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A B S T R A C T   

Physical cues in the extracellular microenvironment regulate cancer cell metastasis. Functional microRNA 
(miRNA) carried by cancer derived exosomes play a critical role in extracellular communication between cells 
and the extracellular microenvironment. However, little is known about the role of exosomes loaded miRNAs in 
the mechanical force transmission between cancer cells and extracellular microenvironment. Herein, our results 
suggest that stiff extracellular matrix (ECM) induced exosomes promote cancer cell migration. The ECM me-
chanical force regulated the exosome miRNA cargo of prostate cancer cells. Exosome miRNAs regulated by the 
ECM mechanical force modulated cancer cell metastasis by regulating cell motility, ECM remodeling and the 
interaction between cancer cells and nerves. Focal adhesion kinase mediated-ECM mechanical force regulated 
the intracellular miRNA expression, and F-actin mediate-ECM mechanical force regulated miRNA packaging into 
exosomes. The above results demonstrated that the exosome miRNA cargo promoted cancer metastasis by 
transmitting the ECM mechanical force. The ECM mechanical force may play multiple roles in maintaining the 
microenvironment of cancer metastasis through the exosome miRNA cargo.   

1. Introduction 

Physical cues modulate cancer metastasis [1,2]. Studies have 
demonstrated that the mechanical force of the extracellular microenvi-
ronment plays an important role in the process of cancer cell 
epithelial-mesenchymal transition (EMT) [3], migration [4], and im-
mune cell infiltration [1]. The extracellular matrix (ECM) mechanical 
force transmits through adhesion into the cell-ECM interface mediated 
by integrin, and then through the cytoskeleton into cells to regulate cell 
behavior by affecting the tension of the cytoskeleton [5–7]. Cell junc-
tions formed into the cell-cell interface can transmit mechanical force to 
contact cells and regulate the behavior of neighboring cells by affecting 
the contact cytoskeleton [8,9]. However, the long-distance transmission 
of the mechanical force between non-contact cells remains unclear. 

Exosomes, as intercellular communication signalosomes secreted by 
cells [10], provide the possibility of long-distance transmission of ECM 
mechanical force between non-contact cells. 

Previous studies have shown that cancer cell exosomes regulate 
cancer cell proliferation [11,12], metastasis [13], angiogenesis [14], 
extracellular matrix remodeling [15], immune escape [16], and drug 
resistance [17]. The microRNA (miRNA) in exosomes plays a key role in 
cancer metastasis [18–21]. Some previous studies have demonstrated 
that the ECM mechanical force can regulate exosome secretion [22–24]. 
However, whether exosomes can transmit the mechanical force to 
regulate cell behavior via miRNA remains unclear. 

Here, substrates with different stiffness were prepared as described 
in our previous work to simulate the mechanical force changes in the 
extracellular microenvironment during cancer metastasis [25]. Prostate 
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cancer (PCa) cells were selected to discuss the possibility and mecha-
nism of cancer cell transmission of mechanical force signals via exosome 
miRNA. Our results showed that substrate stiffness-induced exosomes 
regulated cell migration. Furthermore, substrate stiffness also regulated 
exosome miRNA. The substrate stiffness-regulated exosome miRNA 
modulated cancer metastasis by regulating cell motility, ECM remod-
eling and the interaction between cancer cells and nerves. Focal adhe-
sion kinase (FAK) and F-actin played a key role in the process of 
substrate stiffness regulating the PCa exosome miRNA. The above results 
imply that cancer cell exosome miRNA can transmit the ECM mechan-
ical force to distant cells and participate in the construction of the 
extracellular microenvironment necessary for cancer cell metastasis. 

2. Materials and methods 

Preparation of substrates with different stiffness: Substrates with 
stiffness of 46 KPa and 0.7 KPa were prepared using PDMS based on the 
previous work [25,26]. 

