
mater.scichina.com link.springer.com Published online 4 January 2019 | https://doi.org/10.1007/s40843-018-9383-3
Sci China Mater 2019, 62(6): 873–884

Stiffness heterogeneity-induced double-edged sword
behaviors of carcinoma-associated fibroblasts in
antitumor therapy
Jiantao Feng1, Shivani Sharma2,3,4, Elizabeth Rao2, Xiang Li5, Qiang Zhang5, Fulong Liao5,6, Jie He1*,
Dong Han5* and Jianyu Rao2,3,4*

ABSTRACT Carcinoma-associated fibroblasts (CAFs) func-
tion as a double-edged sword in tumor progression. However,
factors affecting the transition between tumor promotion and
inhibition remain to be investigated. Here, we found that the
transition was determined by stiffness heterogeneity of the
tumor stroma in which tumor cells and CAFs were grown.
When tumor cells were grown on a rigid plastic substrate,
supernatants from CAFs inhibited the cytotoxic effects of 5-
fluorouracil. In contrast, when tumor cells were grown on a
soft substrate (5.3 kPa), supernatants from CAFs grown on a
soft substrate increased the cytotoxicity of 5-fluorouracil. The
diverse effects of CAFs were mediated by mechanotransduc-
tion factors, including stroma stiffness-induced cytokine ex-
pression in CAFs and signal transduction associated with
stress fiber formation of CAFs. Moreover, we found that the
cytokine expression in CAFs was regulated by nuclear Yes-
associated protein, which changed according to cell stiffness,
as characterized by atomic force microscopy. Overall, these
findings suggested that modulating the mechanotransduction
of the stroma together with CAFs might be important for
increasing the efficacy of chemotherapy.

Keywords: stiffness, carcinoma-associated fibroblast, tumor
microenvironment, chemotherapy, atomic force microscopy

INTRODUCTION
Tumor tissues exhibit increased stiffness compared with
normal tissues. Recent evidence has demonstrated that
stroma stiffness plays important roles in the resistance of

tumors to chemotherapy [1,2]. Within stiff tissues, the
distribution of stroma stiffness is often heterogeneous in
different regions of the invasive tumor, in which geo-
graphically distinct regions display different constituents
and architectures of the extracellular matrix [3,4]. As an
integral component of the tumor microenvironment, the
extracellular matrix is mainly remodeled by carcinoma-
associated fibroblasts (CAFs) [5], which are activated by
the altered matrix stiffness and solid stress and function
to regulate tumor behaviors [6–8]. Increased crosslinking
or assembly of extracellular matrix proteins leads to
stiffening of the tumor stroma [9,10], which in turn en-
hances tumor progression by regulating the motility,
proliferation, and even chemotherapeutic resistance of
cancer cells [9,11–13]. In our previous studies, we also
demonstrated that mechanotypical factors alone can di-
rectly influence the effects of anticancer drugs, such as
cisplatin, taxol, and lapatinib [14,15].

In addition to biomechanical factors, biochemical fac-
tors and nonmalignant cells, such as CAFs, immune cells,
and endothelial cells in tumor microenvironment, can all
affect therapeutic responses [16–18]. CAFs constitute a
majority of the structural scaffold of solid tumors and
play a critical role in tumor survival and progression via
secretion of various growth factors, cytokines, and che-
mokines and degradation of extracellular matrix proteins
[19]. However, CAFs are a double-edged sword whose
effect on tumor is very inconsistent [20]. Some studies
have shown that CAFs act as regulators to promote tu-
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morigenesis, metastasis, and resistance to anticancer
drugs [6], whereas other studies have demonstrated that
CAFs act as inhibitory regulators of cancer progression,
suppressing tumor proliferation and invasion [21]. These
apparently opposite effects of CAFs have suggested that
mechanotypical factors, such as differing stroma stiffness,
may affect the mechanotransduction in CAFs, thereby
modulating the effects of CAFs on tumor growth and
phenotype. However, the specific mechanisms mediating
these effects are still unknown.

Accordingly, in this study, we evaluated the effects of
substrate stiffness and CCD-1095Sk human breast fibro-
blasts on the phenotypes of SK-BR-3 breast cancer cells.
Our findings provide important insights into the effects
of stroma stiffness heterogeneity on the mechan-
otransduction of CAFs and the role of CAFs as a double-
edged sword in antitumor therapy.

MATERIALS AND METHODS

Substrate preparation
Polydimethylsiloxane (PDMS) samples of different stiff-
nesses were prepared by modifying the ratio of the ‘base’
and ‘curing agent’ of SYLGARD 184 (Dow Corning) as
follows: 60:1 (w/w; 46.7 kPa) and 80:1 (w/w; 5.3 kPa) [14].
After exposure to ultraviolet light at 365 nm for at least
5 h, the PDMS substrates were incubated with type I
collagen (Gibco) at a concentration of 0.1 mg mL−1 for
24 h at 37°C. After washing with phosphate-buffered
saline (PBS) twice, the substrates were soaked in the cell
culture medium at 37°C for at least 30 min prior to the
addition of cells.

