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Cancer cells can alter the biophysical properties during a 
metastasis.[1–3] Several biomolecules related with the meta-
static cascade have been discovered at the genetic/molecular 
level.[4,5] During tumor progression and metastasis, cancer 
cells increase the production of proteolytic enzymes, such as 
matrix metalloproteinases (MMPs) to detect extracellular cues 

Biophysical properties are intimately connected to metastatic functions and  
aggressiveness in cancers. Especially, cellular stiffness is regarded as a 
biomarker for the understanding of metastatic potential and drug sensitivity. 
Here, protease-mediated changes of cortical stiffness are identified due to 
the deformation of cytoskeleton alignment at a cortex. For the past few decades, 
membrane type 1-matrix metalloproteinase (MT1-MMP) has been well known 
as a kernel protease enriched in podosomes during metastasis for extracel-
lular matrix degradation. However, the biophysical significance of MT1-MMP 
expressing cancer cells is still unknown. Therefore, the nanomechanics of cancer 
cells is analyzed by a nanoindentation using a microsphere-attached canti-
lever of atomic force microscopy (AFM). In conclusion, the results suggest 
that MT1-MMP has contributed as a key regulator in cytoskeletal deformation 
related with cancer metastasis. Particularly, the AFM-based nanoindentation 
system for the monitoring of cortical nanomechanics will be crucial to under-
stand molecular networks in cancers.
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and degrade the extracellular matrix.[6–9] 
Among various MMPs, membrane type 
1-matrix metalloproteinase (MT1-MMP/
MMP14) exhibit collagenolytic activities 
and functions in major developmental 
events.[10,11] Particularly, MT1-MMP can 
directly affect the early step of the meta-
static cascade in primary tumors to alter 
their surrounding microenvironment 
during an invasion.[12–14] Migration and 
invasion of cancer cells have been exten-
sively associated with MT1-MMP expres-
sion and activity.[15] Metastatic cancer cells 
have been mechanically softer than non-
malignant cells, and the softness affects 
critical pathways and cellular processes 
for the cellular motility.[16–18] However, 
extensive studies are deficient to evaluate 
the role of MT1-MMP on the biophysical 
properties for cancer cells.

In this study, we thus have investigated 
the nanomechanical role of MT1-MMP expressed at cancer 
cells by the assessment of the cortical stiffness. Herein, atomic 
force microscopy (AFM) has been applied to analyze the nano-
mechanical properties of cancer cells and to understand their 
structural characteristics in the cortex.[19] AFM is one of the 
most effective techniques to measure the stiffness of a single  
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cell on the nanoscale because it uses various probe geometries 
(e.g., spherical, pyramidal, or conical probes) for the control over 
the loading and unloading position, force, and speed.[20] Thus, 
we have conducted microsphere-based nanoindentation for the 
monitoring of cellular cortical stiffness against cancer cells after the 
regulation of MT1-MMP. The expression level of MT1-MMP for 
the cancer cells was controlled by using siRNA (downregulation) 
and the tetracycline-dependent trans-activation (upregulation).  
To investigate the implication of MT1-MMP expression against 
the cortical stiffness, furthermore, cytoskeletal networks were 
sophisticatedly monitored by a confocal microscopy.

To investigate the relationship between cellular stiffness and 
the expression level of MT1-MMP, we respectively transfected 
human fibrosarcoma HT1080 cells with 10 × 10−9, 25 × 10−9, 
50 × 10−9, or 100 × 10−9 m of siMT1-MMP (Figure 1a). As 
a control, HT1080 cells were transfected with vehicle only 
(mock) and scrambled siRNA (siScr), respectively. To analyze 
the nanomechanics for the cortex of the transfected cancer 
cells, subsequently, the indentation experiment was per-
formed using a microsphere-attached cantilever. As detailed 
depicted in Figure 1b, the diameter of the microsphere was 
selected in consideration of the cellular spreading. In several 
previous reports, diameter of the microsphere for cell indenta-
tion ranged from a few micrometers to ten micrometers.[21–23] 
However, we here utilized relatively large microsphere to avoid 
attainment of locally different stiffness owing to heterogeneous 
structure of the cell. Moreover, it was already reported that 
cellular stiffness depended on the indentation position.[24] In 
this work, since local distribution of the cellular stiffness was 
not a concern, relatively large microsphere was introduced to 
obtain representative characteristics of the concern cell. If large 
microsphere was exploited for the nanoindentation, relatively 

