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ABSTRACT
Certain cancer types, including breast cancer, are accompanied with stiffening of the surrounding
extracellular matrix (ECM). Previous studies suggest that this stiffened matrix influences cancer cell
progression, such as proliferation and invasion, both biochemically and mechanically. However, the
contribution of ECM stiffness to cellular response to diverse stresses, which most cancer cells are
exposed to, has not been elucidated. In this study, we demonstrate that expression of the
Shwachman-Bodian-Diamond syndrome protein (SDBS) in a stiff matrix protects cells from
apoptosis induced by environmental stress, including anticancer drugs. Cells cultured on stiff
matrices were less apoptotic process induced by serum depletion than those cultured on the
soft matrix. Interestingly, knockdown (KD) of SDBS among the apoptosis-related genes
significantly increased apoptosis induced by serum depletion in cells cultured in a stiff matrix.
Apoptosis of SDBS KD cells in a stiff matrix was significantly inhibited by the caspase 8 inhibitor,
indicating that activation of the caspase 8 pathway by SDBS KD is critical for cancer cell
apoptosis in stiff matrices. Additionally, we also found that downregulation of SDBS also
effectively increased cell death induced by anticancer drugs, including paclitaxel, cisplatin, and
eribulin. Taken together, our findings suggest that inhibition of SDBS enhances effective
chemotherapy of malignant breast cancer cells in stiff ECM environments.
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1. Introduction

Progression of solid tumor, as in breast cancer, is
accompanied with stiffening of the extracellular matrix
(ECM) (Lampi and Reinhart-King 2018). Increased ECM
rigidity and the consequential mechanical cue as cancer
progresses results in different cancer cell responses to
their environment, in terms of morphology and gene
expression (Provenzano et al. 2009). Previous studies indi-
cated that matrix stiffing is particularly involved in gene
expression related to proliferation and invasion of cancer
cells. For example, upregulation of spindle pole body com-
ponent 25 homolog (SPC25) gene in stiff matrices is
required for proliferation of H1299 lung adenocarcinoma
cells by increasing the accessibility of the chromosome
alignment in metaphase (Jeong et al. 2018). However,
although cancer cells are exposed to numerous stresses,
such as oxidative and metabolic stress, the effect of ECM
rigidity on cellular stress response is not fully understood
(Visconti and Grieco 2009; Li et al. 2011).

Apoptosis is programmed cell death and one of the
responses to cellular stress (Herr and Debatin 2001).
This highly regulated process is activated by cellular
signals, such as DNA damage or growth factor depri-
vation (Araki et al. 1990; Roos and Kaina 2013). Apoptosis
is initiated via two major pathways, mitochondrial and
death receptor-mediated pathways, which are also
known as intrinsic and extrinsic pathways. The intrinsic
pathway is induced by an intracellular signal (Haupt
et al. 2003), which leads to the release of mitochondrial
cytochrome C into cytosol, then, the cytochrome C trig-
gers caspase 9/3 cascades (Ow et al. 2008). The extrinsic
pathway begins with the reception of the extracellular
signals by death receptors, including Fas, inducing apop-
tosis through caspase 8/3 cascades (Wajant 2002). Intri-
guingly, cancer cells are renowned for evading
apoptosis via several mechanisms, therefore, apoptosis
regulation is considered to be crucial for cancer
therapy (Fernald and Kurokawa 2013).
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The Shwachman-Bodian-Diamond syndrome protein
(SBDS) was first identified as a protein, which when
mutated causes the Shwachman-Diamond syndrome
(SDS), an inherited disorder characterized by bone
marrow failure (Woloszynek et al. 2004; Kawakami et al.
2005). The precise function of SBDS is unknown, however
its contribution to biogenesis, maturation and translational
activation of ribosome has been suggested (Ganapathi
et al. 2007; Menne et al. 2007). Furthermore, SBDS is now
known to be involved in protection of cells from apoptosis
via the Fas-mediated pathway. SBDS-deficient HeLa cells
underwent both the accumulation of Fas, a member of
the tumor necrosis factor receptor family, at the plasma
membrane and the acceleration of apoptosis (Rujkijyanont
et al. 2008; Watanabe et al. 2009; Ambekar et al. 2010).
Mutation of the SBDS gene is known to increase the risk
of leukemia, but its association with solid tumors, including
breast cancer, remains unknown (Majeed et al. 2005).