Cell culture and preconditioned medium (PCM)
preparation
SK-BR-3 breast cancer cells (HTB-30; American Type
Culture Collection [ATCC]) were cultured in RPMI1640
medium supplemented with 10% fetal bovine serum
(FBS), 100 U mL−1 penicillin, and 100 mg mL−1 strepto-
mycin (all from Hyclone) in a humidified incubator at
37°C (Sanyo) with 5% CO2. CCD-1095Sk human fibro-
blasts (CRL-2122; ATCC) were maintained in MEM
medium (Gibco) supplemented with 10% FBS,
100 U mL−1 penicillin, 100 mg mL−1 streptomycin (all
from Hyclone), 1.5 g L−1 sodium bicarbonate, and
0.11 g L−1 sodium pyruvate.

CCD-1095Sk cells were allowed to grow on the sub-
strates with different stiffnesses until reaching 90% con-
fluence, and only cells from passages 2–9 were used. PCM
was prepared by filtering FBS-free RPMI1640 medium or

medium containing inhibitors, which had been added to
the culture dishes of CCD-1095Sk cells 48 h earlier. Fi-
nally, PCMs from different groups were normalized with
fresh medium according to the cell number, which was
determined using a cell-counting chamber at least three
times per sample.

Proliferation and cytotoxicity analysis
SK-BR-3 cells were seeded into 96-well culture plates
coated with PDMS substrates of different stiffnesses at 1 ×
104 cells/well and cultured for 24 h. For proliferation
analysis, a mixture of PCM and RPMI1640 medium (1:1,
v/v) was used as the culture medium, and cell viability
was determined once every 24 h. For cytotoxicity analysis,
a mixture of PCM and fresh medium dissolved with 5-
fluorouracil (5-FU) was added into the culture plate, and
the cells were incubated for 48 h (5-FU). The resulting
concentrations of 5-FU were 0.004, 0.008, 0.04, 0.4, and
4 mg mL−1.

Culture medium containing CCK-8 (Dojindo; 10:1, v/v)
was applied as a working solution for cell viability testing.
For each test, the supernatant was removed, and 100 μL
CCK-8 working solution was added to each well; samples
were incubated at 37°C for 3 h, and the absorbance at
450 nm (with reference wavelength of 650 nm) was then
determined using a multimode plate reader (Enspire,
PerkinElmer). The half-maximal inhibitory concentration
(IC50) was calculated by performing polynominal fit of
the survival rate with OriginPro 2016.

Immunostaining and imaging
After growing on substrates of different stiffnesses for 4
days, CCD-1095Sk cells were washed with PBS and fixed
with 4% paraformaldehyde at 25°C for 30 min. The cells
were permeabilized for 15 min with 0.25% Triton-X in
PBS on ice, and nonspecific binding was blocked by in-
cubating with 2% bovine serum albumin for 1 h at 37°C.
The samples were then incubated at 4°C overnight with
the primary antibody as indicated (anti-α-SMA, 1:100,
SAB2500963 [Sigma-Aldrich]; anti-FAP, 1:100, sc-65398
[Santa Cruz Biotechnology, Santa Cruz]; anti-Yes-asso-
ciated protein [YAP], 1:100, sc-101199 [Santa Cruz]; anti-
palladin, 1:100, sc-166563 [Santa Cruz]), followed by
three washes with PBS. Samples were incubated with
secondary antibodies (rabbit anti-goat IgM, 1:100, bs-
0370R-FITC [Bioss Antibodies]; mouse anti-rabbit IgM,
1:100, bs-0369M-FITC [Bioss Antibodies]; anti-mouse
IgG Fab2 Alexa Fluor 488, 1:200, #4408S [Cell Signaling
Technology]) and rhodamine phalloidin (1:50, R415; In-
vitrogen) for 2 h at 37°C. Finally, nucleic acid staining
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was performed by incubating the cells with DAPI (D9542;
Sigma-Aldrich) for 5 min.

Samples were mounted on microscope slides and im-
aged by fluorescence microscopy (Eclipse Ti-S, Nikon)
equipped with a confocal system (UltraVIEW VoX, Per-
kinElmer). Images were acquired at 405, 488, and 560 nm
excitation under the same conditions (exposure time,
intensity, and sensitivity). The fluorescent signal was
quantified using Volocity. Nuclear YAP or palladin in-
tensity was determined according to the region confined
by DAPI staining. Cytosolic YAP intensity was de-
termined by the region confined by actin staining and
without the region delimited by DAPI staining. For
quantification of YAP nuclear localization, the ratio of
YAP distribution between the cytoplasm and nucleus was
analyzed in 35–70 cells for each experimental condition.