large area of the cell would be deformed during the process 
(Figure 1c,d). Therefore, the central part of the cell would be 
squeezed even the cantilever was misaligned. In addition, non-
destructive deformation of the cell was expected when micro-
spheres were applied compared to sharp tips. In this regard, the 
use of large microsphere may reduce marginal error in quan-
titative measurement. The spring constant of the cantilever is 
also an important parameter for determining the quality of the 
topological image depending on the type of specimen. When 
soft specimen was analyzed, compliant cantilever with low 
spring constant should be exploited to attain detectable signal 
through sufficient deflection of the cantilever as well as the 
specimen. Contrarily, stiff cantilever must be used for indenta-
tion experiment on a solid specimen to make cantilever compa-
rably deform as the specimen. Several studies in which chose 
AFM cantilever where its spring constant was approximately a 
few N/m to investigate cell stiffness have been reported.[25–27] In 
this regard, relatively stiff cantilever was exploited to measure 
mechanical properties of fixed cell, which exhibited more stiff 
characteristics than living cell. Because the distance in the 
resulting force–distance (F–D) curves contained both the defor-
mation of the cancer cell and the deflection of the cantilever, 
only the penetration depth, which represented the deforma-
tion of the cancer cell, was derived from the F–D curve; normal 
force relative to penetration depth was plotted (Figure 2a). 
The slope of a force-penetration depth curve corresponded 
to the stiffness of a cellular cortex and the steeper slope was 
seen in HT1080 cells transfected with siMT1-MMP than in 
control cells. To further explore the effect of MT1-MMP knock-
down on cellular stiffness, the nanoindentation experiments 
on HT1080 cells transfected with 10 × 10−9, 25 × 10−9,  
50 × 10−9, or 100 × 10−9 m of siMT1-MMP were individually 
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Figure 1. Schematics for the assessment of cellular cortical stiffness against MT1-MMP-regulated cancer cells. a) Process for the transfection of siMT1-
MMP against cancer cells. b) Scanning electron microscope images for the AFM cantilever attached with a borosilicate glass microsphere (diameter: 
62 µm); side view (left) and bottom view (right). c) Schematic illustration of the penetration depth resulting from the interaction of the ball tip and the 
cellular cortex that was applied for the calculation of the cellular stiffness. d) Schematics of force-indentation curve according to tip–sample interaction.
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conducted (Figure S1a, Supporting Information). Cellular 
Young’s modulus can be calculated from the force–indentation 
curve, the correction of the height for the cantilever bending to 
derive the tip-cell separation, by fitting them to the Hertz con-
tact model.[28] Hertz model has been widely applied because of 
its simplicity for the analysis based on controlled measurement 
condition such as shallow indentation depth. We also measured 
the Young’s modulus of cancer cells that were transfected with 
siScr or that were mock-transfected and found that the Young’s 
modulus was not affected by transfection with siScr (Figure S1b, 
Supporting Information). Meanwhile, significant variations in 
cellular stiffness were found with varying siMT1-MMP concen-
trations (Figure 2b). The mock-transfected cells displayed low 
levels of stiffness (≈80–90 kPa). Even with significant devia-
tions, the average Young’s modulus of cells transfected with 
siMT1-MMP increased as the increase of siMT1-MMP con-
centration. The relatively high deviation was attributed to the 
fact that even though cells had similar properties, they exhib-
ited complex dynamics under various conditions. To minimize 
error, tens of cells were examined for each condition of MT1-
MMP and at least five times of indentation trials were con-
ducted for each cell measurement. Then, the measured values 

were averaged. The average Young’s modulus was 91 kPa  
for mock-transfected cells. The average Young’s modulus 
was 149 kPa for HT1080 cells transfected with 10 × 10−9 m of 
siMT1-MMP, 162 kPa for cells transfected with 25 × 10−9 m  
of siMT1-MMP, 206 kPa for cells transfected with 50 × 10−9 m  
of siMT1-MMP, and 245 kPa for cells transfected with  
100 × 10−9 m of siMT1-MMP. In fact, our measurement exhib-
ited appropriate level of the Young’s modulus ranged from 
100 to 200 kPa reported by other research groups.[29–31] As a 
result, the cortical stiffness of the cancer cells was decreased as 
the increase of the expression of MT1-MMP. These data based 
on AFM-based nanoindentation demonstrate that MT1-MMP is 
a central organizer of cellular cortical stiffness.