In this study, we found that cellular apoptosis of MDA-
MB-231 cells in response to specific stress, such as serum
starvation, decreases in stiff substrates. Furthermore,
SBDS was identified as a promising regulator through
screening on both stiffness-dependent mRNA expression
of apoptosis regulators and hazard ratio of breast cancer
patients. SBDS silencing by siRNA promoted apoptosis
exclusively in the stiff substrates, but not in the soft sub-
strates, suggesting that SBDS regulates stiffness-depen-
dent apoptosis. We also confirmed that the caspase 8-
mediated apoptosis pathway is involved in this
process. Furthermore, genetic knockdown of SBDS sensi-
tized breast cancer cells to anticancer drugs, including
paclitaxel, cisplatin, and eribulin. Therefore, our results
suggest that, in stiff substrates, mRNA expression of
SBDS is upregulated and it blocks the caspase 8-
mediated pathway, resulting in decreased apoptosis.

2. Materials and methods

2.1. Cell culture

Human breast cancer MDA-MB-231 cell line was pur-
chased from Korea Cell Line Bank (Seoul, Korea). The
MDA-MB-231 cells were maintained in Roswell Park Mem-
orial Institute 1640 medium (RPMI 1640; Gibco-BRL, Grans
Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS; YoungIn Frontier, Seoul, Korea), 100 units/ml
penicillin and 100 μg/ml streptomycin (Welgene, Seoul,
Korea). Cells were incubated at 37°C with 5% CO2.

2.2. Preparation of polyacrylamide gel (PAG)
matrices

To produce PAG matrices with the desired elasticity,
acrylamide and bis-acrylamide were blended in

appropriate proportions. The mixture was placed on a
25 mm coverslip activated with 2% 3-aminopropyl-
triethoxysilane (Sigma-Aldrich, Taufkirchen, Germany).
Then, the matrices were coated with 0.5 mg/ml sulfosuc-
cinimidyl 6-(4ʹ-azido-2ʹnitrophenyl amino) hexanoate
(ProteoChem, CO, USA) and incubated with 50 μg/ml col-
lagen at 4°C overnight. The rigidity of the PAG matrices
was defined by Atomic Force Microscopy (NX10, Park
systems Corp., Suwon, Korea).

2.3. Cell viability assay

Live/DeadTM Viability/Cytotoxicity Kit (Invitrogen, CA,
USA) was used to evaluate cell viability. MDA-MB-231
cells seeded on 12 mm coverslips were incubated with
2 μM Calcein AM and 4 μM EthD-1 at room temperature
for 30 min. Then, the coverslips were mounted on slide
glasses and observed under a fluorescent microscope.
Cell viability was analyzed by assessing the percentage
of red fluorescent cells in all cells. To determine the via-
bility of cells which were treated with anticancer drugs,
the 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium
bromide assay (MTT) was performed. Both SBDS-knock-
down and control cells were plated in 96-well plates in
triplicate wells. Absorbance was measured at 570 nm
using a microplate reader (Bio-Tek Instrument, Inc.,
Winooski, VT, USA).

2.4. Apoptosis assay

To measure DNA content, cells were fixed using 70%
ethanol and stained with propidium iodide (PI). Utilizing
BD accuri C6 Plus (BD Biosciences, San Jose, CA, USA), the
sub-G1 population, representing apoptotic cells, was
evaluated. For another apoptosis analysis, ApoScreen
Annexin V Apoptosis Kit-FITC (Southern Biotech, Birming-
ham, AL, USA) was used. Cells were stained with both
Annexin V-FITC and PI and then, analyzed using a flow
cytometer. Total apoptotic cells were determined as
the sum of Annexin V+/PI- (early apoptotic) cells and
Annexin V+/PI+ (late apoptotic) cells.

2.5. RNA isolation and quantitative RT–PCR

Total RNA was extracted using RNAiso Plus reagent
(TaKaRa, Tokyo, Japan) according to the manufacturer’s
protocol. The complementary DNA (cDNA) was syn-
thesized using PrimeScriptTM Reverse Transcriptase and
ribonuclease inhibitor (TaKaRa). Quantitative RT–PCR
(qRT-PCR) was carried out with TB GreenTM Premix Ex
TaqTM II (TaKaRa) utilizing Quant Studio 3 Real-Time
PCR System (Applied Biosystems, CA, USA). The data
were analyzed according to the 2-ΔΔCt method and
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normalized with the Ct value of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH).

2.6. siRNA-mediated knockdown

siRNA oligos targeting SBDS (siRNA #1: 5ʹ-AAGCUUG-
GAUGAUGUUCCUGAUUUU-3ʹ, siRNA #2: 5ʹ-AACAUG-
CUGCCAUAACUUAGAU-3ʹ) and control mock siRNA
were used. The siRNAs were transfected using Oligofec-
tamine transfection reagent (Invitrogen) and incubated
24 h.

