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Abstract: Tenascin-C is upregulated during inflammation and tumorigenesis, and its expression level is correlated
with a poor prognosis in several malignancies. Nevertheless, the substantial role of tenascin-C in cancer progres-
sion is poorly understood. Previously, we found that a peptide derived from tenascin-C, termed TNIIIA2, acts directly
on tumor cells to activate B1-integrin and induce malignant progression. Here, we show that B1-integrin activa-
tion by TNIIA2 in human fibroblasts indirectly contributes to cancer progression through the induction of cellular
senescence. Prolonged treatment of fibroblasts with TNIIIA2 induced cellular senescence, as characterized by the
suppression of cell growth and the induction of senescence-associated-B-galactosidase and p16'*4a expression.
The production of reactive oxygen species and subsequent DNA damage were responsible for the TNIIIA2-induced
senescence of fibroblasts. Interestingly, peptide FNIII14, which inactivates B1-integrin, inhibited fibroblast senes-
cence induced not only by TNIIIA2 but also by H,0,, suggesting that B1-integrin activation plays a critical role in the
induction of senescence in fibroblasts. Moreover, TNIlIA2-induced senescent fibroblasts secreted heparin-binding
epidermal growth factor-like growth factor (HB-EGF), which caused preneoplastic epithelial HaCaT cells to acquire
malignant properties, including colony-forming and focus-forming abilities. Thus, our study demonstrates that te-
nascin-C-derived peptide TNIIIA2 induces cellular senescence in fibroblasts through B1-integrin activation, causing
cancer progression via the secretion of humoral factors such as HB-EGF.

Keywords: Tenascin-C, B1-integrin, cellular senescence, SASP, cancer-associated fibroblast, heparin-binding epi-
dermal growth factor-like growth factor

Introduction

Matricellular proteins, including the CCN
(CYR61/CTGF/NOQV) family of proteins, fibulins,
osteopontin, tenascins, and thrombospondins,
which are present in the extracellular matrix
(ECM), are characterized by their regulated
expression and cell adhesion-modulatory func-
tion [1]. They are highly expressed in pathologi-
cal states, including inflammation and tumori-
genesis [1]. Therefore, matricellular proteins
have been considered to play important roles in

the pathogenesis of inflammatory diseases and
cancers by affecting the adhesive interactions
of cells with the ECM [1]. Tenascin-C (TNC), a
typical matricellular protein, is expressed at low
levels in normal adult tissues but is highly
expressed in several malignancies, including
colorectal cancer and glioma, and its expres-
sion levels are correlated with a poor prognosis
[2, 3]. Therefore, TNCis presumed to be involved
in cancer development and malignant progres-
sion. A number of reports have demonstrated
that TNC acts directly on cancer cells to influ-
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ence cellular properties integral to cancer
aggressiveness, such as dysregulated prolifer-
ation and invasive migration [4-7]. On the other
hand, TNC is also associated with cancer pro-
gression through an indirect mechanism via
non-cancerous cells [8-10]. In particular, TNC is
highly expressed in cancer-associated fibro-
blasts, which are major components of the
tumor microenvironment [11], and activates
these cells to develop a stiffer stroma in tumor
tissues, including breast cancer [12, 13].
However, the substantial role of this protein in
cancer progression in the tumor microenviron-
ment is unknown.

At least some of the diverse biological func-
tions of matricellular proteins, including TNC,
are known to be derived from their proteolytic
fragments released by inflammatory proteinas-
es including as matrix metalloproteinases and
a disintegrin and metalloproteinase with throm-
bospondin motifs, where tissue remodeling
occurs actively in injured tissues [14-
16]. Previously, we reported that the cancer-
associated alternative splicing domain of the
fibronectin type Ill repeat A2 in the TNC mole-
cule has a cryptic functional site that induces
Bl-integrin activation [17]. The activation of
Bl-integrin by a peptide containing this func-
tional site, termed TNIIIA2, is characterized by
extremely potent and persistent effects [18].
Based on these effects, TNIIIA2 acts directly on
glioma cells and colon cancer cells to enhance
cancer-associated malignant properties, such
as hyper-proliferation, disseminative migration,
and metastatic potential [19-22]. Recently, we
found that TNIIIA2 stimulates normal fibro-
blasts to promote the secretion of humoral fac-
tors, resulting in the hyper-proliferation of pre-
neoplastic cells [23]. Thus, aberrant B1-integrin
activation by the cryptic functional TNIIIA2 site
within TNC, which is highly expressed in the
tumor microenvironment, might cause malig-
nant transformation through an indirect mech-
anism via non-cancerous cells stimulated by
TNIHIA2 as well as the direct stimulation of can-
cer cells.