Atomic force microscopy (AFM)
CCD-1095Sk cells were cultured on substrates with dif-
ferent stiffnesses for at least three days before AFM
measurements. To assess the elastic modulus of the cells,
we used an AFM instrument (5500; Keysight) combined
with an inverted microscope (TE2000U; Nikon). Each cell
was probed to record the approach part of the force-
distance curves at the cell nucleus region at a frequency of
1 Hz. Silica spheres with a diameter of approximately
18 μm were attached to tipless AFM cantilevers (TL-
CONT; Nanosensor) based on our previous method [22].
The force-distance curves were converted into force-in-
dentation curves and fitted to the spherical Hertz model
to calculate the Young’s modulus of the CCD-1095Sk
cells [23]. Before indention tests, the spring constant (K,
0.18 N m−1) of the cantilever was determined using the
thermal tune method. The deflection sensitivity (S,
35.90 nm V−1) of the cantilever was measured in fluid
according to the slope of the force-distance curves ac-
quired on the glass substrate.

Analysis of human cytokine antibody array
Soluble cytokines in the prepared preconditioned med-
ium (PCM) were detected using a Human Cytokine Array
G5 (AAH-CYT-G5; RayBio), in which 80 human cyto-
kines were included (Supplemental Table S1). The ex-
pression of each cytokine was determined by a
fluorescence laser scanner. For each group without in-
hibitors, three biological replicates were used; only one
replication assay was performed in PCM prepared with
blebbistatin on a substrate with a stiffness of 46.7 kPa.
According to the manufacturer’s instructions, only aver-
age values of more than 50 were considered valid values.

Differences with more than 2-fold change or p values of
less than 0.05 were considered significant.

Signaling manipulations
The nonmuscle myosin inhibitor blebbistatin (B0560;
Sigma-Aldrich) and Rho-associated protein kinase
(ROCK) inhibitor Y27632 (ab120129; Abcam) were used
at 25 and 10 μmol L−1, respectively. Prior to fluorescent
imaging, cytokine detection, or AFM measurements,
inhibitors were incubated with CCD-1095Sk cells for
48 h.

Statistical analysis
Data with homogeneous variances and following the
normal distribution were expressed as the mean ± stan-
dard deviation, and a parametric statistical method (one-
way ANOVA, Student-Newman-Keuls, or Student’s t-
tests) was used to examine differences. For groups that
did not follow the normal distribution or demonstrate
nonhomogeneous variance, the median value was used to
represent the data, and a nonparametric statistical
method (Kruskal-Wallis test with NPAR1WAY proce-
dure) was applied for statistical analysis. A p value < 0.05
was considered statistically significant. For each statistical
analysis, at least three replicates were included, and the
analysis was performed with SAS 9.0.

RESULTS

Substrate stiffness modulated the effect of CAFs on tumor
cell proliferation
To investigate how stiffness heterogeneity of the tumor
stroma induces the double-edged sword effect of CAFs on
anticancer therapy, we first identified CAF markers in
CCD-1095Sk human breast fibroblasts established from
normal breast skin of a patient who had infiltrating ductal
carcinoma. We found positive expression of CAF mar-
kers, such as fibroblast-activating protein (FAP; Fig. 1a),
α-smooth muscle actin (α-SMA; Fig. 1b), and palladin
(Supplemental Fig. S1) in CCD-1095Sk cells. In addition,
cytokines and chemokines, such as interleukin (IL)-6, IL-
8, IL-10, tumor necrosis factor (TNF), transforming
growth factor (TGF)-β, and regulated upon activation,
normal T cell expressed and secreted (RANTES) , which
are known to be secreted by CAFs, were also detected in
the PCM of CCD-1095Sk cells (Table S1) [6]. Taken
together, our results suggest that CCD-1095Sk exhibited
the CAFs characteristics.

The stiffness of breast cancer tissue is increased by one
order of magnitude compared with that of normal breast
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tissue [24]. PDMS with stiffnesses of 5.3 ± 0.2 and
46.7±2.1 kPa, both of which are physiologically relevant,
was applied to mimic the heterogeneous stiffness of the
mammary tumor stroma [3,14]. These PDMS stiffness
measurements were determined using an ElectroForce
3100, as described previously [14]. We then investigated
the effects of PCM prepared from CCD-1095Sk cells
growing on substrates of different stiffnesses (5.3 and
46.7 kPa, abbreviated as PCM/5.3 kPa and PCM/46.7 kPa,
respectively) on the proliferation of SK-BR-3 breast
cancer cells. Our results showed that PCM/46.7 kPa in-
creased cell proliferation after four days relative to that of
PCM/5.3 kPa on the rigid substrate (plastic) (F = 8.45, p <
0.05; Fig. 1c). However, on soft substrate (5.3 kPa), tumor
cell proliferation was increased by PCM/5.3 kPa com-
pared with that of cells exposed to PCM/46.7 kPa and
control medium (F = 9.79, p < 0.05; Fig. 1d). Hence, our
results suggested that the effects of CAFs on tumor cell
proliferation appeared to be modulated by the stiffness of
the substrate on which CAFs and tumor cells grew.