2.7. Statistical analysis

Differences between the groups were analyzed with the
Student’s t-test via GraphPad PRISM (Graphpad Software,
CA, USA) for their statistical significance. All data were
obtained from at least three independent experiments
and presented as average ± standard error of the mean
(SEM). Results with p-values less than 0.05 were con-
sidered to be statistically significant.

3. Results

3.1. MDA-MB-231 cells are more resistant to
apoptosis in stiff environments

To evaluate matrix stiffness-dependent apoptosis of
breast cancer cells, MDA-MB-231 cells were cultured
on soft or stiff substrates, under cellular stress induced
by serum starvation (Figure 1(A)). The breast cancer
cells were more spread out on the stiff substrates
than the soft substrates and, therefore, the projected
area of the cells increased on the substrates (Figure 1
(B)). To measure cell death depending on substrate
stiffness, the proportion of dead cells was first deter-
mined by live/dead staining assay. After 48 h, the pro-
portion of dead cells on the soft substrates had
increased more than two times those on the stiff sub-
strates (Figure 1(C)). Then, to figure out whether this
cell death was induced by apoptosis, the apoptosis
rate was evaluated by both PI staining and Annexin V/
PI double staining. The percentage of cells in the sub-
G1 phase, which represent apoptotic cells, decreased
by ∼16% in the stiff substrates than in the soft sub-
strates (Figure 1(D)). The proportion of apoptotic cells
(Annexin V+/PI- and Annexin V+/PI+) also decreased by
∼15% in the stiff substrates compared to the soft sub-
strates (Figure 1(E)). Together, these results indicate
that apoptosis of breast cancer cells is downregulated
in stiff substrates and suggest the possibility of a sub-
strate stiffness-dependent mechanism which regulates
cellular apoptosis.

3.2. Transcript level of SBDS is increased in
cancerous environment

The apoptotic pathway is known to be initiated through
a mitochondria-mediated intrinsic pathway and death
receptor (Fas, TNF-R)-mediated extrinsic pathway
(Ichim and Tait 2016). To identify the key molecule
that regulates stiffness-dependent apoptosis, the tran-
script levels of apoptosis-related genes (FAS, CFLAR,
CASP8, SBDS, TP53, CYC1, BAX and BCL2) depending on
substrate rigidity were examined. Among these, the
expression of five genes (CFLAR, SBDS, CYC1, BAX and
BCL2) were significantly upregulated in the stiff sub-
strates and expression level of SDBS and BLC2 genes
as negative regulators are often relatively high than
others (Figure 2(A)). The hazard ratio of these genes
was also investigated based on a database of 297
breast cancer (BRCA) patients (https://portal.gdc.
cancer.gov/projects/TCGA-BRCA), and that of SBDS was
the highest of the five genes (Figure 2(B)). To confirm
whether mRNA expression of SBDS increased in other
breast cell lines, substrate stiffness-dependent
expression of SBDS was examined in a normal breast
cell line, 184A1, and two breast cancer cell lines, MDA-
MB-231 and MDA-MB-361. Interestingly, the SBDS tran-
script level of cells in the stiff substrates was exclusively
upregulated in two cancer cell lines, but not in the
normal cell line (Figure 2(C)). Increase in SBDS
expression was also associated with poor prognosis
for BRCA patients (Figure 2(D)). Therefore, these results
suggest that the SBDS is likely to regulate substrate
stiffness-dependent apoptosis.

3.3. Knockdown of SBDS enhances apoptosis in
breast cancer cells

To study the function of SBDS, with upregulated mRNA
expression in breast cancer cells on stiff substrates,
genetic knockdown of SBDS was achieved with small-
interfering RNA (siRNA). As shown in Figure 3(A), two
different siRNAs targeting SBDS successfully silenced
the mRNA level of SBDS by ∼70–84%. Its downregulation
was also confirmed at the protein level by western blot
analysis (Figure 3(B)). To determine whether SBDS is
involved in substrate stiffness-dependent apoptosis
regulation, the effect of SBDS siRNA on apoptosis was
evaluated by Annexin V/PI double staining in both soft
and stiff substrates. In the soft substrates, the apoptosis
rates of wild-type, control siRNA-transfected cells and
two SBDS siRNA-transfected cells did not have any signifi-
cant differences (Figure 3(C)). On the contrary, the apop-
tosis rates of two knockdown cells in the stiff substrates
increased about 16% and 13%, respectively (Figure 3(D)).
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In addition to Figure 2(C), these results indicate that the
downregulation of SBDS increases apoptosis exclusively
in stiff substrates in which mRNA expression of SBDS is
relatively high. Thus, upregulation of SBDS in a stiff
matrix plays a role in cellular resistance to apoptosis
induced by environmental stress.