Senescence is a physiological and pathological
cellular program triggered by various types of
cellular stress, such as telomere erosion, onco-
gene activation, and DNA damage [24-26].
Senescent cells are found not only in aged tis-
sues but also in embryonic development,
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wound healing, and tumor onset [27, 28].
Senescent cells in preneoplastic lesions or the
tumor microenvironment can secrete a number
of soluble factors, such as growth factors,
inflammatory cytokines, and proteases, collec-
tively referred to as the senescence-associat-
ed secretory phenotype (SASP) [29]. Recent
compelling evidence indicates that SASP fac-
tors in the tumor microenvironment act through
cell non-autonomous (paracrine) and autono-
mous (autocrine) signaling pathways to play
crucial roles in cancer progression [30]. It is
widely accepted that senescent cells usually
exhibit a flattened and enlarged morphology,
regardless of the stimuli that cause senes-
cence [31]. This suggests that the state of
integrin-mediated cell adhesion to the ECM
substratum may play a role in the induction of
cellular senescence. Indeed, cysteine-rich
angiogenic inducer 61 (CCN1/Cyr61) and con-
nective tissue growth factor (CCN2/CTGF),
typical matricellular proteins present in the
ECM, have been reported to induce cellular
senescence in fibroblasts by binding to in-
tegrin a6B1 [32, 33], although the association
of integrin-mediated cell adhesion with the
induction of senescence was not necessarily
proven in that study. Subsequent reports pro-
vided the important suggestion that integrin-
mediated cell adhesion to the ECM is involved
in the induction of cellular senescence [34].
However, the biochemical role of integrin in
the induction of cellular senescence and its
role in cancer progression are insufficiently
understood.

Here, we show that TNIIIA2 derived from TNC,
which is highly expressed in the tumor microen-
vironment, induces cellular senescence in
human fibroblasts by activating B1-integrin. In
addition, TNIlIA2-induced senescent fibroblasts
confer malignant properties on preneoplastic
epithelial cells via the secretion of SASP fac-
tors. Our results suggest that Bl-integrin acti-
vation may serve as a common driving force in
the induction of cellular senescence, at least in
human fibroblasts.

Materials and methods
Reagents
Human plasma fibronectin was purified as

described previously [35]. The peptides TNIIIA2
and FNIII14 have been described previously
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[19, 36]. N-acetyl cysteine, sodium butyrate
(NaB), rhodanile blue, and an anti-B-actin anti-
body were purchased from Sigma-Aldrich
(Tokyo, Japan). Recombinant human heparin-
binding epidermal growth factor-like growth
factor (HB-EGF) and an anti-HB-EGF neutraliz-
ing antibody (AF-259-NA) were obtained from
R&D Systems (Minneapolis, MN). An antibody
against the COOH-terminally phosphorylated
form of the histone variant H2AX (yH2AX) was
purchased from Cell Signaling Technology
(Danvers, MA). An anti-talin antibody was pur-
chased from Biomol (Hamburg, Germany), an
anti-B1-integrin neutralizing antibody (BV7) was
purchased from Abcam (Cambridge, UK).

Cell culture

The human diploid lung embryonic fibroblast
WI-38 and TIG-1 cell lines, which were obtained
from RIKEN Bio Resource Center (Tsukuba,
Japan), were maintained in Eagle’s minimal
essential medium (Nissui Pharmaceutical,
Tokyo, Japan) supplemented with 10% fetal
bovine serum (FBS; SAFC Biosciences, St.
Louis, MO). The human diploid lung embryonic
fibroblast HFDF cell line, which was Kkindly
provided by Dr. Motoyoshi Nomizu (Tokyo
University of Pharmacy and Life Sciences), and
human preneoplastic epidermal keratinocyte
HaCarT cell line, which was kindly provided by
Dr. Yasuhiko Masuho (Tokyo University of
Science), were maintained in Dulbecco’s modi-
fied Eagle’s medium (Nissui Pharmaceutical)
supplemented with 10% FBS. These cell lines
were passaged soon after receipt, divided, and
stored in liquid nitrogen. Each experiment was
carried out using thawed cells without further
authentication. These cell lines were also
authenticated by routine monitoring of cell mor-
phology and proliferation, kept in a humidified
incubator at 37°C with 5% CO,, and cultured for
up to 15 passages.