Cell culture: Mycoplasma-negative PCa LNCaP cells (Changhai 
Hospital, Shanghai, China) were cultured in 1640 medium (11879020; 
Gbico) supplemented with 10% v/v exosome-free fetal bovine serum 
(FBS; 10091148; Gbico), 100 U mL− 1penicillin, and 100 μg mL− 1 

streptomycin (10378016; Gibco) at 37 ◦C with 5% CO2. 
Exosome-free FBS: FBS was deleted of exosomes by ultracentrifu-

gation at 160000 g g for 6 h. Then the supernatant was collected and 
sterilized via a 0.22 filter membrane (SLGP033RB, MF-Millipore) [27]. 

Cell migration assays: The cells grown on different substrates or 
treated with different exosomes were collected. 1 × 105 cells were 
added to the Transwell (353097; Corning) chamber to assess cell 
migration efficiency as previously described [25]. 

LNCaP exosome isolation: exosome isolation: Cell supernatants 
were cultured on different substrates with the medium replaced every 
24 h, centrifuged at 300 g for 10min, 2000g for 20min and 15000 g for 
40min with High-Speed Refrigerated Centrifuge (CR21 N, HITACHI), 
and ultracentrifuged at 120000 g for 1 h with Optima XPN-100 Ultra-
centrifuge (Beckman Coulter). The pellets were collected and resus-
pended in PBS to a final concentration of 2 × 107/μl particles. 

Exosome characterization: The diameter of exosomes was char-
acterized by nanoparticle tracking analysis (NTA, ZetaView PMX 110, 
Particle Metrix). The exosome morphology was characterized by trans-
mission electron microscopy (TEM, JEM-1230, JEOL) [11]. 

Western blotting: Cells or exosomes were lysed with RIPA buffer 
(PC101; Epizyme) supplemented with protease and phosphatase in-
hibitors (A32959; Thermo Scientific), separated by SDS-PAGE and then 

Fig. 1. Exosomes induced by different substrate stiffnesses regulate cell migration. A. LNCaP cells were cultured on different substrates. Cell migration was 
analyzed after 48 h using Transwell (left, scale bar: 1 mm). LNCaP cells grown on stiff substrates had a higher migration efficiency (p = 0.00235). B. The exosomes of 
LNCaP cells grown on different mechanical substrates were collected and co-cultured with LNCaP grown on polystyrene (PS) petri dishes (stiff substrate-induced 
exosomes: Stiff-Exo; soft substrate-induced exosomes: Soft-Eox). Cell migration was analyzed after 48-h co-culture by Transwell (left, scale bar: 1 mm). LNCaP 
cells co-cultured with Stiff-Exo had higher migration efficiency (p = 1.87488E-4). n = 3, *p < 0.05; **p < 0.01; ***p < 0.001, t-test. 
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transferred to the PVDF membrane (ISEQ00010; MIillipore), which was 
then blocked, incubated with primary antibodies (TSG101, ab125011, 
Abcam; Calnexin, ab213243, Abcam; CD9, 13174, CST) for 14 h at 4 ◦C, 
and then with horseradish peroxidase (HRP)-conjugated secondary an-
tibodies. Signals were collected using the ChemiScope system (Clinx 
Science Instruments). 

High-throughput sequencing of miRNA in exosomes: Exosomes 
were collected and the high-throughput sequencing data were obtained 
by Illumina platform. 

Differential expression analysis: The other ncRNA and duplicate 
data were filtered by Bowtie [28]. The remaining data were predicted to 
be known or new miRNAs by genome and miRBas data [29]. The 
DESeq2 R package (1.10.1) was used to perform differential analysis of 
miRNA [30]. |log2(FC)|≥0.58 and p value ≤ 0.05 (corrected by the 
Benjamini and Hochberg) were defined as differentially expressed. 
MiRanda and Targetscan were used to predict miRNA target genes and 
obtain the GO annotation information [31,32]. GOseq R package was 
used to analyze the GO enrichment of differential target genes [33]. The 
Fisher’s exact test was used to calculate the significant enrichment of the 
target genes in the KEGG pathway [34]. miRNA sequencing and analysis 
of exosomes were completed by the biomarker platform (http://www. 
biomarker.com.cn/). 