To further delineate the relationship between reduced 
MT1-MMP expression and cellular cortical stiffness, MT1-
MMP and cytoskeleton profiles for siScr-transfected and 
siMT1-MMP-transfected cancer cells were examined by an 
immunofluorescence confocal microscopy. siMT1-MMP-trans-
fected cancer cells were immunostained with antibodies for 
filamentous actin (F-actin, red), nucleus (Hoechst 33342, blue), 
and MT1-MMP (Alexa488, green) (Figure 3a and Figure S2, 
Supporting Information). As expected, the fluorescent intensity 
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Figure 2. MT1-MMP regulates the cellular cortical stiffness of cancer cells. a) Graph for the relationship between force and penetration depth for 
HT1080 cells transfected with siMT1-MMP. b) Box plot of the Young’s modulus of HT1080 cells transfected with siScr or various concentrations of 
siMT1-MMP. Box = the upper and lower quartiles, the short black line within a box = the median, and the circle = the outlier.

Figure 3. Downregulation of MT1-MMP leads to changes in cellular morphology. a) Confocal microscopic images of HT1080 cells transfected with 
siMT1-MMP; nucleus (blue), MT1-MMP (green), and F-actin (red). Scale bars: 20 µm. b) MT1-MMP mRNA expression levels measured by real-time 
PCR. Significant differences between the siScr group and all of the other groups were observed (*p < 0.01). c) MT1-MMP protein expression levels 
in HT1080 cells that were transfected with siMT1-MMP were analyzed by Western blot. Full-length blots are presented in Figure S3 in the Supporting 
Information.
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from MT1-MMP of the cells was decreased as the increase of 
siMT1-MMP concentration. By 3D-reconstruction confocal 
microscopy, moreover, the differences in MT1-MMP expression 
in siScr-transfected and siMT1-MMP-transfected cells could be 
confirmed (Video S1, Supporting Information). Subsequently, 
MT1-MMP expression levels in siScr- and siMT1-MMP-
transfected cells were investigated by real-time polymerase 
chain reaction (PCR) and Western blot. After the transfection, 
MT1-MMP mRNA levels were lower in siMT1-MMP-treated 
cells compared to siScr-transfected cells (Figure 3b). More-
over, a reduction in MT1-MMP protein (64 kD) expression in 
siMT1-MMP-transfected cells was confirmed by Western blot 
(Figure 3c and Figure S3, Supporting Information).

In contrast to siScr-transfected cells, on the other hand, 
siMT1-MMP-transfected cells exhibited morphological changes 
from F-actin staining. We thus quantified the cellular deform-
ability in siMT1-MMP-transfected cells by the maximal pro-
jection images from confocal microscopy (Figure 4a). The 
average protrusion length from the nucleus to the membrane 
along the longest major axis was measured for over 40 ran-
domly selected cells. In Figure 4b, the results demonstrated 
that siMT1-MMP-transfected cells exhibited longer protru-
sion length from the nucleus to the membrane compared to 
siScr-transfected cells. The protrusion length of cells trans-
fected with 100 × 10−9 m of siMT1-MMP was ≈8.82-fold larger 
than the siScr-transfected cells. The results presented that the 
downregulation of MT1-MMP might increase cellular deform-
ability. In order to confirm the effect on MT1-MMP-mediated 
motility, in addition, real-time monitoring of the interrogated 
single was conducted. Using a time-lapse microscopy, siScr- 
and siMT1-MMP-transfected cells were respectively monitored 
for discovering cellular behaviors of single cell. Cell movement 
images indicated that changes in cell shape were contributed 
to the migration activity of cells. In support of this, the deple-
tion of MT1-MMP promoted multipolar cell morphology and 
induces motility arrest (Video S2, Supporting Information). In 
particular, siScr-transfected cells exhibited flatly spreading and 
siMT1-MMP-transfected cells exhibited multipolar stretching. 
In recent report, morphological characteristics of cancer cells 
are essential for determining cell shape, structure, size, and 
functional properties.[32] The correlation graph between mor-
phological deformation and the variation of Young’s modulus 
of cells according to MT1-MMP expression was investigated 
(Figure 5). Finally, we found that knockdown of MT1-MMP 
had affected the Young’s modulus at the cortex and cellular 
morphology.