Diverse effects of PCM and substrate stiffness on tumor
cell responses to the chemotherapeutic drug 5-FU
We then studied whether the PCM prepared on different
substrate stiffness also influenced the responses of SK-
BR-3 cells to 5-FU, which is widely used to treat breast
cancer owing to its ability to halt cell division by inter-
fering with the synthesis of DNA and RNA [25]. When
SK-BR-3 cells were cultured on rigid plastic substrates,
the survival rates of SK-BR-3 cells incubated with PCM
were significantly increased at 5-FU concentrations of
0.008 and 0.04 mg mL−1 compared with that in the blank
(no PCM) group (Fig. 1e). IC50 values were calculated to
evaluate the effects of PCM. The results showed that the
IC50 value in the blank group (0.11 ± 0.04 mg mL−1) was
significantly lower than those in PCM-treated groups
(0.33 ± 0.08 mg mL−1 for PCM/46.7 kPa and 0.30 ±
0.05 mg mL−1 for PCM/5.3 kPa; one-way analysis of var-
iance [ANOVA], F = 11.56, p < 0.05; Fig. S2a). However,
when tumor cells were cultured on the soft PDMS sub-
strate (5.3 kPa; Fig. 1f), the survival rates of SK-BR-3 cells

Figure 1 Proliferation and survival of SK-BR-3 cells in response to PCM from CCD-1095Sk cells (CAFs). (a) Fluorescent imaging of fibroblast-
activating protein (FAP) expressed in CCD-1095Sk cells. (b) Fluorescent imaging of α-SMA expressed in CCD-1095Sk cells. (c) Proliferation of SK-
BR-3 cells on rigid substrate (plastic) in response to PCM prepared on different substrates. (d) Proliferation of SK-BR-3 cells on soft substrate
(5.3 kPa) in response to PCM prepared on different substrates. (e) SK-BR-3 cell survival rates in response to PCM prepared on different substrates at
different 5-fluorouracil (5-FU) concentrations when grown on rigid substrate (plastic). (f) SK-BR-3 survival rates in response to PCM prepared on
different substrates at different 5-FU concentrations when grown on soft substrate (5.3 kPa). Statistical analysis was performed using one-way
ANOVA with Student-Newman-Keuls Test. *p<0.05, **p<0.01.

ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

876 June 2019 | Vol. 62 No. 6© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019



were significantly reduced by PCM compared with that in
the blank (no PCM) group at 5-FU concentrations of
0.008 and 0.04 mg mL−1. Interestingly, no obvious dif-
ferences were found between the blank group and PCM/
46.7 kPa group. One-way ANOVA of IC50 values also
indicated that the values in the blank (0.14 ±
0.05 mg mL−1) and PCM/46.7 kPa groups (0.23 ±
0.05 mg mL−1) were significantly higher than that in the
PCM/5.3 kPa group (0.03 ± 0.01 mg mL−1; F = 17.99, p <
0.01; Fig. S2b). Thus, CAFs appeared to have diverse ef-
fects on tumor cell responses toward cytotoxicity drugs,
and such associations may be affected by the substrate
stiffness. That is, when tumor cells were grown on the
stiff substrate, the cytotoxic effects of 5-FU were inhibited
by PCM, regardless what level of substrate stiffness of
CAFs were grown on; however, when tumor cells were
cultured on the soft PDMS (5.3 kPa) substrate, PCM
prepared from the soft substrate (5.3 kPa) actually en-
hanced the response of cancer cells to 5-FU. According to
these results, stiffness heterogeneity promoted the role of
CAFs as a double-edged sword in 5-FU therapy.

Substrate stiffness induced cytokine secretion from CCD-
1095Sk cells
In order to elucidate how stiffness influenced the effects of

CCD-1095Sk cells, we performed cytokine array analysis
of the PCM from different groups. We hypothesized that
the PCM-mediated effects may be associated with soluble
factors secreted by CAFs [6]. To detect soluble factors
secreted by CCD-1095Sk cells, we carried out an anti-
body-based cytokine array analysis of 80 cytokines with
PCM prepared on different substrates. All groups dis-
played abundant expression of soluble factors, such as
TGF-β, vascular endothelial growth factor (VEGF),
RANTES, IL-6, epithelial-derived neutrophil-activating
peptide 78 (ENA-78), growth-related oncogene (GRO),
monocyte chemotactic protein (MCP)-1, stromal cell
factor (SCF), macrophage migration inhibitory factor
(MIF), and tissue inhibitor of metalloproteinases (TIMP;
Fig. 2a and Table S1 online), factors usually associated
with cell proliferation and drug responses. The expression
levels of GRO and ENA-78 were significantly increased in
the PCM/5.3 kPa group compared with those in the PCM/
46.7 kPa group (Fig. 2b and c). Except for GRO and ENA-
78, no obvious changes in other cytokines were identified
between the PCM/5.3 kPa and PCM/46.7 kPa groups.

