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Abstract

Tenascin-C is a member of the matricellular protein fam-
ily, and its expression level is correlated to poor prognosis
in cancer, including glioblastoma, whereas its substantial
role in tumor formation and malignant progression remains
controversial. We reported previously that peptide TNIIIA2
derived from the cancer-associated alternative splicing
domain of tenascin-C molecule has an ability to activate
b1-integrin strongly and to maintain it for a long time. Here,
we demonstrate that b1-integrin activation by TNIIIA2
causes acquisition of aggressive behavior, dysregulated pro-
liferation, and migration, characteristic of glioblastoma
cells. TNIIIA2 hyperstimulated the platelet-derived growth
factor–dependent cell survival and proliferation in an
anchorage-independent as well as -dependent manner in
glioblastoma cells. TNIIIA2 also strongly promoted glioblas-
tomamultiforme cell migration, which was accompanied by
an epithelial–mesenchymal transition–like morphologic
change on the fibronectin substrate. Notably, acquisition of
these aggressive properties by TNIIIA2 in glioblastoma cells

was abrogated by peptide FNIII14 that is capable of inducing
inactivation in b1-integrin activation. Moreover, FNIII14
significantly inhibited tumor growth in a mouse xenograft
glioblastoma model. More importantly, FNIII14 sensitized
glioblastoma cells to temozolomide via downregulation of
O6-methylguanine-DNAmethyltransferase expression. Con-
sequently, FNIII14 augmented the antitumor activity of
temozolomide in a mouse xenograft glioblastoma model.
Taken altogether, the present study provides not only an
interpretation for the critical role of tenascin-C/TNIIIA2 in
aggressive behavior of glioblastoma cells, but also an impor-
tant strategy for glioblastoma chemotherapy. Inhibition of
the tenascin-C/b1-integrin axis may be a therapeutic target
for glioblastoma, and peptide FNIII14 may represent a new
approach for glioblastoma chemotherapy.

Significance: These findings provide a proposal of new
strategy for glioblastoma chemotherapy based on integrin
inactivation.

Introduction
Glioblastoma multiforme (GBM) is the most common and

aggressive glial tumor in adults. Despite multimodal therapies,
including surgical resection, radiotherapy, and chemotherapy,

the prognosis remains extremely poor (1). GBM is character-
ized by a high degree of proliferation and disseminative migra-
tion throughout the brain parenchyma, thus preventing com-
plete surgical resection. In order to develop an effective che-
motherapy for GBM, it is crucial to identify the molecular
mechanism that leads gliomas to acquire aggressive properties
and advance to GBM.

Tenascin-C is an adhesion modulatory protein present in
extracellular matrix (ECM), so-called "matricellular proteins" (2),
and is characterized by its regulated expression. Expression of
tenascin-C in normal adult tissues is generally low, whereas it
increases transiently in pathologic states including inflammation
and malignant tumors (3). Various isoforms of tenascin-C are
generated by alternative splicing within the fibronectin type III
(FNIII) repeats (4). Among them, tenascin-C variants contain-
ing the FNIII A2 repeat are highly expressed in neoplasms (5, 6).
Therefore, these variants have been implicated in tumor for-
mation and/or progression. Notably, the expression of tenas-
cin-C is especially high in gliomas/GBM (7, 8). In fact, high
tenascin-C levels are correlated with poor prognosis in GBM
patients (3), and its expression is therefore considered a neg-
ative prognostic factor. However, the role of tenascin-C in the
acquisition of the aggressive phenotype of GBM has not been
clarified. ECM remodeling often occurs in malignant tumors
where ECM protein fragments with biological functions are
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released through cleavage by inflammatory proteinases (9, 10).
To clarify the substantial role of tenascin-C in the pathogenesis
of GBM, both the full-length tenascin-C molecule and its
peptide fragments must be considered.

We reported previously that the cancer-associated FNIII A2
repeat of tenascin-C molecule has a cryptic functional site (11)
and that a 22-merpeptide containing this functional site, TNIIIA2,
is capable of inducing potent activation in integrin a5b1 that was
sustained for a long period (12). Based on this effect, TNIIIA2was
shown to influence various cellular processes. Notably, TNIIIA2
not only made nontransformed fibroblasts (NIH3T3 cells) resis-
tant to anoikis (12), but also induced hyperstimulation of plate-
let-derived growth factor (PDGF)–dependent proliferation in
NIH3T3 cells through activation of the PDGF receptor/Ras/MAPK
pathway, consequently leading to the formation of dense mul-
tilayered cell aggregates, so-called transformed foci (12), suggest-
ing disruption of the normal cell phenotype ("contact inhibition
of cell proliferation"). These observations raise the possibility
that the FNIII A2 repeat–containing variants of tenascin-C mol-
ecule highly expressed in tumor tissues may be involved in
oncogenic transformation and malignant progression. In partic-
ular, TNIIIA2, which is released from the cancer-associated tenas-
cin-C variants containing the FNIII A2 repeat by inflammatory
proteinases (13), may contribute to tumorigenesis and/or malig-
nant progression. Because the PDGF signal is accelerated in some
subclasses of GBM, especially proneural GBM (14, 15), stimula-
tion of PDGF signaling based on TNIIIA2-induced activation of
integrin a5b1 may be associated with the acquisition of a highly
aggressive phenotype in GBM.