As previous results, we have found the differences in cel-
lular stiffness for MT1-MMP-regulated cancer cells. Thus, we 
have inferred that MT1-MMP-mediated change for cytoskel-
etal F-actin networks might be a key determinant of the shape 
and mechanical behavior of the interesting cell.[3] According to 
z-stack confocal microscopic images, the z-axis height of the cell 
ranged from 4.48 to 5.6 µm and the penetration depth ranged 
from 0.04 to 0.15 µm, which indicated cellular deformation as 
a result of contact with a microsphere attached to an AFM can-
tilever that detected cellular stiffness and F-actin distribution in 
the cellular cortex. As a result of confocal microscopic image, 
the F-actin bundles were uniformly aligned along the lamel-
lipodia and filopodia of the cells in siScr-transfected HT1080 
cells (Figure 6a,b). In contrast, siMT1-MMP-transfected 
HT1080 cells had disrupted F-actin bundles and expressed 
spot-like patterns (Figure 6d,e). In addition, the fluorescence 
intensity maps obtained from F-actin staining demonstrated 
the change of cytoskeletal network after the transfection of 
siMT1-MMP (Figure 6c,f). Herein, changes in cell morphology 
might be attributed to redistribution of the actin network, 
which transformed cellular stiffness and single cell spreading. 
Invasive tumor cells have been shown to exhibit a lower mean 
stiffness relative to noncancerous cells and stiffness correlated 
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Figure 4. a) Maximal projection confocal microscopic images of HT1080 cells transfected with siMT1-MMP; nucleus (blue) and F-actin (red). Scale 
bars: 20 µm. b) Dot plot for the length from the nucleus to the membrane of HT1080 cells (n > 40) transfected with siMT1-MMP from (a). Black line: 
average length.

Figure 5. 3D-correlative graph of the relationship between relative 
MT1-MMP mRNA expression, relative cellular deformation, and relative 
Young’s modulus. MT1-MMP expression affects cellular deformation and 
the relative Young’s modulus (gray dotted arrow).
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with malignancy and malignant gene expression.[33,34] In addi-
tion, each phase of the metastatic process requires a specific 
molecular biomarker that regulates the actin-based protru-
sions.[35–38] Considering the interaction between ball tip and 
cells, these changes in the alignment of F-actin bundles served 
as an important parameter for determining cortical stiffness. 
Therefore, siMT1-MMP had induced cellar morphological 
deformation and the change of actin-based cytoskeletal network 
related with cortex thickness and density.

On the other hand, we extensively investigated the role of 
MT1-MMP in MT1-MMP-deficient cancer cells. MCF7 cells, 
as a breast cancer cell line, with low expression levels of MT1-
MMP were mainly used as a control cell for MT1-MMP-related 
experiments.[39] Thus, we examined the effects of MT1-MMP 
expression on the morphology and cortical stiffness of MCF7 
cells. Using a doxycycline-dependent MT1-MMP-inducible 
vector based on Tet-On system, MCF7 cells were cultured in 
the absence or presence of 5 µg mL−1 of doxycycline for 48 h. 
The expression level of MT1-MMP was determined by immu-
nofluorescence staining in wild-type MCF7 cells (MCF7WT) and 
MT1-MMP-upregulated (MCF7MT1+) (Figure 7a). MCF7MT1+ 
cells exhibited decreased multipolarized structure of protrusion 
and increased motility compared to MCF7WT cells (Figure 7b). 
After the induction of MT1-MMP, in particular, lamellipo-
dium was observed (red arrows from Figure 7b). These results 