Substrate stiffness altered the nuclear distribution of YAP
in CCD-1095Sk cells
We then investigated which pathways or targets in CCD-

Figure 2 Expression analysis of cytokines, Yes-associated protein (YAP), and stress fibers in CCD-1095Sk cells (CAFs) grown on substrates with
stiffnesses of 5.3 and 46.7 kPa. (a) Heat map of cytokine secretion from CCD-1095Sk cells cultured on 5.3 and 46.7 kPa. (b) Relative expression of
GRO in PCM/5.3 kPa and PCM/46.7 kPa groups. (c) Relative expression of epithelial-derived neutrophil-activating peptide 78 (ENA-78) in PCM/
5.3 kPa and PCM/46.7 kPa groups. (d) Fluorescent characterization of YAP and stress fibers in CCD-1095Sk cells grown on substrates with stiffnesses
of 5.3 and 46.7 kPa. (e) Quantification of YAP nuclear distribution in CCD-1095Sk cells with nuclear/cytoplasmic values grown on substrates with
stiffnesses of 5.3 and 46.7 kPa. (f) Stiffness characterization of CCD-1095Sk cells grown on substrates with stiffnesses of 5.3 and 46.7 kPa employing
atomic force microscopy. For (b) and (c), statistical analysis was performed using Student’s t-tests. For (e) and (f), statistical analysis was performed
using Kruskal-Wallis tests with the NPAR1WAY procedure in SAS. *p<0.05.
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1095Sk cells were associated with substrate stiffness and
differential cytokine expression. YAP has been reported
to act as a nuclear relay for mechanical signals originating
from the rigidity of the extracellular matrix, which is
mediated by Rho GTPase activity and tension of the ac-
tomyosin cytoskeleton [26]. YAP nuclear accumulation
activates the expression of GRO and ENA-78 through
binding with the promoter of target genes as a tran-
scription factor [27,28]. Hence, we next investigated
whether YAP distribution in the nucleus was regulated by
stiffness and resulted in differential GRO and ENA-78
expression. Employing confocal fluorescent microscopy,
we observed that CCD-1095Sk cells grown on a stiffness
of 5.3 kPa showed elevated nuclear distribution compared
with cells grown on a stiffness of 46.7 kPa (Fig. 2d).
Moreover, quantitative analysis of YAP localization also
showed that the nuclear/cytoplasmic ratio of cells grown
on a substrate with 5.3 kPa stiffness was significantly
higher than that of cells grown on a substrate with
46.7 kPa stiffness (χ2 = 5.97, p < 0.05; Fig. 2e). The median
(minimum–maximum) nuclear/cytoplasmic ratios of
YAP in the 5.3 and 46.7 kPa groups were 0.27 (0.19–0.56)
and 0.24 (0.14–0.33), respectively.

Because stress fibers play critical roles in the translo-
cation of YAP from the cytoplasm to the nucleus, we next
analyzed the stiffnesses of CCD-1095Sk cells and the
stress fibers of these cells in relation to the substrate
stiffness. Cells on a stiff substrate showed prominent
stress fibers throughout the cytoplasm; in contrast, cells
on a soft substrate (5.3 kPa) only formed dispersed stress
fibers at the outer edge (Fig. 2d). AFM measurements
demonstrated that the Young’s modulus of CCD-1095Sk
cells grown on a stiffness of 5.3 kPa was less than that of
cells grown on a stiffness of 46.7 kPa (χ2 = 6.21, p < 0.05;
Fig. 2f). The median values (minimum–maximum) of
Young’s modulus in the 5.3 and 46.7 kPa groups were
6.13 (2.40–10.66) kPa and 8.79 (4.55–18.19) kPa, respec-
tively. These results suggested that stress fiber formation
and stiffness of CCD-1095Sk cells were reduced on softer
substrates, which may explain the increased YAP nuclear
localization in cells grown on the soft substrate compared
with that of cells grown on the stiff substrate.

Stress fiber inhibitors modified the effects of CAFs on the
survival of SK-BR-3 cells grown on the PDMS substrate
To further define the roles of stress fibers in the me-
chanotransduction of CAFs, stress fiber formation was
inhibited by the nonmuscle myosin inhibitor blebbistatin
(25 μmol L−1) or ROCK inhibitor Y27632 (10 μmol L−1)
[29]. Cytokine array analysis showed that the expression

of soluble cytokines in the PCM/46.7 kPa group was
downregulated after blebbistatin treatment (Fig. 3a and
Table S2). Most downregulated cytokines were involved
in the progression and growth of tumors. In particular,
the expression levels of GRO and ENA-78 were decreased
by 3.78- and 3.03-fold, respectively (Fig. 3b). Our results
suggested that the secretion of soluble factors was regu-
lated by stress fiber structures, which could be modulated
by substrate stiffness.