Induction of cellular senescence

The cells were treated with TNIIA2 (in medium
supplemented with 1% FBS for the indicated
periods), 125 pM H,0, (in medium supple-
mented with 10% FBS for 30 min and then
washed and incubated with fresh medium for
the indicated periods), and 4 mM NaB (in medi-
um supplemented with 10% FBS for the indi-
cated periods). The induction of cellular senes-
cence was confirmed by staining for senes-
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cence-associated [-galactosidase (SA-B-gal)
as described previously [37].

Cell survival and proliferation

The cells (6.0 x 102 cells/well) were seeded on
96-well culture plates coated with fibronectin
(2.0 ug/mL) or type I collagen (12.5 pg/mL) in
serum-free medium. The number of viable cells
was evaluated using a WST-8 assay (Dojindo,
Kumamoto, Japan), as described previously
[18].

Measurement of oxidative stress

Reactive oxygen species (ROS) levels were
measured by carboxy-H,DCFDA (Molecular
Probes, Eugene, OR) as per the manufacturer’s
instructions. The cells were incubated with car-
boxy-H,DCFDA for 30 min. Images were cap-
tured with a BIOREVO BZ-9000 (Keyence,
Osaka, Japan).

Semi-quantitative PCR

Semi-quantitative PCR analysis was perform-
ed as described previously [19]. mRNA levels
were examined using the following primers:
pl6, forward 5-CGGAACCTCCCTCAGACATC-3’
and reverse 5-TCATGAAGTCGACAGCTTCCG-3;
B-actin, forward 5-TGAAGTACCCCATTGAACA-
CG-3" and reverse 5-GTGCTAGGAGCCAGGGC-
AGT-3’; HB-EGF, forward 5-GTGGTGCTGAAG-
CTCTTTC-3' and reverse 5-CCCCTTGCCTTT-
CTTCTTTC-3’; and GAPDH, forward 5-TTCAC-
CACCATGGAGAAGGC-3' and reverse 5-GGC-
ATGGACTGTGGTCATGA-3'. Primers were obtain-
ed from Eurofins Genomics (Tokyo, Japan).

Western blot analysis

Western blot analysis was conducted as
described previously [18].

Talin knockdown using small interfering RNA
(SiRNA)

WI-38 cells (6.0 x 10* cells/well) were trans-
fected with 20 nM talin siRNA or 20 nM siPer-
fect negative control siRNA (Sigma-Aldrich)
using the Lipofectamine RNAIMAX reagent
(Life Technologies, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions and
seeded on 12-well culture plates in growth
medium without antibiotics. At 48 h after trans-
fection, the cells were subjected to western
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blot or cellular senescence analysis. The talin-
1 siRNA sequence was 5-AAUCGUGAGGGU-
ACUGAAACU-3’ (Sigma-Aldrich), corresponding
to positions 6043-6063 relative to the mRNA
start codon.

Preparation of culture supernatant from se-
nescent fibroblasts

Fibroblasts (2.0 x 10° cells/well) were seeded
on 12-well culture plates coated with fibronec-
tin (2.0 yg/mL) or type | collagen (12.5 pg/mL)
and treated with TNIIIA2 or NaB and/or peptide
FNIlI14 for 5 days. The cells were washed
and incubated with 5 mg/mL bovine serum
albumin for 3 days. The collected media were
centrifuged to remove cell debris and the super-
natants (conditioned media; CM) were collect-
ed and stored at -80°C until further use.

2D coculture experiments

WI-38 cells (2.5 x 10* cells/well) were seeded
on 24-well culture plates for 24 h. HaCaT cells
(1.0 x 10* cells/well) in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium-Eagle’s
minimal essential medium in the presence or
absence of TNIIIA2 and/or peptide FNIII14
were overlaid on the WI-38 cells. After 48 h, the
cells were fixed with 4% paraformaldehyde
and stained with 1% rhodanile blue for epithe-
lial cell staining [38]. Images were captured
and analyzed by Motic Image Plus 2.2S
(Shimadzu Rika, Kyoto, Japan).

Focus formation assay

HaCaT cells (2.0 x 10° cells/well) were seeded
on 24-well culture plates coated with fibronec-
tin (2.0 ug/mL) or type | collagen (12.5 pg/mL)
in the presence of CM. After 8-10 days, the
cells were fixed with 4% paraformaldehyde and
stained with crystal violet. Images were cap-
tured and analyzed by Motic Image Plus 2.2S.

Colony formation assay

A colony formation assay was performed as
described previously [19].