In the present study, we demonstrated that the activation of
b1-integrins by TNIIIA2 is involved in the acquisition of malig-
nant properties, such as excessive survival/proliferation and
disseminative migration in GBM cells, which are major causes
of poor prognosis in GBM. We also showed that the TNIIIA2-
stimulated aggressive behavior of GBM cells can be abrogated
through inactivation of b1-integrins by another peptide factor,
FNIII14 (16). Furthermore, FNIII14 has the ability to sensitize
GBM cells to temozolomide (TMZ) via downregulation of O6-
methylguanine-DNA methyltransferase (MGMT), which is
known to cause resistance to TMZ treatment. Our results thus
suggest that peptide FNIII14 has potential for new approaches
to treat this refractory disease.

Materials and Methods
Reagents

Human plasma fibronectin was purified as described pre-
viously (17). Peptide TNIIIA2, peptide FNIII14, and its anal-
ogous inactive scrambled control peptide FNIII14scr have
been described previously (11, 18). Peptide (GRGDSP)n
((GRGDSP)8K4K2KY), which was used as an antagonist for
integrin a5b1, was kindly provided by Dr. Motoyoshi Nomizu
(Department of Pharmacy, Tokyo University of Pharmacy and
Life Sciences). PDGF-BB, poly(2-hydroxyethyl methacrylate)
(poly-HEMA) and TMZ were purchased from WAKO Pure
Chemicals, Sigma-Aldrich Japan, and Tokyo Chemical Indus-
try, respectively.

Cell culture
Human GBM cell line T98G, which was obtained from the

American Type Culture Collection, wasmaintained in RPMI 1640

medium supplemented with 10% FBS (SAFC Biosciences). Rat
GBM cell line 9L, which was kindly provided by Dr. Yoshida
Fumiyo (Department of Neurosurgery, University of Tsukuba,
Japan), was maintained in DMEM with 10% FBS. These cell lines
were passaged soon after receipts, divided, and stocked in liquid
nitrogen. Each experiment was carried out using thawed cells
without further authentication. These cell lines were also authen-
ticated by routine monitoring of cell morphology and prolifer-
ation, kept in a humidified incubator at 37�C with 5% CO2, and
cultured up to 15 passages.

Cell survival and proliferation
T98G cells (3.5� 103 cells/well) were seeded on 96-well plates

coated with fibronectin (0.25 mg/mL) or poly-HEMA in serum-
free medium. The number of viable cells was evaluated by the
WST-8 assay, as described previously (12).

Colony formation assay
Solution of a 1:1mixture of 1.4% agar (BDBioscience) and 2�

RPMI 1640 growthmediumwas poured into 12-well plates. After
solidification, T98G (1.0 � 104 cells/well) suspended in growth
medium containing 0.7% agar in the presence or absence of
TNIIIA2 and/or PDGF were overlaid on top of a base layer. After
solidification of the top agar layer, RPMI 1640 growthmedium in
the presence or absence of TNIIIA2 and/or PDGF was added.
Mediawere changed every 4 to5days. After 10 to14days, colonies
were stained with crystal violet, and the number of them was
counted for five randomly selected fields under themicroscope at
20� magnification.

Western blotting
Cells (2.5 � 105 cells/well) were allowed to adhere in 6-well

plates coated with fibronectin in the FBS-containingmedium and
then starved overnight in serum-free medium. Subsequent steps
were conducted using antibodies shown in Supplementary
Table S1, as described previously (12).

Immunoprecipitation
Immunoprecipitation studieswere performedusing antibodies

shown in Supplementary Table S1, as described previously (12).

Wound-healing assay
Cells (2.1 � 105 cells/well) suspended in the FBS-containing

mediumwere seeded onto 12-well plates coated with fibronectin.
A single scratch wound was created using a p200 pipette tip into
confluent cells. After the incubation in the assay medium for
6 hours, cells were fixed with 4% paraformaldehyde and stained
with crystal violet. Images were captured by phase-contrast
microscopy at 0 and 6 hours, and wound width was measured
by Motic Image Plus 2.2S (Shimadzu Rika). The distances of cell
migration were determined by the wound width at different time
points. Cellmigration in each groupwas expressed as a percentage
of the control.