3.4. SBDS mediates stiffness-dependent apoptosis
through caspase 8-related pathway

It has been reported that the extrinsic and intrinsic apopto-
tic pathways proceed via caspase 8 and 9, respectively, and
converge to activate caspase 3 (Li and Yuan 2008). We
sought to confirm, using caspase 8 or 9 inhibitors (Z-
IETD-FMK or Z-LEHD-FMK), which pathway SBDS inhibition
induced or activated. In a similar manner as described in

Figure 3(C), the apoptosis rates of two SBDS-knockdown
cells were ∼40–43% more than those for control cells.
Treatment of SBDS-knockdown cells with caspase 8, not
caspase 9, inhibitors have resulted in a significant decrease
in apoptosis, by approximately 9–13% (Figure 4(A)). These
results imply that increased apoptosis due to SDBS knock-
down is likely mediated by the caspase 8 pathway.

To further confirm whether SBDS inhibits the caspase 8
pathway, we examined the level of activated forms of cas-
pases. The cleavage of caspase 3, a common downstream
regulator of both caspase 8 and 9 pathways, increased by
SBDS knockdown. The activation of caspase 8 was slightly
greater than that of caspase 9 in SBDS-downregulated
cells (Figure 4(B)), indicating that the upregulation of
SBDS in a stiffmatrix might have a repressive role for cellu-
lar apoptosis by inhibiting caspase 8-mediated pathways.

Figure 1. Apoptosis of MDA-MB-231 cells is decreased in a stiff environment. (A) Schematic diagram of the experimental procedure.
PAG matrices (∼0.5 kPa), plastic dishes and glass coverslips were utilized to imitate soft and stiff environment, and were coated with
collagen (50 μg/ml) before seeding MDA-MB-231 cells. (B) Representative images and the projected area (n = 100) of MDA-MB-231 cells
in soft or stiff environments. Scale bar, 50 μm. (C) Live/dead staining images of MDA-MB-231 cells. Cells were incubated without serum
on PAG matrices (∼0.5 kPa) or glass coverslips for 2–48 h. Dead cell population was determined by counting the live (green fluorescent)
cells and dead (red fluorescent) cells. Scale bar, 100 μm. (D) Cell cycle profiles of MDA-MB-231 cells on PAG matrices (∼0.5 kPa) or plastic
dishes after PI staining. Population of cells in sub-G1 phase, representing apoptotic cells, is indicated in percentages. (E) Total apoptotic
cells on PAG matrices (∼0.5 kPa) or plastic dishes were determined by Annexin V/PI staining. Proportion of apoptotic cells is indicated in
percentages. Data represent the mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001.
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Additionally, we hypothesized that the caspase 8
pathwaycouldaffect apoptosis in the soft substrates. There-
fore,we examined thedeath rateof caspase 8or 9 inhibitor-
treated cells in the soft substrates using live/dead staining
assay. After 48 h, the proportion of dead cells increased
by ∼20% in control cells, whereas the rate of caspase 8
inhibitor-treated cells increased only by ∼10%. Interest-
ingly, the increment in the rate of caspase 9 inhibitor-
treated cells was similar to the control suggesting that the
caspase 8 pathway is critical to substrate stiffness-depen-
dent apoptosis (Supplementary Figure 1).

3.5. SBDS restrains anticancer drug-induced
apoptosis

Previous studies revealed that as soon as the surrounding
substrates were stiffened by cancer progression, resistance
to anticancer drugs increased (Nguyen et al. 2014). For
instance, in former studies, mouse mammary carcinoma
(MMC) cells and human breast adenocarcinoma (MDA-
MB-231) cells showed increased chemoresistance to Dox-
orubicin, a genotoxic reagent, in the rigid substrates

(Chang et al. 2016; Joyce et al. 2018). Therefore, we
assumed that the upregulation of apoptosis through
SBDS knockdown could facilitate the drug accessibility to
the cancer cells in the stiff substrates. To prove this, we
examined the sensitivity of SBDS-depleted cells in the
stiff substrates to paclitaxel, eribulin, and cisplatin, which
are antimitotic or genotoxic reagents. As shown in Figure
4(C), SBDS KD cells induced effective cell death in the pres-
ence of low concentrations of anticancer drugs. Therefore,
these results suggest that SBDS inhibition would likely
improve the effectiveness of anti-cancer drugs in treating
progressive malignant cancer cells localized in aggressive
cancer microenvironments, such as stiff ECM.