Statistical analysis

Data are expressed as the mean + standard
deviation (SD). A two-tailed Student’s t-test or
one-way analysis of variance was used to deter-
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mine statistical differences. Values of P < 0.05
were considered significant.

Results

Induction of cellular senescence in normal hu-
man fibroblasts through the activation of 31-
integrin by a TNC-derived peptide

To clarify the indirect role of TNC in cancer pro-
gression via non-cancerous cells, we investi-
gated the effects of TNIIIA2 on human fibro-
blasts, the major component of the cancer
stroma. When the human diploid fibroblast
WI-38 cell line was cultured in the presence of
TNIIIA2 for several days, the cells exhibited an
enlarged and flattened morphology (Figure
1A), which is morphologically characteristic of
senescent cells [31]. In fact, TNIlIA2-treated
WI-38 cells were positive for SA-B-gal-staining,
a lysosomal enzyme used widely as a marker
of senescence (Figure 1A). Although the num-
ber of SA-B-gal-positive cells increased in
a TNIIIA2 concentration-dependent manner
(Figure 1A), the obvious appearance of SA-B-
gal-positive cells required more than 3 days of
culture in medium containing TNIIIA2 at con-
centrations higher than 12.5 pg/mL (Figure 1B
and 1C), suggesting that the appearance of
SA-B-gal-positive cells requires the strong and
continuous stimulation of fibroblasts with
TNINA2. The induction of SA-B-gal-positive cells
by TNIIIA2 treatment was also reproduced with
other normal human diploid fibroblast cell
lines (TIG-1 and HFDF cells) (Figure 1D and
1E). Moreover, these changes in response to
TNIIA2 treatment were accompanied by the
upregulation of p16™*4 a marker of senes-
cence growth arrest, concomitant with a reduc-
tion in cell proliferation (Figure 1F and 1G).
Furthermore, the growth arrest caused by cul-
ture with TNIIIA2 was not recovered even when
cells were re-cultured without TNIIIA2 (Figure
1H). In addition, no significant change in the
appearance of SA-B-gal-positive cells was
observed after removal of TNIIIA2 and further
culture without TNIIIA2 (Figure 1l), confirming
that the cellular changes induced by TNIIIA2
were irreversible. From these results, we con-
cluded that strong stimulation of cells with
TNIIIA2 over several days caused cellular
senescence in the WI-38 fibroblasts.

Many recent studies have shown that ROS gen-
erated in cells are the main cause of stress-
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Figure 1. TNIIIA2 induces cellular senescence in normal human fibroblasts. WI-38 cells adhered to the fibronectin
substrate were stimulated with TNIIA2. (A and B) Cells were treated with TNIIIA2 for 5 days at the indicated concen-
trations and then stained for SA-B-gal activity. SA-B-gal-positive cells were counted and expressed as a percentage
of the total number of cells. Scale bar, 200 um. (C) Cells were treated with TNIIIA2 (25 pug/mL) for the indicated
number of days and then subjected to an SA-B-gal assay. TIG-1 cells (D) and HFDF cells (E) were treated with TNIIIA2
for 5 days. The cells were subjected to an SA-B-gal assay. (F) After TNIIIA2 treatment for the indicated number of
days after which p16 and B-actin mRNA levels were measured by semi-quantitative PCR. (G) The effect of TNIIIA2
on the proliferation of WI-38 cells as shown by a WST-8 assay. (H) WI-38 cells were treated with or without TNIIIA2
(50 ug/mL) for 5 days and then washed, resuspended, and plated. The cells were then incubated for 2 or 4 days,
and subjected to a WST-8 assay. (I) WI-38 cells were treated with or without TNIIIA2 (50 pug/mL) for 5 days. Then the
cells were washed, the medium was replaced, and the cells were incubated for 4 days, after which the cells were
subjected to an SA-B-gal assay. Data are presented as means + SD, **P < 0.01, N.S. not significant.
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Figure 2. TNIlIA2-induced senescence of fibroblasts is attributed to the DNA damage response. (A) WI-38 cells were
treated with TNIIIA2 in the presence or absence of N-acetyl cysteine (NAC) for 6 h, and ROS production was visual-
ized by carboxy-H,DCFDA. Scale bar, 200 ym. (B) Cells treated with TNIIIA2 in the presence of absence of NAC were
subjected to an SA-B-gal assay. Data are presented as means + SD, **P < 0.01. N.D., not detected. (C) Cells treated
with TNIIIA2 were subjected to western blot analysis of yH2AX and B-actin.

induced cellular senescence [39]. As can
be seen from Figure 2A, TNIIIA2 treatment
caused the production of ROS. Addition with
N-acetyl cysteine, a ROS scavenger, prevented
the TNIIIA2-induced production of ROS (Figure
2A) and the subsequent increase in the num-
ber of SA-B-gal-positive cells (Figure 2B).
Furthermore, TNIIIA2 treatment also caused
significant DNA damage, as judged by the phos-
phorylation of yH2AX, a marker of DNA damage
(Figure 2C). These results suggest that TNIIA2-
induced cellular senescence in fibroblasts is
due to ROS production and subsequent DNA
damage.