Scattering assay
Cells (1.0 � 103 cells/well) suspended with growth medi-

um were seeded onto 6- or 12-well plates, cultured up to
formation of a cobblestone-like cell sheet, and then cultured
in the assay medium for 6 hours. Cell images were captured
by phase-contrast microscopy and analyzed by Motic Image
Plus 2.2S.

Fujita et al.

Mol Cancer Ther; 18(9) September 2019 Molecular Cancer Therapeutics1650

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1649/1863011/1649.pdf by guest on 19 M
ay 2023



Confocal microscopy
Confocal microscopy was performed using the antibodies

presented in Supplementary Table S1 by confocal microscopy
Fluoview FV1000 (Olympus) or AF6000 (Leica Microsystems) as
described previously (19).

Animal study
All the animal procedures were approved by the Institutional

Animal Care and Use Committee of Tokyo University of Sci-
ence. 9L cells (5� 105) suspended in PBS (�) (100 mL) were s.c.
injected into the left flank of 6-week-old female Balb/c nude
mice (Sankyo Laboratory Service). Mice were randomized
into treatment groups after tumors were established (mean
volume ¼ 50 mm3). Tumor volume (mm3) determined by
measuring with calipers was calculated: Volume ¼ (length) �
(width)2 � 0.5.

Combination index
The combination index is based on the followingmultiple drug

effect equation (20): Combination index ¼ 1, >1, and <1 are
considered to be additive, antagonistic, and synergistic,
respectively.

Semiquantitative PCR
The cell RNA was extracted using the RNeasy Mini Kit

(QIAGEN) according to the manufacturer's instructions. cDNA
was gathered by the reverse transcription reaction using Quan-
tiTect Reverse Transcription (QIAGEN) and amplified in
TaKaRa PCR Thermal Cycler Dicer (Takara Bio). The PCR
products were electrophoresed using 2% agarose gel TBE
including 0.5 mg/mL ethidium bromide and developed with
a trans-illuminator. Primers are shown in Supplementary
Table S2.

Statistical analysis
Data are expressed as the mean� S.D. Two-tailed Student t test

or one-way ANOVA analysis was used to determine statistical
differences. Values of �, P < 0.05 were considered significant.

Results
Aggressive progression in GBM cells through activation of
integrin a5b1 by peptide TNIIIA2

Expressions of tenascin-C and integrin subunits a5 and b1
were clearly detected in human (T98G, U251, and U87), rat (C6
and 9L), and mouse (GL261) GBM cell lines (Supplementary
Table S1A). The tenascin-C molecule expressed in T98G cells
contained the TNIIIA2-related matricryptic site (Supplementary
Table S1B). Among these GBM cell lines, we used two cell lines,
human T98G and rat 9L, in this study. Because fibronectin is
known to be overexpressed in GBM tissue (21), we investigated
the effects of TNIIIA2 and PDGF on proliferation of GBM
cells adhering to the fibronectin substrate. Flow cytometry using
mAb (AG89) recognizing an active conformation-specific epitope
of the b1-integrin subunit showed that TNIIIA2 activated b1-
integrins of GBM cells (Supplementary Table S2A). Based on this
effect, TNIIIA2 promoted the adhesion of GBM cells to the
fibronectin substrate (Supplementary Table S2B). We then exam-
ined the effects of b1-integrin activation by TNIIIA2 on GBM cell
proliferation. The effects of TNIIIA2 on the PDGF-dependent
proliferation of GBM cells were similar to those on NIH3T3

cells (12). PDGF stimulated GBM cell proliferation in a dose-
dependent manner but reached a plateau at around 10 ng/mL
for T98G cells (Fig. 1A) and 20 ng/mL for 9L cells (Supple-
mentary Table S3A). The PDGF-dependent proliferation of
T98G cells at submaximal PDGF concentration on fibronectin
substrate was further stimulated by addition of TNIIIA2
(Fig. 1B). Similar observations were made for 9L cells (Sup-
plementary Table S3B). To verify the integrin isoform involved
in hyperstimulation of PDGF-dependent cell proliferation by
TNIIIA2, we examined the effects of a function-blocking anti-
body for integrin subunits on cell proliferation. The results
indicated that TNIIIA2-enhanced proliferation was specifically
abrogated by antibodies against integrin a5 and b1 subunits,
but not those against a4, av, or b3 subunits (Fig. 1C). Similar
to the effect of TNIIIA2, the b1-integrin–activating antibody,
HUTS-4, also enhanced PDGF-dependent GBM cell prolifera-
tion (Supplementary Table S3C). These results suggested that
GBM cell survival and proliferation, which are secured by PDGF
in GBM, are strongly stimulated by activation of b1-integrin
induced by TNIIIA2 derived from tenascin-C that is highly
expressed in GBM.