4. Discussion

Increase in ECM rigidity is one of the major features of
cancer microenvironments in solid tumors. The rigid ECM
results in diverse cellular signaling of cancer cells, including
cell proliferation and survival through activatedmechanical
sensors (Haage and Schneider 2014; Navab et al. 2016).
Recently, we and other researchers reported that the

Figure 2. SBDS expression is upregulated in the stiff substrates. (A) The relative mRNA levels of apoptosis-related genes in the soft or
stiff substrates. The transcript expression of the extrinsic and intrinsic pathway-related genes were inspected by qRT-PCR. (B) The hazard
ratio of five genes which were more significantly upregulated in the stiff substrates than in the soft substrate. The blue-colored bar
indicates the gene with the highest hazard ratio among the five genes. The hazard ratio was determined by TCGA-BRCA dataset.
(C) Substrate stiffness-dependent mRNA expression of SBDS in breast normal and cancer cell lines. (D) Survival analysis in relation
to SBDS expression of TCGA-BRCA dataset available on PROGgene V2 website (http://genomics.jefferson.edu/proggene/). Data rep-
resent the mean ± S.E.M. n.s., *p≥ 0.05; **p < 0.01; ***p < 0.001.
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expression of numerous genes in cells were altered by
matrix stiffening (Ko et al. 2016; Jeong et al. 2018). Genes
expressed in the stiff ECM are particularly involved in cell
proliferation and survival. However, there are few studies
on genes associated with cancer cell apoptosis among
the genes regulated by matrix stiffening. Hence, we
attempted to identify genes regulating ECM rigidity-depen-
dent apoptosis by examining the transcript levels and
hazard ratios in breast cancer cells. Although SBDS has orig-
inally identified as a regulator for ribosome biogenesis
(Ganapathi et al. 2007), knockdown of SDBS has been
reported to increase apoptosis in HeLa cells (Rujkijyanont
et al. 2008). In agreement with this finding, SBDS knock-
down using siRNA, in this study, upregulated apoptosis in
the stiff substrates, not in the soft substrates. In addition,
SBDS was negatively correlated to the survival of breast
cancer patients, implying that SBDS is a key regulator of
stiffness-dependent apoptosis in breast cancer cells.

Apoptosis proceeds via mitochondrial intrinsic pathway
or death receptor-mediated extrinsic pathway (Elmore

2007). The intrinsic and the extrinsic pathways involve cas-
pases 9 and 8, respectively, which converge into caspase 3
(Hongmei 2012). When SBDS is silenced, the Fas receptor is
accumulated in the plasma membrane (Watanabe et al.
2009). Our data also revealed that the caspase 8 inhibitor
effectively blocked apoptosis which was caused by SBDS
silencing. In addition, SBDS knockdown activated caspase
8, indicating that SBDS restrained apoptosis by inhibition
of the caspase 8 pathway. Once caspase 8 was activated,
it induced the truncation of BID (BH3 interacting domain
death agonist) (Li et al. 1998; Kantari and Walczak 2011),
which in turn, activates the caspase 9 pathway. Thus, in
our results, caspase 9 was also slightly activated in SBDS-
silenced cells. Nevertheless, it is clear that SBDS represses
the caspase 8 pathway to block apoptosis.

Resistance to anticancer drugs is a major issue in cancer
treatment (Gottesman 2002). Intriguingly, it has been
reported that increased ECM stiffness confers anticancer
drug resistance (Sharma et al. 2014; Rice et al. 2017). Our
data suggest that SBDS silencing desensitizes cancer cells

Figure 3. SBDS silencing promotes substrate stiffness-dependent apoptosis in breast cancer cells. (A) mRNA expression of SBDS in wild-
type, control siRNA-transfected and two SBDS siRNA-transfected MDA-MB-231 cells. Genetic knockdown of SBDS was validated by qRT-
PCR. (B) Western blot analysis of SBDS protein expression and GAPDH. (C) Annexin V/PI staining assay of cells in soft substrates. Cells
were transfected with siRNA for 24 h and incubated without serum on PAG matrices (∼0.5 kPa) for 48 h prior to the apoptosis assay. (D)
Annexin V/PI staining assay of cells in stiff substrates. Experimental procedure was same with (C). Data represent the mean ± S.E.M. n.s.,
p≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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in the stiff substrates to anticancer drugs, such as pacli-
taxel, eribulin and cisplatin. In this regard, SBDS could
be a potential prognostic marker and therapeutic
target in breast cancer patients.
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