Because TNIIIA2 was previously found to be a
peptide factor capable of activating Bl-integrin
[36], Bl-integrin activation may play a role in
TNIIIA2-induced cellular senescence. To clarify
this, we performed the following examinations.
First, flow cytometric analysis using a monoclo-
nal antibody that recognizes a conformation-
specific epitope of active Bl-integrin showed
that TNIIIA2 activated Bl-integrin in WI-38
cells (Figure 3A), followed by accelerated adhe-
sion to the fibronectin substrate (Figure 3B).
Second, pretreatment of WI-38 cells with the
anti-B1-integrin neutralizing BV7 antibody pre-
vented the appearance of SA-B-gal-positive
cells induced by TNIIIA2 (Figure 3C). Third,
siRNA silencing of talin, an integrin-binding
cytoplasmic adaptor protein that is required
for the activation and retention of Bl-integrin
[40], inhibited the appearance of SA-B-gal-
positive cells induced by TNIIIA2 (Figure 3D and
3E). Fourth, peptide FNIII14, which was previ-
ously found as a Bl-integrin inactivator [36],
actually inactivated B1-integrin in WI-38 cells
(Figure 3A and 3B) and efficiently inhibited the
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appearance of SA-B-gal-positive cells induced
by TNIIIA2 (Figure 3F). Taken together, these
results demonstrate that B1-integrin activation
is the main cause of TNIlIA2-induced cellular
senescence in WI-38 fibroblasts.

It has been reported that cellular senescence
can be induced by exogenous addition of H,0,
[31]. Actually, the addition of H,0, to the cul-
ture system resulted in cellular senescence in
the WI-38 fibroblasts, as judged by SA-B-gal
staining (Figure 4A). Interestingly, this H,O,-
induced cellular senescence was also prevent-
ed by further addition of either an anti-f1-
integrin neutralizing antibody (Figure 4A) or
peptide FNII14 (Figure 4B). These results
suggest that B1-integrin activation functions as
the common driving force of cellular senes-
cence, at least in human fibroblasts. Supporting
this assumption, Mn?* [41], a well-known acti-
vator of B1-integrin (Figure 3A), induced cellu-
lar senescence in WI-38 fibroblasts, as deter-
mined by SA-B-gal-staining (Figure 4C). As
observed with the induction of cellular senes-
cence by TNIIIA2 (see Figure 1C), Mn?* treat-
ment also took a few days to induce senes-
cence (Figure 4C). Taken together with the
results of Figure 1B and 1C, these findings
suggest that the induction of cellular senes-
cence in human fibroblasts might require the
sustained activation of p1-integrin. On the
other hand, peptide FNIII14 prevented induc-
tion of cellular senescence caused by
B1-integrin activation as mentioned above, but
could not revert the state of SA-B-gal-staining
of cells induced by TNIIIA2 (Figure 4D), further
supporting that cellular senescence induced by
B1-integrin activation is irreversible.
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Figure 3. TNIIIA2-induced cellular senescence is based on B1-integrin activation. (A) WI-38 cells were incubated with or without TNIIIA2 (50 pug/mL) or Mn?* (4 mM)
in the presence or absence of peptide FNIII14 (50 ug/mL) for 30 min. The activation of B1-integrin was measured by flow cytometry using antibody AG89, which
recognizes a conformation-specific epitope of active B1-integrin. Dashed lines in each panel show the mean fluorescence intensity of the control. (B) WI-38 cells
suspended in serum-free medium were seeded with or without TNIIIA2 in the presence or absence of peptide FNIII14 on 96-well plates coated with fibronectin (2.0
pug/mL). Adhered cells were stained with crystal violet and counted under a microscope. Statistical analysis was conducted to compare the total percentages of
spread and adhered cells. (C) WI-38 cells were pre-incubated with function-blocking antibodies against B1-integrin (BV7, 10 yg/mL), and then treated with TNIIIA2
for 5 days. The cells were subjected to an SA-B-gal assay. (D) At 48 h after talin siRNA transfection, talin levels were measured by western blot analysis. (E) Effect of
siRNA-mediated talin depletion on TNIIIA2-induced SA-B-gal activity. At 48 h after siRNA transfection, the cells were treated with TNIIIA2 for 5 days. The cells were
subjected to an SA-B-gal assay. (F) WI-38 cells were treated with TNIIIA2 in the presence or absence of peptide FNIII14 (50 ug/mL) for 5 days and then subjected
to an SA-B-gal assay.
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Figure 4. B1-integrin activation is a common driving force for cellular senescence in human fibroblasts. WI-38 cells
were treated with or without an anti-B1-integrin-blocking antibody (BV7, 10 pg/mL) (A) or with or without peptide
FNIII14 (B), and the cells were exposed to 125 yM H,0, for 30 min, and then washed out and cultured in the pres-
ence or absence of BV7 (A) or peptide FNIII14 (B), and subjected to an SA-B-gal assay. (C) WI-38 cells were treated
with Mn?* for 5 days, and subjected to an SA-B-gal assay. (D) WI-38 cells were treated with TNIIIA2 for 5 days and
then washed and treated with or without peptide FNIII14 for 4 days before being subjected to an SA-B-gal assay.
Data are presented as means £ SD, **P < 0.01, N.S. not significant.