Hyperstimulation of PDGF-dependent GBM cell proliferation
by TNIIIA2 was further substantiated in anchorage-independent
cell proliferation, as determined by soft-agar colony formation
assay to evaluate aggressive behavior of GBM cells by b1-
integrin activation with TNIIIA2. T98G cells were able to form
colonies in soft agar, and this was enhanced by PDGF, albeit
weakly, while combined treatment with TNIIIA2 further
enhanced colony formation (Fig. 1D). On the other hand,
under detached conditions on poly-HEMA–coated plates, the
number of viable cells was reduced after 3 days, whereas
addition of either PDGF or TNIIIA2 protected T98G cells from
this decrease (Fig. 1E). Addition of PDGF in combination with
TNIIIA2 not only protected T98G cells from cell death, but also
strongly stimulated the proliferation of T98G cells (Fig. 1E).
Taken together with the data shown in Fig. 1D, it was suggested
that the activation of b1-integrin by TNIIIA2 was responsible
for the resistance to cell death due to loss of adhesion, which
led to hyperproliferation of GBM cells in the presence of PDGF.
These results suggested that TNIIIA2 derived from tenascin-C
induced hyperstimulation of GBM cell survival and prolifera-
tion, both of which are characteristic of GBM, based on strong
activation of b1-integrins.

Ras activation assay (Supplementary Table S3D) and West-
ern blotting analysis (Supplementary Table S3E, left) showed
that treatment of T98G cells with TNIIIA2 synergistically pro-
moted PDGF-dependent phosphorylation/activation of PDGF
receptors, which in turn enhanced activation of the classical
MAP kinase signaling pathway. Similar results were obtained
using 9L cells (Supplementary Table S3E, right). Immunopre-
cipitation experiments and immunostaining analysis showed
that stimulation with PDGF in the presence of TNIIIA2
induced a physical association between integrin a5b1 and the
phosphorylated/activated form of the PDGF receptor (Supple-
mentary Table S3F), concomitant with colocalization of b1-
integrin and PDGF receptor (Supplementary Table S3G). Fur-
thermore, T98G cells treated with PDGF and TNIIIA2 markedly
increased both activation of the prosurvival protein Akt and
expression of the protooncoprotein c-myc (Supplementary
Table S3H). These results suggested that activation of integrin
a5b1 via TNIIIA2-induced PDGF receptor activation in a
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PDGF-dependent manner, which activated two downstream
signaling pathways for cell survival and proliferation (Akt and
MAPK signaling, respectively), resulted in hyperstimulation of
GBM cell proliferation.

TNIIIA2 highly activates migration of GBM cells on the
fibronectin substrate

GBM is characterized by dissemination throughout the brain
parenchyma, as well as active proliferation. Wound-healing assay
showed that TNIIIA2 stimulated the ability of cell migration of
GBM cell lines (Fig. 2A, data using 9L cells also shown in
Supplementary Table S4A). This TNIIIA2-enhanced ability of
GBM cell migration was abrogated by the RGD peptide, an
antagonist of integrin a5b1, but not by CS-1 peptide, an antag-

onist of integrin a4b1 (Fig. 2B; Supplementary Table S4B), sug-
gesting that activation of integrin a5b1 is responsible for the
enhanced ability of cell migration induced by TNIIIA2. In con-
trast, during the experiments, we observed that T98G cells cul-
tured on the 2D fibronectin substrate adhered to each other to
form cobblestone-like cell sheets (Fig. 2C). Interestingly, the cell-
to-cell adhesive interactions of T98G cells were halted by the
addition of TNIIIA2, resulting in a mesenchymal morphology
(Fig. 2C; Supplementary Movies S1 and S2). This epithelial–
mesenchymal transition (EMT)–like change was also induced by
TNIIIA2 in 9L cells (Supplementary Table S4C), suggesting that
the EMT-like change induced by TNIIIA2 may be one of the
driving forces behind the enhanced ability of GBM cells to
migrate. The EMT-like change via TNIIIA2 was overridden by the

Figure 1.