were considered to reflect the effect of membrane protru-
sion and invasive potential by MT1-MMP activity.[40] After the 
strict reconstitution of cellular network, we separated the 
lines from the images and displayed them in geometric pat-
terns and graphs for the length of the edges (internuclear dis-
tance) and distribution area constituting the network. Inter-
estingly, MT1-MMP-expressing MCF7MT1+ cells presented 
more disorganized spatial distribution compared to control 
MCF7WT cells (Figure 7c). MCF7MT1+ cells exhibited increased 
internuclear distance (36.30 ± 9.98 µm) and distribution area 
(139.35 ± 71.74 µm) compared to MCF7WT cells (internuclear 
distance = 18.55 ± 6.65 µm and distribution area = 71.50 ± 
52.14 µm). Subsequently, we have assessed the cortical stiffness 
for MT1-MMP-induced MCF7 cells (Figure 7d). As presented 
in the force–distance curve, MCF7MT1+ cells represented a sig-
nificant decrease in the force per penetration depth compared 
to MCF7WT cells. In particular, cellular Young’s modulus for 
MCF7MT1+ cells was remarkably reduced after the induction 
of MT1-MMP (Figure 7e). As shown in Figure 8a,b,d,e, on the 
other hand, z-stack and 3D-reconstructed confocal microscopic 
images demonstrated the changes of F-actin-based cytoskeletal 
network due to the induction of MT1-MMP. In case of MCF7WT 
cells, stretched cortical actin networks surrounding nucleus 
were observed. In contrast, MCF7MT1+ cells had lamellipodium 
to one side and thinned cortex. The difference in the cortical 
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Figure 6. Change of F-actin-based cytoskeletal network at cellular cortex by MT1-MMP regulation. Sequential confocal microscopy of HT1080 cells 
transfected with a) siScr or d) siMT1-MMP along z-axis; blue is nucleus and red is F-actin. The slice thickness (Δz) is 0.56 µm. b,e) 3D-stacked confocal 
microscopic image and its magnificated image from (a) and (e), respectively. The magnificated images obtained from white dotted boxed. The change 
of cortical F-actin networks was observed after the regulation of MT1-MMP. c,f) The fluorescence intensity map images and gray value graphs based 
on the red arrow lines. Red dotted lines mean 200 gray value.
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stiffness could be inferred from changes in F-actin networking 
(Figure 8c,f). These results demonstrated that MT1-MMP-
upregulated cancer cells exhibited weaker cell–cell network and 
spreading morphology. In particular, the cortical stiffness of the 
cancer cells was controlled by the expression of MT1-MMP.

We here demonstrated that the microsphere-based nano-
indentation was enable to monitor the cellular cortical stiffness 
after the modulation of the specific molecule expression for 

cancer cells. In especial, MT1-MMP expression modulated cel-
lular nanomechanical characteristics of cancer cells by the reor-
ganization of F-actin-based cytoskeletal network. Importantly, we 
here suggest the novel role of MT1-MMP as a kernel controller 
in the cellular cortical mechanics. Furthermore, these results 
also provide a predictable parameter of cancer cell behavior, 
suggesting that a strong association between MT1-MMP and 
F-actin networking may orchestrate the mechanisms underlying 
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Figure 7. Cellular morphological change in MT1-MMP-induced MCF7 cells. a) Confocal microscopic images of wild type (MCF7WT) and MT1-MMP-
induced MCF7 cells (MCF7MT1+); nucleus (blue), MT1-MMP (green), and F-actin (red). Scale bars: 10 µm. b) Phase microscopic images depicted cell 
morphology of MCF7WT and MCF7MT1+ cells. Scale bars: 20 µm. Red arrows mean spreading sites of cells. c) Box plots of internuclear distance and 
distribution area relative to the quantification from the cellular networks. Box = the upper and lower quartiles, the short black line within a box = the 
median, and the circle = the outlier. d) Graph for the relationship between force and penetration depth for MCF7WT (gray) and MCF7MT1+ (red) cells. 
e) Box plots of the Young’s modulus of MCF7WT (gray) and MCF7MT1+ (red) cells. Box = the upper and lower quartiles, the thin black line within a  
box = the median, the thick black line within a box = mean, and the circle = the outlier.
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the metastatic behaviors of cancer cells. These findings are con-
sistent with a previous study for MT1-MMP activation correlated 
with the metastatic properties and spreading patterns of cancer 
cells.[41] Hence, the AFM-based nanomechanical insights using 
Hertz model will advance our understanding of cancer progres-
sion and provide a tool in screening an effective anticancer drug 
with the help of biochemical signatures.

