Apoptotic ratio of A431 cells invaded into collagen
matrix

To calculate the apoptotic cell ratio of invaded A431 cells,
we used A431-mCherry-hCdtl cells, the fluorescence
of which indicated the GO/G1 phase of the cell. Repre-
sentative images of apoptotic cells at 72 h are shown in
Fig. 4a (left: fibroblast-absent, right: fibroblast-present).
The green fluorescence corresponded with the nuclei of
caspase-activated cells (see also material and methods).
There was no significant difference in the apoptotic ratio
of invaded A431 cells between the two groups (Fig. 4b).
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Fig.4 Apoptotic ratio of invaded A431 cells. a Representative
image of invaded A431 cells in monoculture (left panels) and when
co-cultured with fibroblasts (right panels) at 72 h. Red fluorescence:
mCherry-hCdtl. Green fluorescence: nuclei of caspase 3/7 activated
cells, b calculated apoptotic ratios. Values are given as mean+SD
from three independent experiments. Statistical analysis was per-
formed using Student’s ¢ test

Characteristic cancer cell nest of A431 cells invaded
into collagen matrix

Within the invasion area, A431 cells formed cancer cell
nests showing heterogeneous morphology. We classified
these nests into the following three patterns: Type (A) Can-
cer cell nest continuously connected from the start of the
line, Type (B) Cancer cell nest separated from the start of the
line and containing more than six cells, and Type (C) Cancer
cell nest separated from the start of the line and containing
less than 5 cells (Fig. 5a). Representative images of type A,
B, and C nests at 72 h are shown in the left panel (fibroblast-
absent) and the right panel (fibroblasts-present) of Fig. 5b.
When A431 cells were alone, the number of type A pattern
was 1.9 +0.9/well. On the contrary, type B and C patterns
were not found at all. When A431 cells were cultured with
fibroblasts, the number of type A, type B, and type C pat-
terns was 7.3 +0.5/well, 1.5+ 0.5/well, and 3.5 +2.7/well,
respectively (Fig. 5c). It is noteworthy that type B and type
C patterns were detected only when fibroblasts coexist with
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Fig.5 Morphological classification of cancer cell nest. a Three mor-
phological patterns of cancer cell nests (Type A, B, and C). b Repre-
sentative image of morphological patterns of invaded A431 cells in
monoculture (left panels) and when co-cultured with fibroblasts (right
panels) at 72 h. ¢ The number of invasion patterns. Values are pro-
vided as mean +SD from three independent experiments. Statistical
analysis was performed using Student’s ¢ test. ***p <0.01

A431 cells. Cancer cell nests with the type C pattern exhibit
the histological morphology of “tumor budding” which is
often found on the invasive front of several cancers.

Squamous cell carcinoma cells within fibroblast-rich
area display higher frequency of small cancer cell
nest and higher proliferation activity

To confirm whether the results obtained from in vitro experi-
ments could be reproduced in in vivo conditions, we used
surgically resected peripheral small human lung squamous
cell carcinoma tissues. The blue square in Fig. 6a shows the
central area where cancer cells and abundant cancer-associ-
ated fibroblasts are intermingled (fibroblast-rich area). On
the other hand, the red square indicates the peripheral region
of cancer in which cancer cells mainly display alveolar space
filling growth (Funai et al. 2003) and contain less stromal
cells (fibroblast-poor area). We compared the proliferation
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index of cancer cells within fibroblast-rich area and fibro-
blast-poor area. Representative images of fibroblast-rich
and fibroblast-poor areas are shown in Fig. 6a. The ratio
of geminin-positive cancer cells was significantly higher in
fibroblasts-rich areas than in fibroblasts-poor areas within
the same tumor (p <0.01) (Fig. 6b). Moreover, we compared
the number of small cancer cell nests (containing less than
50 cancer cells) within fibroblasts-rich area and fibroblasts-
poor area (Fig. 6¢) within the same tumor. Small cancer cell
nests were found more often in fibroblast-rich areas than in
fibroblasts-poor areas (p <0.01) (Fig. 6d).