Hyperstimulation of GBM cell proliferation through b1-integrin activation by TNIIIA2.A–C, Effect of TNIIIA2 on the PDGF-dependent proliferation of T98G cells.
T98G cells adhered on the fibronectin substrate were stimulated with PDGF in the presence or absence of TNIIIA2 for 1 day, as described in Materials and
Methods. In C, integrin isotypes associated with the TNIIIA2-dependent stimulation were examined by addition of anti-integrin function-blocking antibodies
(10 mg/mL).D, Colony formation assay was performed using T98G cells. Cells suspended in the absence or presence of TNIIIA2, PDGF, or their combination were
cultured as described in Materials and Methods. E, Effect of PDGF and TNIIIA2 on T98G cell survival under the nonadhered conditions. Each point represents the
mean� SD of triplicate determinations. �� , P <0.01.
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addition of BV7, a function-blocking antibody to b1-integrin
(Fig. 2D), indicating the implication of b1-integrin activation by
TNIIIA2. In addition, b-cateninwas shown to be localized around
the cell-to-cell contact area in GBM cells without stimulation,
whereas TNIIIA2 treatment markedly reduced this localization,
concomitant with cell scattering from the cobblestone-like sheet
(Fig. 2E). No obvious changes in expression of EMT-related
markers, including b-catenin, N-cadherin, and Twist, were
detected upon exposure of GBM cells to TNIIIA2 (Supplementary

Fig. S4D). These results thus suggested that b1-integrin activation
by TNIIIIA2 may be also implicated in active migration of GBM
cells, which is one of the important characteristics of aggressive
behavior in GBM.

Peptide FNIII14 abrogates the acquisition of TNIIIA2-enhanced
GBM-aggressive properties by blocking b1-integrin activation

We reported previously that peptide FNIII14 derived from
fibronectin is capable of inducing the conformational changes

Figure 2.

TNIIIA2 induced disseminative migration of T98G cells. A and B, Effects of TNIIIA2 on T98G cell migration on the fibronectin substrate were evaluated in the
presence or absence of (GRGDSP)n, a potent antagonist for integrin a5b1, by the wound-healing assay, as described in Materials and Methods. Each point
represents the mean� SD of triplicate determinations. �� , P <0.01. Scale bar, 200 mm. C–E, Scattering assay was performed as described in Materials and
Methods. Cobblestone-like cell sheets were formed by culturing T98G cells on the fibronectin substrate. In C and E, cells were then treated in the absence or
presence of TNIIIA2 (25 mg/mL) for 4 hours. Staining with crystal violet (C) and immunofluoro-staining with anti–b-catenin antibody (E) were presented. Scale
bar, 100 mm (C) or 100 mm (E). In D, the cobblestone-like cell sheets were treated with or without BV7 (10 mg/mL), b1-integrin–blocking antibody, for 1 hour, and
then cultured in the absence or presence of TNIIIA2 (25 mg/mL) for 4 hours. Scale bar, 100 mm.
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Figure 3.

b1-Integrin inactivation by peptide FNIII14 attenuated the acquisition of TNIIIA2-induced aggressive phenotype of GBM cells. A, T98G cells suspended in the
serum-free mediumwith or without TNIIIA2 were seeded with or without peptide FNIII14 at the indicated concentrations for 2 days. Cell proliferation was
assayed byWST-8 assay. B, Colony formation assay was performed in T98G cells. Cells suspended in the absence or presence of TNIIIA2, PDGF, and peptide
FNIII14 were cultured for 10 days. Effect of peptide FNIII14 on the TNIIIA2-enhanced migration (C) and TNIIIA2-induced cell scatter (D). Scale bar, 200 mm.
E, T98G cells were suspended in poly-HEMA–coated plates. In left plot, cells were treated with or without peptide FNIII14 in the presence or absence of PDGF and
TNIIIA2. In right plot, cells were treated with or without TNIIIA2 in the presence or absence of peptide FNIII14 or peptide (GRGDSP)n. Each point represents the
mean� SD of triplicate determinations. �� , P < 0.01. F,Western blotting analysis of the effect of peptide FNIII14 on TNIIIA2-enhanced PDGF receptor
phosphorylation and Erk phosphorylation in T98G cells.
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in b1-integrins necessary for functional inactivation. As shown in
Supplementary Tables S2A and S5, peptide FNIII14 abrogated
the proadhesive effects of TNIIIA2 by inducing inactivation of
b1-integrins. Based on this effect, peptide FNIII14 was shown
to abrogate GBM cell proliferation to the control level, over-
coming the stimulation with PDGF and TNIIIA2 (Fig. 3A;
Supplementary Table S6A). Soft agarose colony formation
assay showed that peptide FNIII14 inhibited the anchorage-
independent cell growth supported by PDGF and TNIIIA2
(Fig. 3B). Scattering of GBM cells from the cobblestone-like
cell sheet and their migration stimulated by TNIIIA2 were also
inhibited by peptide FNIII14 (Fig. 3C and D; Supplementary
Movie S3). Moreover, peptide FNIII14 impeded TNIIIA2-
enhanced T98G cell survival either in the presence (Fig. 3E,
left) or in the absence (Fig. 3E, right) of PDGF under the
nonadhesive conditions. Similar effects of TNIIIA2 and peptide
FNIII14 on cell survival were also observed in rat GBM cell line
9L (Supplementary Table S6B). RGD peptide could not impede
the TNIIIA2-enhanced T98G cell survival (Fig. 3E, right). Pep-
tide FNIII14 inhibited the TNIIIA2-induced PDGF-dependent
phosphorylation/activation of PDGF receptors, Erk, and Akt
(Fig. 3F; Supplementary Table S6C). These results indicated
that any of the malignant properties stimulated through b1-
integrin activation by TNIIIA2, such as hyperstimulation of
anchorage-dependent and anchorage-independent cell prolif-
eration and disseminative migration, could be successfully
abrogated by peptide FNIII14.