Malignant transformation of preneoplastic
epithelial cells by TNIIIA2-induced senescent
fibroblasts

Next, we examined whether TNIIIA2-induced
senescent fibroblasts are associated with
malignant transformation. For this purpose,
preneoplastic epithelial HaCaT cells, which
exhibit aneuploidy, were used. HaCaT cells
were cocultured with non-senescent WI-38
cells or TNIIIA2-induced senescent WI-38 cells
and then stained with rhodanile blue, which
selectively stains epithelial cells [38]. As a
result, HaCaT cell growth was found to be pro-
moted by coculturing with TNIIIA2-induc-
ed senescent WI-38 cells (represented as
“TNIIIA2-WI-38” in Figure 5A) compared with
non-senescent WI-38 cells (“Cont-WI-38” in
Figure 5A). The promotion of cell growth by
TNIIIA2-induced senescent cells was compara-
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ble to that induced by WI-38 cells treated with
NaB, a histone deacetylase inhibitor, which
has been reported to induce cellular senes-
cence, accompanied by induction of SASP fac-
tors [42, 43] (“NaB-WI-38” in Figure 5A). These
findings suggest that TNIIIA2-induced senes-
cent WI-38 cells secrete SASP factors that
promote HaCaT cell growth. Indeed, CM col-
lected from TNIIIA2-induced senescent WI-38
cells promoted HaCaT cell growth (Figure 5B
and 5C). Similar results were obtained with
TNIIIA2-induced senescent TIG-1 cells (Figure
5D). Importantly, CM from TNIIA2-induced
senescent WI-38 cells strongly enhanced the
anchorage-independent colony-forming ability
of HaCaT cells in soft agarose (Figure 5E).
Furthermore, HaCaT cells treated with CM from
TNIIIA2-induced senescent fibroblasts (WI-38
and TIG-1) grew in multiple layers in 2D cocul-
ture, forming foci consisting of multilayered
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Figure 5. Secreted factors from TNIIIA2-induced senescent fibroblasts induce the malignant transformation of
HaCaT cells. (A) WI-38 cells were treated with either TNIIIA2 (50 pyg/mL) or NaB (4 mM) for 5 days, and the cells
were resuspended and plated. After incubation for 24 h, WI-38 cells were cocultured with HaCaT cells in 2D cocul-
ture experiments for 3 days. HaCaT area was measured by rhodanile blue staining, as described in the Materials
and Methods. Scale bar, 200 uym. (B) WI-38 or TIG-1 cells were treated with either TNIIIA2 (50 yg/mL) or NaB (4
mM) for 5 days, and the media were removed and replaced, and then the cells were incubated for 3 days. CM were
collected (Cont CM: control; TNIIIA2 CM: cultured with TNIIIA2; NaB CM: cultured with NaB). In (C and D), HaCaT cells
were cultured in CM from WI-38 cells (C) or TIG-1 cells (D), and cell proliferation was assayed by a WST-8 assay. (E)
HaCaT cells were cultured in CM from WI-38 cells, and HaCaT cells suspended in CM were subjected to a colony
formation assay, as described in the Materials and Methods. HaCaT cells were cultured in CM from WI-38 cells (F)
or TIG-1 cells (G), and the cells were subjected to a focus formation assay. Data are presented as means + SD, **P
< 0.01. Scale bar, 200 ym.
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Figure 6. TNIIIA2 secreted SASP factors, including HB-EGF, induce the malignant transformation of HaCaT cells. In
(A and B), HaCaT cells cocultured with TNIlIA2-induced senescent WI-38 cells were incubated with either an anti-HB-
EGF neutralizing antibody or isotype control. After incubation for 72 h, the HaCaT area was measured by rhodanile
blue staining. Scale bar, 200 um. (C) HaCaT cells treated with CM from TNIIIA2-induced senescent WI-38 cells were
incubated with either an anti-HB-EGF neutralizing antibody or isotype control and then subjected to a WST-8 (D) or
colony formation (E) assay. (F) WI-38 cells were treated with either TNIIIA2 (50 pyg/mL) or NaB (4 mM) to induce
cellular senescence, as described in the Materials and Methods. HB-EGF and GAPDH mRNA levels were then mea-
sured by semi-quantitative PCR. In (G and H), HaCaT cells were treated with recombinant human HB-EGF, and the
cells were subjected to a WST-8 assay on day 2 (G) or colony formation assay on day 10 (H). Data are presented as