We further investigated the relationships of stress fiber
formation, substrate stiffness, PCM of CAFs, and cancer
cell survival in response to 5-FU. Before the experiment,
we confirmed that blebbistatin and Y27632 did not have
cytotoxic effects on cancer cells grown on PDMS with a
stiffness of 5.3 kPa, with or without PCM (Fig. S3). SK-
BR-3 cells exposed to different 5-FU concentrations were
incubated with PCMs prepared from CCD-1095SSK cells
treated with either blebbistatin or Y27632 on stiffnesses of
5.3 and 46.7 kPa. When SK-BR-3 cells were grown on
PDMS with a stiffness of 5.3 kPa, the difference in sur-
vival between PCM/5.3 kPa and PCM/46.7 kPa groups
was abrogated in the presence of blebbistatin (Fig. 3c) or
Y27632 (Fig. 3d). These results indicated that stress fiber
formation of CAFs played an essential role in regulating
the responses of cancer cells to 5-FU.

Stress fiber inhibitors reduced the nuclear distribution of
YAP in CCD-1095Sk cells
Because YAP nuclear translocation was mediated by
stress fibers, we further investigated whether stress fiber
inhibitors changed the YAP nuclear distribution of CCD-
1095Sk cells. We found that YAP nuclear distributions in
CCD-1095Sk cells on a less-stiff substrate (5.3 kPa) and
stiffer substrate (46.7 kPa) were both reduced after bleb-
bistatin or Y27632 treatment (Fig. S4). Furthermore,
based on the confocal imaging, no obvious differences in
YAP expression and nuclear distribution were observed
between CCD-1095Sk cells grown on substrates with 5.3
and 46.7 kPa stiffness after blebbistatin or Y27632 treat-
ment (Fig. 4a). Quantitative YAP fluorescence intensity in
the nucleus versus cytoplasm showed no significant dif-
ferences in nuclear/cytoplasmic ratios between CCD-
1095Sk cells grown on substrates with 5.3 or 46.7 kPa
stiffness upon blebbistatin treatment (χ2 = 0.01, p = 0.93,
Fig. 4c, i) or Y27632 treatment (χ2 = 0.15, p = 0.70, Fig. 4c,
ii). After blebbistatin and Y27632 treatment, the median
(minimum–maximum) nuclear/cytoplasmic ratios of
YAP in CCD-1095Sk cells grown on the substrate with
5.3 kPa stiffness were 0.19 (0.10–0.27) and 0.18 (0.10–
0.28), respectively, whereas those of cells grown on the
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substrate with 46.7 kPa stiffness were 0.20 (0.10–0.26)
and 0.19 (0.08–0.41), respectively. Hence, these results
showed that stress fiber inhibitors abrogated alterations in
YAP nuclear distribution resulting from differences in the
substrate stiffness on which CCD-1095Sk cells were
grown.

The structures of stress fiber upstream of YAP trans-
location were also affected by the inhibitors. For example,
organized stress fibers were significantly decreased in
CCD-1095Sk cells grown on stiffnesses of 5.3 and
46.7 kPa after treatment with blebbistatin or Y27632
(Fig. 4b). Consistent with these results, stiffness differ-
ences in CCD-1095Sk cells grown on substrates with
stiffnesses of 5.3 and 46.7 kPa were also abolished upon
treatment with blebbistatin (χ2 = 0.03, p = 0.85, Fig. 4c, iii)
or Y27632 (χ2 = 0.44, p = 0.51, Fig. 4c, iv). After bleb-
bistatin and Y27632 treatment, the median values
(minimum–maximum) for Young’s modulus of CCD-
1095Sk cells grown on the substrate with 5.3 kPa stiffness
were 6.80 (2.51–12.13) and 6.25 (2.57–15.82) kPa, re-
spectively, whereas those of cells grown on the substrate

with 46.7 kPa stiffness were 7.48 (2.84–11.22) and 5.90
(2.66–14.72) kPa, respectively. We further found that the
stiffness of CCD-1095Sk cells grown on the substrate with
46.7 kPa stiffness was significantly decreased by the in-
hibitors, whereas that of cells grown on the substrate with
5.3 kPa stiffness did not change (Fig. S5).

DISCUSSION
The tumor microenvironment demonstrates a hetero-
geneous distribution of both its biological/biochemical
constitutes and biomechanical properties, which play
critical roles in regulating tumor cell phenotypes, in-
cluding proliferation, invasion, metastasis, and treatment
response [3,4]. Nonmalignant stromal cells, such as fi-
broblasts, immune cells, vascular cells, and even neurons
in the tumor microenvironment, have diverse biochem-
ical effects that can be either beneficial or detrimental
[30–32]. The mechanisms for such a divergent, often
opposite, effect are unclear. Here, for the first time, we
found that stroma substrates played important roles in
inducing CAFs as a double-edged sword in cancer cell