Quantitative real-time polymerase chain reaction (qRT-PCR): Total 
RNA was extracted with Total RNA Extraction Reagent (R401-01; 
Vazyme) from cultured cells or collected exosomes, reverse-transcribed 
with miRNA 1st Strand cDNA Synthesis Kit (MR101-02) and amplified 
with miRNA Universal SYBR qPCR Master Mix (MQ101-01; Vazyme) by 

Q-PCR (4485696, Thermo Scientific) [13]. U6 was used as an internal 
reference for normalization [35]. 

Inhibition assays: After 24 -h culture of LNCaP cells on different 
substrates, the F-actin inhibitor cytoskeleton B (HY-16928; MCE; 10 
μM), FAK inhibitor PF-573288 (HY-10461; MCE; 10 μM), or ROCK in-
hibitor Y-27632 (HY-10071; MCE; 10 μM) was added to cell culture 
medium [25]. The cells were co-cultured with inhibitor-containing 
medium for 24 h. The supernatants were collected to isolate exo-
somes, and cells were collected to extract total RNA for qRT-PCR assay. 

Data analysis: All data were analyzed using t-tests in Matlab 
R2014a software (MathWorks, Natick, MA, USA). Image-Pro Plus 6.0 
(Media Cybernetics) was used for quantitative photometric analysis of 
the images. 

3. Results and discussion 

3.1. Exosomes transmit substrate stiffness information to regulate PCa cell 
migration 

According to our previous work [25], LNCaP cells were cultured on 
stiff (46.7 KPa) or soft (0.7 KPa) substrates for 48 h. Then, the cells were 
collected and Transwell was used to measure the cell migration ability. 
The results showed that compared with soft substrates, LNCaP cells 
cultured on stiff substrates had significantly higher migration efficiency 
(Fig. 1 A, p = 0.00235). Next, LNCaP was cultured on different substrates 
for 48 h, and the cell supernatant was collected to isolate exosomes. The 
exosomes induced by the stiff substrate (Stiff-Exo) and the exosomes 

Fig. 2. Collection and characterization of Stiff-Exo and Soft-Exo. A. Schematic diagram of collection and characterization of exosomes induced by different 
substrates stiffness. B. Characterization of Stiff-Exo and Soft-Exo morphology by transmission electron microscopy (left, bar = 200 nm). Characterization of exosome- 
related and cell-related protein markers by Western blot (right). 
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induced by the soft substrate (Soft-Exo) were added to the culture me-
dium (2 × 109 particles/2 × 106 cells) and co-cultured with LNCaP cells 
grown in a Petri dish made of polystyrene (PS) for 48 h. Then, LNCaP 
cells treated with different exosomes were collected, and Transwell re-
sults show that compared with Soft-Exo treated LNCaP cells, Stiff-Exo 
treated LNCaP cells have a significantly higher migration efficiency 
(Fig. 1 B, p = 1.87488E-4). In summary, the exosomes can transmit 
extracellular matrix mechanical force to regulate PCa cell migration. 

An interesting opposite trend was observed in our study. It was re-
ported that soft substrates promoted LNCaP cell migration at 72 h [25], 
but we found that they inhibited cell migration at 48 h (Fig. 1 A). The 
time-dependent regulatory effect of the mechanical force on cell 
migration will be discussed hereafter. 

3.2. Characterization of PCa cell exosomes induced by different stiffness 
substrates 

Stiff-Exo and Soft-Exo were collected for miRNA sequencing and 
characterization (Fig. 2 A). The results showed that substrate stiffness 
had no effect on the exosome morphology (Fig. 2 B) and size (Fig. S1) 
[11]. Both Stiff-Exo and Soft-Exo showed positive for CD9 and TSG101, 
and negative for Calnexin (Fig. 2 B), indicating that the collected exo-
somes were free of cellular debris contamination [36,37]. 