Discussion

During the metastatic process, cancer cells invade the
stroma, which is characterized by the recruited fibroblasts
and deposited ECM, including collagen type 1. The fibro-
blasts and ECM can influence local invasion of cancer cells
by several biochemical and biomechanical mechanisms
(Friedl and Wolf 2003; Ishii et al. 2016). Human pathol-
ogy studies have revealed a great diversity in the stromal
components among several types of cancer. Moreover, even
within the same tumor, there are fibroblast-rich areas as well
as fibroblast-poor areas. By using a time-lapse imaging tech-
nique for in vitro three-dimensional invasion model, we first
revealed the following characteristics of cancer cells invad-
ing into collagen matrix: (1) cancer cells showed greater
extent of invasion into collagen type I in the presence of
fibroblasts, (2) small cancer cell nests were observed only
when fibroblasts were present, and (3) the frequency of pro-
liferating cancer cells in the invasion area was significantly
higher when they were co-cultured with fibroblasts. These
results may indicate direct rationale for the heterogeneity of
fibrous microenvironment and provide key information on
how this heterogeneity affects biological diversity of invad-
ing cancer cells.

CAFs-mediated mechanisms that stimulate cancer cell
invasion have been previously reported. Gaggioli et al.
(2007) have studied one such mechanism in which CAFs
facilitate the local invasion of cancer cells by physically
remodeling the extracellular matrix. They revealed that
generation of tracks by fibroblasts is sufficient to enable the
collective invasion of the squamous cell carcinoma cells.
We have also previously demonstrated that CAFs express-
ing podoplanin invaded a collagen matrix to a greater extent
and enhanced the local invasion of cancer cells via a simi-
lar mechanism and suggested the possibility that the local
invasion of cancer cells might depend on the invasion abil-
ity of CAFs (CAFs-dependent cancer cell invasion) (Neri
et al. 2015). The well-known types of cancer cell invasions
include EMT (Sleeman and Thiery 2011; Christiansen
and Rajasekaran 2006; Tsuji et al. 2009), mesenchymal
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movement, which depends on MMPs secreted by cancer
cells (Egeblad and Werb 2002; Wolf and Friedl 2011), and
amoeboid movement, which upregulates their motor activ-
ity (Sanz-Moreno and Marshall 2010; Gao et al. 2017). In
the current study, compared with the absence of fibroblasts,
the total number of invaded A431 cells co-cultured with
fibroblasts was significantly higher. We could not find any
morphological changes of invaded cancer cells in fibroblast-
dependent invasion area. So, it is unlikely that EMT occurs
during fibroblast-dependent invasion. So, it is still unknown
the relationship between EMT and fibroblast-dependent
invasion manner. It is still unknown why cancer cells can

more invade during fibroblast-dependent invasion process.
Remodeled ECM by fibroblast may facilitate cancer cells to
invade, alternatively, secretary factors from fibroblast may
attract cancer cells. This would be a future study topic.

In the invasion area, the frequency of cancer cells in the
S/G2/M phase was significantly higher when they were co-
cultured with fibroblasts. This may be because the crosstalk
between fibroblasts and A431 cells increases the prolifera-
tive activity of the cancer cells. In fact, when A431 cells and
fibroblasts were co-cultured in a 2D model, this phenom-
enon could be detected (see Supplemental Fig. 3). Moreover,
these in vitro results were confirmed in an in vivo situation
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by analyzing surgically resected squamous cell carcinoma
tissues. The local invasion of cancer cells may be potentiated
by the higher proliferation activity that cancer cells acquire
via crosstalk with fibroblasts.

Our in vitro study explored how A431 cells co-cultured
with fibroblasts exhibited the formation of small cancer cell
nests (type B and type C); however, these were not found
in the absence of fibroblasts. This phenomenon was also
confirmed in human squamous cell carcinoma samples.
Although the exact molecular mechanism of how fibro-
blasts can influence the morphology of cancer cell nests is
not known. The adhesion strength of cancer cell-fibroblast
and/or the adhesion strength of cancer cell-matrix secreted
from fibroblasts, may be the morphogenic regulator of small
cancer cell nest (Labernadie et al. 2017).

In this study, we found that fibroblasts-dependent cancer
cell invasion was characterized by the formation of small
cancer cell nests and progression of cell cycle using both
in vitro invasion assay and surgically resected specimens.
These results would indicate biological differences between
a fibrous tumor microenvironment and a non-fibrous tumor
microenvironment. For the development of novel therapeutic
strategies, understanding microenvironmental heterogeneity
is of utmost importance.
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