Figure 3 Influence of stress fiber inhibitors on cytokine secretion from CCD-1095Sk cells (CAFs) and survival of SK-BR-3 cells. (a) Heat map of
cytokine secretion from CCD-1095Sk cells before and after blebbistatin (blebbist.) inhibition. (b) List of cytokines inhibited by more than 2-fold in (a).
(c) Cancer cell survival rates in cells grown in PCM from CCD-1095Sk cells prepared on substrates with stiffnesses of 5.3 and 46.7 kPa after treatment
with blebbist. (d) Cancer cell survival rates in cells grown in PCM from CCD-1095Sk cells prepared on substrates with stiffnesses of 5.3 and 46.7 kPa
after treatment with Y27632. Statistical analysis was performed using pooled two sample t-tests. n.s., not significant.
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proliferation and drug response. The complex interplay
and crosstalk between stroma biomechanical properties,
such as stiffness, and CAF-mediated chemo- and me-
chanotransduction together regulated cell proliferation
and drug sensitivity. The CAF-mediated process involved

both cytokine secretion and stress fiber formation.
The roles of CAFs and stroma stiffness in tumor growth

have been widely investigated. Previous in vitro studies
have shown that CAFs enhance tumor cell survival in
response to both chemotherapy and targeted therapy when

Figure 4 Influence of stress fiber inhibitors on YAP nuclear localization and stress fiber formation in CCD-1095Sk cells (CAFs) grown on substrates
with stiffnesses of 5.3 and 46.7 kPa. (a) Fluorescent imaging of YAP distribution in CCD-1095Sk cells after inhibition with blebbistatin or Y27632 for
cells grown on substrates with stiffnesses of 5.3 and 46.7 kPa. (b) Fluorescent imaging of stress fibers in CCD-1095Sk cells after inhibition with
blebbistatin or Y27632 for cells grown on substrates with stiffnesses of 5.3 and 46.7 kPa. (c) Quantification of YAP distribution in CCD-1095Sk cells
grown on substrates with stiffnesses of 5.3 and 46.7 kPa after inhibition with blebbistatin (i) or Y27632 (ii); stiffness characterization of CCD-1095Sk
cells grown on substrates with stiffnesses of 5.3 and 46.7 kPa after inhibition with blebbistatin (iii) or Y27632 (iv). Statistical analysis was performed
using Kruskal-Wallis tests with the NPAR1WAY procedure in SAS. n.s., not significant.
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cocultured on plastic systems [33–35]. Stromal fibroblasts
of pancreatic ductal adenocarcinoma tissues in mice pro-
mote the suppression of tumor growth upon ganciclovir
administration [20,21]. Additionally, Liu et al. [2] found
that biophysical cues in vivo, specifically matrix stiffness,
were potential targets of mesenchymal stem cell-based
vectors for cancer treatment, whereas manipulating stro-
ma stiffness may affect the outcomes of cancer treatment.
Similarly, we found that when tumor cells were grown on
soft PDMS substrates (5.3 kPa), PCM also prepared on the
5.3 kPa substrate led to inhibition of tumor cell survival in
response to 5-FU, whereas PCM prepared on a stiffer
substrate (46.7 kPa) had no obvious effect.

The widely investigated antitumor agents include che-
mo drugs, targeted drugs, and recently developed nano-
particles, such as nanorods and nanocrystals, which are
used for photothermal therapy [36,37]. Cytokine crosstalk
between tumor cells and CAFs is responsible for drug
resistance [38]. In CCD-1095Sk cell supernatants, we
detected abundant expression of cytokines, such as TGF-
β, VEGF, RANTES, IL-6, ENA-78, GRO, MCP-1, SCF,
TNF, angiotensin, osteoprotegerin, leukemia inhibitory
factor, MIF, and TIMP. TGF-β on a stiff substrate has
been reported to be a critical mediator of fibroblast/tu-
mor crosstalk, modulating 5-FU resistance via activation
of the epithelial-mesenchymal transition (EMT) process
or protection of breast cancer cells from DNA damage-
induced apoptosis via inhibition of p53 [38,39]. More-
over, studies have shown that the chemotherapy re-
sistance conferred by TGF-β is abrogated by decreasing
stiffness, which inhibits the TGF-β-induced EMT [40,41].
Because no significant differences in TGF-β secretion
were detected between PCM/5.3 kPa and PCM/46.7 kPa
groups (Fig. S6), we examined other mechanisms, speci-
fically cytokines such as GRO and ENA-78, which
showed elevated secretion in the PCM/5.3 kPa group.
Indeed, on soft PDMS substrate, GRO and ENA-78
promoted cell cycle progression in tumor cells and thus
increased sensitivity to 5-FU [42,43]. The secretion of
GRO and ENA-78 is regulated by nuclear localization of
YAP, a mechanosensitive transcriptional co-activator that
plays various roles in tissue homeostasis, organ develop-
ment, and oncogenic transformation [44]. YAP nuclear
accumulation in fibroblasts is known to be positively
correlated with substrate stiffness, which can vary from
less than 500 Pa to more than 10 kPa [29,45]. Another
study further confirmed that apart from substrate stiff-
ness, molecular clutches also play critical roles in YAP
translocation, which is promoted on intermediate-stiff-
ness substrates and collapsed on high-stiffness substrates

by increasing the ligand spacing [46]. Consistent with the
previous findings, we demonstrated that collagen-coated
PDMS with a stiffness of 5.3 kPa promoted more YAP
nuclear accumulation compared with PDMS with a
stiffness of 46.7 kPa, which accounted for the increased
expression of GRO and ENA-78 in the PCM/5.3 kPa
group. We also find that YAP nuclear translocation was
inhibited by the stress fiber inhibitors, suggesting that
YAP functioned downstream of stress fiber in mechan-
otransduction of stiffness.