3.3. Substrate stiffness-modulated PCa exosome miRNA cargo 
participates in the establishment of the extracellular microenvironment in 
cancer metastasis 

High-throughput sequencing results showed that there were 222 

Fig. 3. miRNA in LNCaP exosomes is regulated by substrate stiffness. A. Volcano map of differentially expressed miRNA in Stiff-Exo and Soft-Exo. |log2(FC)|≥
0.58; p Value ≤ 0.05 is defined as difference. B. Schematic diagram of GO enrichment analysis (Cellular Component) of differential miRNAs target genes (top 19, sort 
according to p value). C. Enrichment analysis of differentially expressed miRNAs target genes in KEGG pathway (top 20, sort according to p value). n = 3. 
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significantly different miRNAs between Stiff-Exo and Soft-Exo. Stiff-Exo 
had 101 upregulated miRNAs, and Soft-Exo had 121 upregulated miR-
NAs (Fig. 3 A, Table S1, |log2(FC)|≥0.58; p Value ≤ 0.05). The GO 
enrichment of cellular component (CC) showed that differential miRNAs 
mainly regulated genes associated with cell motility [8,9,38–40], ECM 
remodeling [41–43] and interaction between PCa cells and nerve cells 
(Fig. 3 B, Fig. S2, Table S3) [44–48]. The KEGG pathway enrichment 
results showed that, the differential miRNA target genes were enriched 
in pathways related to cancer progression, such as choline metabolism in 
cancer, microRNAs in cancer, small cell lung cancer (Fig. 3 C, Table S4). 
The above results indicate that the substrate stiffness played an impor-
tant role in cancer progression by regulating miRNA. In summary, ECM 
mechanical forces regulated exosomes miRNA of PCa cells. The ECM 
mechanical force regulated exosomes miRNA is involved in the inter-
action between cancer cells and the extracellular microenvironment. 

3.4. Substrate stiffness regulates cellular miRNA expression and sorting 
into exosomes through independent ways 

Then we explored the regulation process of exosomes miRNA by 
substrate stiffness. LNCaP cells were cultured on substrates with 

different stiffness for 48 h, collected and detected for the relative miRNA 
expression by qRT-PCR. The 12 upregulated miRNAs (FC > 1.8) in Stiff- 
Exo were selected to assess whether the substrate stiffness regulates its 
expression in the cell (Table S2). The results showed that except for miR- 
183-5p, the intracellular expression of all other miRNAs was signifi-
cantly regulated by substrate stiffness (p < 0.05) (Fig. 4 A). The 
expression level of miRNAs in LNCaP cells grown on stiff substrates was 
significantly higher than those grown on soft substrates (p < 0.05) 
(Fig. 4 A). The above results demonstrate that the mechanism of ECM 
mechanical force to regulate the sorting of cancer cell miRNA cargo into 
exosomes is complex and different miRNAs depend on independent 
pathways. 

Subsequently, the miR-182-5p was selected to discuss which me-
chanical elements were involved in the process of substrate stiffness in 
regulating the exosome miRNA, knowing that the miR-182-5p expres-
sion was regulated by the substrate stiffness. Mechanical forces in the 
ECM are usually transmitted into cells via FAK, F-actin and cytoskeleton 
tension to regulate PCa cell behavior [25,49]. Therefore, inhibitors of 
FAK, F-actin and cytoskeleton tension were selected to determine which 
mechanical elements were involved in the process of substrate stiffness 
regulating miRNA in exosomes. F-actin (CY), FAK (PF), or cytoskeleton 