Based on these results, we investigated the therapeutic effects of
peptide FNIII14 in a mouse xenograft GBM model. Preliminary
experiments indicated that T98Gcells hardly developed tumors in
athymic nude mice. Therefore, the therapeutic experiments were
conducted using 9L rat GBM cells, which expressed both tenascin-
C and integrin a5b1 (Supplementary Table S1) and responded to
PDGF stimulation (Supplementary Fig. S3A). Suspensions of 9L
cells were injected s.c. into athymic nude mice. After the devel-
opment of tumors (mean volume¼ 50mm3), the tumor-bearing
mice were randomized and treated with peptide FNIII14 or

control peptide for 21 consecutive days. As shown in Fig. 4A–
C, tumor growth in FNIII14-treated xenografts was markedly
delayed compared with control mice, suggesting that peptide
FNIII14 may have therapeutic potential for GBM. There were no
significant differences in body weight between the groups
(Fig. 4D).

Peptide FNIII14 increases the cytotoxicity of TMZ
It was noteworthy that peptide FNIII14 made GBM cells

expressing MGMT susceptible to TMZ, an oral alkylating agent,
which is the standard of care for newly diagnosed GBM
patients. As shown in Fig. 5A, when T98G cells were treated
with increasing concentrations of TMZ in combination with or
without peptide FNIII14, the antitumor effect of TMZ was
clearly increased in the presence of peptide FNIII14. The IC50

of TMZ in peptide FNIII14–treated T98G cells was 0.24 mmol/L,
whereas that in control cells was 1.0 mmol/L. The combination
index value (see Materials and Methods) of the peptide FNIII14
effect was <1 (Fig. 5B). Moreover, combined use of peptide
FNIII14 increased the TMZ cytotoxicity in a dose- and time-
dependent (Fig. 5C and D) manner. Similar results were
obtained using 9L cells (Supplementary Table S7). Interesting-
ly, cells treated with peptide FNIII14 showed remarkable
reduction of MGMT expression at both mRNA and protein
levels (Fig. 5E). MGMT expression was slightly suppressed by
TMZ alone (Fig. 5F). A combination treatment of MGMT and
FNIII14 additively reduced the expression level of MGMT
(Fig. 5F). It was thus shown that peptide FNIII14 is able to
strongly enhance the susceptibility of GBM cells to TMZ,
probably by reducing MGMT expression in conjunction with
TMZ. To ascertain the potentiation of TMZ cytotoxicity by
FNIII14, we examined whether the FNIII14-mediated reduction
in MGMT level was enabled through alteration of gene meth-
ylation status. We therefore conducted an experiment using a
methylation-specific PCR. As a result, no significant change in
methylation status was observed upon peptide FNIII14 treat-
ment (Supplementary Table S8), suggesting that peptide

Figure 4.

Peptide FNIII14 delayed GBM growth
in a mouse xenograft model.
A, Tumor growth curves for 9L
xenografts (n¼ 4, each group). Mice
were treated every day by i.v.
injection of peptide FNIII14
(250 mg/mouse) or FNIII14scr
peptide (250 mg/mouse). B, Dot
plots show the tumor sizes in
individual mice in each group on day
29, with the bars representing the
mean� SD. � , P < 0.05. C,
Photographs were taken on
day 29.D, Body weight profiles
for the animals in A.