means + SD, *P < 0.05, **P < 0.01.

HaCarT cells (Figure 5F and 5G). These results
suggest that TNIIIA2-induced senescent fibro-
blasts secrete SASP factors that have the abili-
ty to induce the malignant transformation of
preneoplastic epithelial HaCaT cells.

Notably, function-blocking experiments re-
vealed that TNIIIA2-induced senescent cells
secreted HB-EGF as a detrimental SASP fac-
tor; a neutralizing antibody against HB-EGF
impeded the increased proliferation (Figure
6A-D) and enhanced the colony-forming ability
of the HaCaT cells (Figure 6C and 6E), which
were conferred by TNIIIA2-induced senescent
WI-38 cells. Supporting these results, the
induction of HB-EGF mRNA was observed in
TNIIIA2-induced senescent fibroblasts (Figure
6F). Meanwhile, exogenously application of
recombinant human HB-EGF enhanced HaCaT
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cell proliferation on the 2D culture plates
(Figure 6G) as well as colony formation in soft
agarose (Figure 6H). In conclusion, TNIIIA2
peptide derived from TNC, which is highly
expressed in the tumor stroma, induces cellu-
lar senescence in stromal fibroblasts by acti-
vating Bl-integrin, resulting in the malignant
progression of preneoplastic epithelial cells
though the secretion of SASP factors such as
HB-EGF.

Discussion

TNC is considered to be closely involved in can-
cer development and progression [2], but the
substantial role of this protein is controversial.
In the present study, we showed that the TNC-
derived peptide TNIIIA2 has the ability to induce
cellular senescence in fibroblasts, and the sol-
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induced senescent fibroblasts, including HB-EGF, are involved in the malignant transformation of preneoplastic

cells. Inactivation of B1-integrin by peptide FNIII14 inhibits TNIIIA2-induced cellular senescence. Created using

BioRender.com.

uble factors secreted from TNIIIA2-induced
senescent fibroblasts contribute to the malig-
nant transformation of preneoplastic epithe-
lial cells (Figure 7). The induction of cellular
senescence by TNIIA2 was attributed to
Bl1-integrin activation and the resulting produc-
tion of ROS, but it was necessary to activate
Bl-integrin for an extended period of time
(Figure 1B and 1C). TNC, the parent molecule
of TNIIA2, is upregulated in inflammatory
lesions, including inflammatory bowel disease
and fibrosis, and its expression is further up-
regulated with increased disease activity [44,
45]. Moreover, TNC positively regulates its
own expression [13], resulting in a spiraling
increase in TNC expression [46]. Indeed, it was
reported that tissue concentrations of TNC can
reach approximately single-digit milligram per
milliliter levels [47], although they are depen-
dent on tissue location and pathological state.
Thus, TNIIIA2 may be highly released from con-
tinually increasing levels of TNC in precancer-
ous lesions and confer malignant properties on
preneoplastic epithelial cells through the induc-
tion of senescence in stromal fibroblasts based
on Bl-integrin activation, serving as an impor-
tant determinant of cancer development and
progression.
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Increasing evidence suggests that senescent
fibroblasts promote the phenotypic transforma-
tion of preneoplastic cells and their malignant
progression [38, 48, 49]. TNC expression,
which is upregulated in the tumor stroma as a
marker of cancer-associated fibroblasts, is
correlated with a poor prognosis in several
malignancies [46, 50]. In particular, high levels
of large TNC variants are independently associ-
ated with disease progression [51, 52] and a
poor prognosis, and high degradation levels of
TNC variants result in the increased incidence
of recurrence in patients with early stage non-
small cell lung cancer [53], indicating that the
cryptic functional TNIIIA2 site within large TNC
variants can become functional in the tumor
microenvironment and acts on fibroblasts to
confer malignant properties on preneoplastic
cells. To verify whether the findings of the pres-
ent study actually occur in vivo, further investi-
gations are needed using more complex experi-
mental systems such as in vivo cancer models
and clinical samples.