Experimental Section

Cell Culture: The human fibrosarcoma cell line HT1080 was obtained from 
the American Type Culture Collection (Manassas, VA, USA) and cultured in 
minimum essential medium (MEM) (Gibco, Carlsbad, CA, USA) medium 
supplemented with 10% fetal bovine serum (FBS) (Gibco) at 37 °C in a 5% 
CO2 humidified atmosphere. Human breast cancer cell line, MCF7 cells 
were obtained from the Korean Cell Line Bank (Korean Cell Line Research 
Foundation, Seoul, Korea) and cultured in RPMI1640 (Gibco) medium 
supplemented with 10% FBS. The tetracycline-dependent trans-activated 
MCF7 cell lines (doxycycline-inducible expression of tagged hemagglutinin 
(HA) or MT1-MMP, Epstein-Barr virus nuclear antigen (EBNA)-Tet-MT1-HA) 
cells were cultured in Dulbecco modified Eagle medium (Gibco) medium 
with 10% [-] Tetracycline FBS (Gibco) with doxycycline 5 µg mL−1 for 48 h for 
MT1-MMP expression. Doxycycline hyclate (Sigma-Aldrich, St. Louis, MO, 
USA) was dissolved in deionized water at 5 mg mL−1 for storage and diluted 
with growth medium to a working concentration.

siRNA Transfection: HT1080 cells were plated at 2 × 105 cells per 
well in six-well dishes and 1 × 104 cells per well in E-plate 16 devices 
(ACEA Biosciences, San Diego, CA, USA). When cells reached 70–80% 
confluence, they were transfected using Lipofectamine 2000 (Life 
Technologies, Inc., Gaithersburg, MD, USA) transfection reagent 
according to the manufacturer’s protocol. siRNA oligonucleotides for 
MT1-MMP (siMT1-MMP) were synthesized by Bioneer (Daejeon, Korea) 
and a nontargeting scrambled siRNA (siScr) was used as a negative 
control. The siMT1-MMP sequences were 5′-CAG GCA AAG CUG AUG 
CAG AUU (dTdT)-3′ and 3′-(dTdT) AAU CUG CAU CAG CUU UGC CUG-
5′.[42–44] The cells were transfected with 10 × 10−9, 25 × 10−9, 50 × 10−9, or 
100 × 10−9 m of siRNA for 24 h using Lipofectamine 2000 and Opti-MEM 
(Gibco, Carlsbad, CA, USA) medium following the manufacturer’s 
protocol (Thermo Scientific, Waltham, MA, USA).

RNA Isolation and cDNA Synthesis: HT1080 cells were harvested for 
RNA isolation 24 h after transfection with siMT1-MMP. Total RNA was 
extracted using the Ambion mirVana miRNA Isolation Kit (Ambion, 
Austin, TX, USA) and the quality of the isolated RNA was evaluated using 
a NanoDrop Lite Spectrophotometer (Thermo Scientific, Wilmington, 
MA, USA).[44] All of the samples had a 260/280 ratio of ≈2.0. Total RNA 
was converted to cDNA using a high capacity RNA-to-cDNA kit (Applied 
Biosystems, Carlsbad, CA, USA) according to the manufacturer’s 
recommendation.