Tenascin-C/TNIIIA2/b1-Integrin Axis Promotes GBM Aggression

www.aacrjournals.org Mol Cancer Ther; 18(9) September 2019 1655

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1649/1863011/1649.pdf by guest on 19 M
ay 2023



FNIII14 suppressed MGMT expression in a MGMT promoter
methylation-independent manner. Based on these results, we
then examined the effects of peptide FNIII14 on cytotoxic effect
of TMZ in a mouse xenograft model. Notably, coadministration
of peptide FNIII14 and TMZ clearly augmented the antitumor
effect of TMZ in comparison with TMZ alone (Fig. 5G).

Discussion
Although a high expression level of tenascin-C is known

to correlate with poor prognosis in malignant tumors, includ-
ing GBM (3, 22, 23), its roles in gliomagenesis and/or GBM
aggression remain controversial. Recent studies on the corre-
lation of tumor stiffness with cancer cell malignancy would
provide important insight into the roles of tenascin-C in cancer
development. Miroshnikova and colleagues reported that gli-

oma aggression and patient prognosis correlate with HIF1a
levels and the stiffness of tenascin-C–enriched ECM (24). Fur-
thermore, Barnes and colleagues recently demonstrated that the
glycocalyx/ECM-integrin loop promotes GBM aggression in a
tissue tension-dependent manner; human recurrent GBMs,
which often exhibit a mesenchymal, stem-like phenotype, have
an increased bulky glycocalyx, tenascin-C–enriched stiffened
ECM, and elevated integrin mechanosignaling (25). They also
showed that tumor xenografts derived from GBM cells expres-
sing an autoclustering b1-integrin mutant (V737N) exhibit
augmented integrin mechanosignaling, increased tenascin-C–
enriched ECM stiffness, and increased tumor burden. Of note,
these findings were validated by experiments using mouse
models as well as clinical samples from GBM patients. Our
results suggest that TNIIIA2 derived from the tenascin-C var-
iants strongly expressed in GBM may contribute to the

Figure 5.

Peptide FNIII14 potentiated the cytotoxic effects of TMZ in GBM cells and in a xenograft model. A,WST-8 assay of glioma cells treated with peptide FNIII14 and
TMZ. T98G cells were cultured in the presence or absence of peptide FNIII14 (12.5 mg/mL) and TMZ for 3 days. B, Combination index of TMZ and peptide FNIII14.
C, T98G cells were treated with the indicated concentration of peptide FNIII14 and/or TMZ for 3 days.D, T98G cells were treated for the indicated times with
peptide FNIII14 (12.5 mg/mL) and/or TMZ (250 mmol/L). Cell viability was determined byWST-8 assay. Each point represents the mean� SD of triplicate
determinations. ��, P < 0.01. E and F, T98G cells were treated with or without peptide FNIII14 in the presence or absence of TMZ. After 3 days, MGMTmRNA levels
were evaluated by semiquantitative PCR. After 5 days, MGMT protein levels were evaluated byWestern blotting. G, Tumor growth curves for 9L xenografts (n¼
4–6). Mice were treated every other day by i.v. injection of peptide FNIII14 (250 mg/mouse) or every 3 days by intraperitoneal injection of TMZ (12 mg/kg). Tumor
volumes are shown as the mean� SD. � , P < 0.05.
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acquisition of aggressive properties in GBM, such as hyperpro-
liferation and disseminative migration, by activating b1-integ-
rins. We previously showed that TNIIIA2-induced b1-integrin
activation is especially potent and persistent because the effect
of TNIIIA2 is based on the physical support of the active
conformation of b1-integrin through the induction of lateral
binding with syndecan-4, a transmembrane proteoglycan (11).
This potent and persistent activation of b1-integrin is respon-
sible for the induction of malignant transformation in NIH3T3
cells (12). In addition to the conformational and resultant
functional activation of b1-integrin, TNIIIA2 seems to be capa-
ble of inducing b1-integrin clustering on the membrane,
because the appearance of focal adhesions and reorganization
of actin stress fibers became evident after stimulation with
TNIIIA2 (11). Therefore, TNIIIA2 may be able to induce phe-
notypic alterations in cells similar to the forced expression of
the integrin mutant V737N. The present study not only sup-
ports the proposal by Barnes and colleagues, but may also
provide a molecular mechanism for the role of tenascin-C in
GBM aggressiveness.