Despite obvious limitations, such as the in vitro nature
of the study, and the use of a single cell line/single che-
motherapeutic drug, our study still provided strong evi-
dence that the complex interplay among tumor cells,
stromal cells (CAFs), and mechanical factors in the tumor
microenvironment contributed to the observed malignant
phenotypes, including tumor proliferation and drug re-
sponse. Fig. 5 demonstrates the double-edged sword be-
haviors of CAFs. We hypothesize that CAFs sense the
stiffness of the extracellular matrix by mechan-
otransduction of the integrin complex, which couples
with ROCK to deliver mechanical signals to stress fibers.
Stress fibers transmit extracellular mechanical signals and
mediate YAP nuclear translocation through Hippo sig-
naling. In the nucleus, YAP combines with the TEAD
family of transcription factors and activates the secretion
of cytokines, such as TGF-β, GRO, and ENA-78, which
regulate the proliferation of cancer cells [47]. When tu-
mor cells were grown on the rigid substrate, TGF-β
promoted tumor survival; in contrast, when tumor cells
and CAFs were both grown on the soft substrate
(5.3 kPa), nuclear YAP inhibited cancer cell growth by
upregulation of GRO and ENA-78 expression in CAFs.
This process could be suppressed using inhibitors of
nonmuscle myosin or ROCK, which disrupted the
structures of stress fibers.

Tumors are known to exhibit heterogeneous features
[48,49]. In fact, although the tumor stroma is often stiff,
the tumor cells themselves are soft [50]. Stiffness het-
erogeneity influences cytokine crosstalk in tumor-stromal
interfaces and modulates chemotherapy responses.
Combined with our recent studies, these findings suggest
that mechanical factors in the tumor microenvironment
function not only via direct regulation of cell mechan-
otransduction [14,15], but also by modulating tumor-
stromal cell interactions, which have critical implications
for clinical cancer treatment and drug screening. Recent
studies have focused on the tumor microenvironment for
the development of pharmacological strategies to inhibit
cancer because stromal cells are genetically stable and can
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be re-educated for normalization [31]. Based on these
new strategies, stromal cells and cytokines have been
targeted by various agents, such as small molecules, an-
tibodies, and nanoparticles [51,52]; however, satisfactory
efficacy in the clinical setting has not been achieved, likely
owing to the double-edged sword effect conferred by
stiffness heterogeneity. Hence, integral regulation of the
tumor mechanical microenvironment combined with
chemotherapy or target therapy may be a better approach
for cancer treatment.

CONCLUSIONS
In conclusion, stiffness heterogeneity induced the double-
edged sword behaviors of CAFs in anticancer therapy. In
response to changes in the mechanical microenviron-
ment, CAFs regulate their stiffness and mechan-
otransduction, such as stress fiber formation, nuclear
YAP distribution, and cytokine secretion, which further
influence tumor proliferation and chemotherapeutic ef-
ficacy. Thus, mechanical intervention of the tumor mi-
croenvironment should be an important component of
the overall anticancer drug design and treatment, which
can be regarded as a relevant biomechanopharmacology

strategy [53,54].
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肿瘤刚度异质性诱导的肿瘤相关成纤维细胞双刃剑行为研究
冯建涛1, Shivani Sharma2,3,4, Elizabeth Rao2, 李想5, 张强5, 廖福龙5,6, 赫捷1*, 韩东5*, 饶建宇2,3,4*

摘要 肿瘤相关成纤维细胞(CAFs)在肿瘤的发展过程中发挥着双刃剑的作用, 但导致CAFs促进或者抑制肿瘤生存的关键因素还有待深入
研究. 本文中, 我们发现肿瘤细胞与CAFs所生长的基底的刚度异质性决定了上述两个相反的作用: 在化疗药物5-氟尿嘧啶作用下, 当肿瘤
细胞培养在硬基底(塑料基底)上时, CAFs的条件培养液促进了肿瘤细胞的生存; 当肿瘤细胞与CAFs分别培养在软基底(5.3 kPa)上时,
CAFs的条件培养液抑制了肿瘤细胞的生存. 基于原子力显微镜技术、激光共聚焦技术以及细胞因子芯片技术, 我们发现CAFs中力学信
号传导下游的应力纤维分布以及YAP蛋白核迁移与CAFs的双刃剑行为密切相关. 因此调控肿瘤基质的力学传导有助于增强抗肿瘤药物
的疗效.
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