Fig. 4. Substrate stiffness regulates the expres-
sion of miRNA in cancer cells and transports 
miRNA to exosomes. A. LNCaP cells were cultured 
on different substrates for 48 h. Significantly different 
miRNA expressions in Stiff-Exo and Soft-Exo Q-PCR 
were detected by qRT-PCR. The results showed that, 
except for miR-183-5p, all other miRNAs were regu-
lated by substrate stiffness (miR-182-5p: p = 0.0147; 
let-7i-5p: p = 1.24939E-4; miR-30a-5p: p =

6.96735E-4; miR-99b-5p: p = 0.0167; miR-29a-3p: p 
= 0.00302; miR-125b-5p: p = 0.00163; miR-24-3p: p 
= 6.32271E-4; miR-100-5p: p = 8.13899E-4; miR-21- 
5p: p = 5.60351E-4; miR-183-5p: p = 0.21238; miR- 
30d-5p: p = 4.79694E-4; let-7g-5p: p = 0.00562). B. 
LNCaP cells were cultured on different substrates for 
24 h and then incubated with different inhibitors (F- 
actin inhibitor cytoskeleton B, CY; FAK inhibitor PF- 
573288, PF; ROCK inhibitor Y-27632, Y; 10 μM) for 
24 h. The expression of miR-182-5p in cells was 
detected by qRT-PCR. The results showed that PF 
significantly inhibited the regulatory effect of sub-
strate stiffness on miR-182-5p expression in cells 
(Blank: p = 0.00512; CY: p = 0.01741; PF: p =
0.10199; Y: p = 0.04764). C. LNCaP cells were 
cultured on different substrates for 24 h and then 
with different inhibitors for 24 h. The cell supernatant 
was collected to isolate Stiff-Exo and Soft-Exo. The 
expression of miR-182-5p in Stiff-Exo and Soft-Exo 
was detected by qRT-PCR. The results showed that 
CY significantly inhibited the regulatory effect of 
substrate stiffness on miR-182-5p transport to exo-
somes (Blank: p = 0.01; CY: p = 0.05816; PF: p =
0.01343; Y: p = 0.0031). D. Schematic diagram of the 
mechanism of ECM stiffness regulating miR-182-5p 
expression in cancer cells and transport to exo-
somes. The stiff ECM introduced information into 
LNCaP cells through FAK to promote miR-182-5p 
expression. LNCaP cells transferred stiff substrate- 
induced miR-182-5p to exosomes through F-actin. n 
= 3, *p < 0.05; **p < 0.01; ***p < 0.001, t-test.   
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tension (Y) inhibitors [25] were incubated with LNCaP cultured in 
different substrates for 24 h. The expression level of miR-182-5p was 
detected by qRT-PCR. The results showed that PF inhibited the regula-
tion of miR-182-5p expression by substrate stiffness (Fig. 4 B). Mean-
time, the CY suppressed the difference of miR-182-5p between Stiff-Exo 
and Soft-Exo (Fig. 4 C). The stiff substrate transferred stiffness infor-
mation into cells through FAK to regulate the expression of miR-182-5p, 
and sorted miR-182-5p into exosomes through F-actin (Fig. 4 D). Sub-
strate stiffness regulated miR-182-5p expression in cells by sorting into 
exosomes through independent ways. 

4. Conclusion 

Our work has demonstrated that exosomes, as signalosomes, could 
transmit the extracellular matrix mechanical force on the regulation of 
PCa migration behavior to distant cells. The miRNA cargo in exosomes 
could be used as a mechanical force carrier to regulate cancer metastasis 
by regulating cell motility, ECM remodeling and the interaction between 
cancer cells and nerves. ECM mechanical force regulated the intracel-
lular expression of miRNA and the sorting of miRNA into exosomes 
through two independent ways. FAK and F-actin played a key role in the 
process of packaging ECM mechanical force into exosome miRNA. The 
above results suggest that the mechanical force in the cancer cells ECM 
may participate in maintaining the microenvironment required for 
cancer metastasis through exosome miRNA. 
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