Interestingly, in addition to the effect of
B1-integrin activation by TNIIIA2 on the induc-
tion of cellular senescence in fibroblasts, we
showed that Mn?*, a Bl1-integrin activator, also
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induces cellular senescence, and an anti-B1-
integrin neutralizing antibody and peptide
FNIII14, both of which inactivate Bl-integrin,
suppressed H,0,-induced cellular senescence.
CCN1 and CCN2, which are typical matricellu-
lar proteins, have been reported to induce cel-
lular senescence in fibroblasts by binding to
Bl-integrin [32, 33]. More recently, Shin and
colleagues demonstrated that the depletion of
BPAK-interacting exchange factor in fibroblasts
induces cellular senescence via the phosphory-
lation of focal adhesion kinase and paxillin, and
the induced cellular senescence was sup-
pressed by treatment with arginyl-glycyl-aspar-
tic acid peptide or focal adhesion kinase inhibi-
tor [34]. These studies support the legitimacy
of our conclusion that the activation of
Bl-integrin plays a pivotal role as a driving force
in the induction of cellular senescence, at least
in human fibroblasts. This implies that drugs
capable of inactivating Bl-integrin can provide
a novel strategy, so-called “senotherapy”, for
chemotherapy/chemoprevention of senes-
cence-related diseases including cancer.

Many recent studies have indicated that the
ECM stiffness of tumors increases with cancer
progression [54, 55]. Moreover, the interplay
between cancer cells and cancer-associated
fibroblasts has been implicated in increased
ECM stiffness in the tumor microenvironment,
leading to cancer aggression [56, 57]. In stud-
ies on mammary tumorigenesis in the MMTV/
PyMT mouse model, preneoplastic lesions
show increased ECM stiffness compared with
normal mammary gland, and ECM stiffness
also correlates with malignant stage [58]. In an
analysis of human samples, ductal in situ
carcinoma, which is the preneoplastic stage of
breast carcinoma, shows increased p1-integrin
activation compared with normal breast tissue,
and this activation also correlates with malig-
nant stage [59]. More recently, glioblastoma
aggression was shown to correlate with the
stiffness of a TNC-enriched ECM, and ECM
stiffness is increased in glioblastoma cells
expressing an auto-clustering Bl-integrin
mutant, thereby promoting tumor burden [60,
61]. In addition, cells cultured on stiff sub-
strata promote the production of ROS com-
pared with those cultured on soft substrata,
and ROS production is increased in cells
expressing the auto-clustering [Bl-integrin
mutant [62]. These observations support the
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suggestion that the TNIIA2 matricryptic site
derived from TNC may create a tumor microen-
vironment with pro-adhesive activity based on
the aberrant activation of B1-integrin, leading
to increased ECM stiffness and the induction of
senescence in fibroblasts via the pl-integrin-
ROS pathway.

HB-EGF is highly expressed in multiple types of
cancer and its expression level is correlated
with a poor prognosis in several malignancies
[63, 64]. Murata and colleagues reported that
HB-EGF expression is not detected in normal
cervical stroma, but is expressed at high levels
in stromal fibroblasts in the tumor microenvi-
ronment, and its levels correlate with disease
stage in uterine cervical cancers, indicating
that HB-EGF may play a critical role in cancer
progression via the interaction of cancer
cells with cancer-associated fibroblasts [65].
Moreover, Sasaki and colleagues reported that
HB-EGF derived from colonic fibroblasts pro-
motes colon carcinogenesis in colitis-associat-
ed carcinogenesis in mice [66]. Our observa-
tions indicate that the procancer effect of
TNIIIA2-induced senescent fibroblasts might
result from, at least in part, HB-EGF secretion.
Additional experiments to examine whether
TNIIA2-induced senescent fibroblasts secrete
other SASP factors with procancer effects on
preneoplastic epithelial cells are now in
progress.
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