Many studies also indicate that ECM stiffening enhances down-
stream signaling of integrin, resulting inmalignant progression of
tumor cells. For example, ECM stiffening enhances the b1-integ-
rin/PI3K/Akt pathway andVEGFproduction inbreastmalignancy
and hepatocellular carcinoma, respectively (26, 27). Moreover,
increasing matrix stiffness augments integrin aggregation to
enhance growth factor–dependent ERK and ROCK activation,
leading to the promotion of malignant transformation in mam-
mary epithelial cells (28). In the present study, activation of
integrin a5b1 by TNIIIA2 caused dysregulated survival/prolifer-
ation in GBM cells through hyperactivation of PDGF receptors
and subsequent MAPK and Akt signaling pathway. The effects of
TNIIIA2 on b1-integrin are characterized by potent and sustained
activation, in contrast to moderate and transient activation
through "inside-out signaling" by well-known integrin activators,
such as cytokines and chemokines (12). Our recent study showed
that potentiated and sustained activation of integrin a5b1 by
TNIIIA2 markedly enhanced PDGF-dependent proliferation in
NIH3T3 cells through augmentation of PDGF receptor-b kinase
activity by inducing PDGF receptor-b dimerization (12). TNIIIA2
seems to have the ability to maximize growth factor signaling,
including PDGF, leading to hyperproliferation of GBM cells.
Highly expressed tenascin-C inmalignant tumorsmay contribute
to not only increased ECM stiffness, asmentioned above, but also
highly enhanced activation of b1-integrin by TNIIIA2-related
fragments released from tenascin-C. It is unlikely that at least the
antiadhesive effect of tenascin-C, which has been considered to be
a major biochemical function of this protein, is responsible for
ECM stiffening and consequent enhanced integrin signaling.
Further investigations are required to determine whether b1-
integrin activation by TNIIIA2 could actually result in increased
ECM/tissue stiffness.

GBM is characterized not only by active proliferation, but also
by dissemination throughout the brain parenchyma, both of
which are the major cause for poor prognosis in GBM patients.
It has been reported that integrin-mediated adhesive interaction
plays a critical role in tumor cell growth, migration, invasion,
apoptosis resistance, and therapy resistance (29–31). Anumber of
previous studies showed that fibronectin, a ligand for a5b1, is
overexpressed in GBM (21, 32). In addition, Janouskova and
colleagues showed that a5-integrin expression is increased with

increasing glioma grade and is correlated with poor prognosis
in high-grade glioma (33). In the present study, TNIIIA2 promot-
ed disseminative migration, as well as PDGF-dependent hyper-
proliferation, both of which were induced by activation of integ-
rin a5b1 by TNIIIA2. Blandin and colleagues recently showed
that although a5-integrin induces cell-to-cell cohesion and
limits cell scattering from this cohesion in a fibronectin-poor
microenvironment, a5-integrin promoted cell dissemination of
GBM cells in a fibronectin-rich microenvironment (34). In a
fibronectin-rich microenvironment, ligation and activation of
a5-integrin induced cell dissemination, similar to the present
observation that activation of integrin a5b1 by TNIIIA2 stimu-
lated migration on the fibronectin substrate. The above observa-
tions and our findings support the suggestion that active prolif-
eration and disseminative migration in GBM would be regulated
by integrin a5b1-mediated adhesion to fibronectin substrate and
subsequent activation of integrin signaling. They also suggested
that a5-integrin antagonists may be anti-invasive agents for
GBM (34). In support of this suggestion, the present study
indicated that peptide FNIII14 has potent ability to abrogate the
disseminativemigration ofGBMcells by inhibiting cell scattering.
Peptide FNIII14maybe a promising tool to prevent acquisition of
the aggressive GBM phenotype.

TMZ, an oral alkylating agent, is the first-line chemotherapeutic
agent for newly diagnosedGBM.However, approximately 60%of
all GBM cases are positive for DNA repair protein MGMT,
and resistance to TMZ via DNA repair by MGMT represents a
significant barrier to successful treatment of GBM patients (35).
Therefore, new strategies to overcome TMZ resistance in GBM are
urgently needed. Recent studies showed that U87MG GBM cells
overexpressing a5-integrin lead to TMZ resistance and that deple-
tion ofa5-integrin sensitizes GBM cells to TMZ (33). In our study,
peptide FNIII14, which inactivated b1-integrin, sensitized GBM
cells to TMZ via downregulation of MGMT at the mRNA
and protein levels. This decrease in MGMT expression was in a
MGMT promoter methylation-independent manner, e.g., Hedge-
hog/Gli1 signaling pathway (36). Furthermore, combination
with peptide FNIII14 augmented the antitumor efficacy of TMZ
in a mouse xenograft model. Further investigations regarding
the molecular basis of FNIII14-induced MGMT downregulation
are needed.

Taken altogether, the present study suggested that tenascin-
C/TNIIIA2 may play a role in the acquisition of aggressive
behavior in GBM through potentiated and sustained activation
of b1-integrins. Therefore, inactivation of b1-integrin would
provide a useful strategy to abrogate the acquisition of aggres-
sive properties in GBM. The administration of peptide FNIII14
in combination with TMZ represents a promising therapeutic
strategy for GBM.
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