Quantitative Real-Time PCR: cDNA synthesis using 1 µg of RNA per 
20 µL of reaction was performed using the Roche LightCycler system 
(Roche Diagnostics). Quantitative real-time PCR was performed in 
triplicate using HiFast SYBR Lo-Rox reagents (GenePole, Edinburgh, 
UK). Thermocycling conditions were as follows: initial denaturation at 
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Figure 8. Change of F-actin-based cytoskeletal network at cellular cortex by MT1-MMP regulation. Sequential confocal microscopy of MCF7 cells trans-
fected with a) MCF7WT or d) MCF7MT1+ along z-axis; blue is nucleus and red is F-actin. The slice thickness (Δz) is 0.38 µm. b,e) 3D-stacked confocal 
microscopic image and its magnificated image from (a) and (e), respectively. The magnificated images obtained from white dotted boxed. The change 
of cortical F-actin networks was observed after the regulation of MT1-MMP. c,f) The fluorescence intensity map images and gray value graphs based 
on the red arrow lines. Red dotted lines mean 120 gray value.
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95 °C for 10 min followed by 45 cycles at 95 °C for 10 s (annealing) 
and 60 °C for 30 s (extension). Primer sequences were designed using 
Primer3 software (http://frodo.wi.mit.edu/primer3/) and included 
MT1-MMP (forward: 5′-TCT ATG GCG CTG AGA TTG TG-3′, reverse: 
5′-CTT AAT GTG CCC GTC CTT GT-3′) and β-actin (forward: 5′-CTC 
TTC CAG CCT TCC TTC CT-3′, reverse: 5´-TGT TGG CGT ACA GGT CTT 
TG-3′).[45] The 2−ΔΔCt method was used to calculate fold differences in 
gene expression and the β-actin gene was used as the housekeeping 
reference for data normalization. The PCR products were subjected to 
melting curve analyses to rule out synthesis of nonspecific products.

Western Blotting: Total protein from HT1080 cells was extracted 
by treating the cells with radioimmunoprecipitation assay buffer 
(Cell Signaling Technology, Danvers, MA, USA) for 20 min at 4 °C, 
and then samples were centrifuged for 10 min at 15 700 g. Protein 
concentrations were determined by bicinchoninic acid (BCA) assay 
(BCA protein assay reagent A and B, Pierce Biotechnology, Rockford, IL, 
USA). For each sample, 15 µg of protein was electrophoresed through 
a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to a 
polyvinylidene fluoride membrane for 2 h at 4 °C. Each membrane was 
blocked for 1 h at room temperature with blocking buffer (5% skim 
milk in 1 × tris-buffered saline with Tween-20) and then incubated 
overnight at 4 °C with a 1:1000 dilution of primary antibody. The 
primary antibodies included anti-MT1-MMP (Abcam Inc., Cambridge, 
MA, USA) and anti-glyceraldehyde 3-phosphate dehydrogenase (Santa 
Cruz Biotechnology, Dallas, TX, USA). Primary antibody binding was 
detected with horseradish peroxidase (HRP)-labeled secondary antibody 
and Immobilon Western chemiluminescent HRP substrate enhanced 
chemiluminescence solution (Merck Millipore, Darmstadt, Germany) 
using a luminescent image analyzer (LAS-4000, GE Healthcare Life 
Sciences, Pittsburgh, PA, USA).

Immunofluorescence Confocal Microscopy: siScr or siMT1-MMP-
transfected HT1080 and WT or MT1-MMP-induced MCF7 cells were 
plated on coverslips at a cell density of 5 × 104 in a flat-bottom four-well 
plate. The cells were then fixed for 30 min in 1 × phosphate buffered 
saline (PBS) supplemented with 4% formaldehyde. Subsequently, the 
cells were washed three times with PBS and then permeabilized with 
0.5% Triton X-100 in PBS for 15 min. The cells were washed three 
times with PBS contained 0.1% bovine serum albumin and incubated 
for 30 min for blocking. The cells were incubated for 30 min at 22 °C 
with primary antibody diluted 1:200. The cells were then washed three 
times and incubated with a 1:500 dilution of secondary antibody for 
30 min at 22 °C. Finally, the cells were washed three more times with 
PBS. Ten minutes before analyzing the plate, a nucleus staining solution-
containing Hoechst33342 (Molecular Probes, Waltham, MA, USA) 
was added to a final concentration of 5 mg mL−1. Microscopic images 
were captured using a confocal microscope (LSM-700, Carl Zeiss, Jena, 
Germany) with a 63 × objective and ZEN software (version 5.5.0.375, 
Carl Zeiss), which was designed for the acquisition and processing of 
confocal microscope images. Computerized pseudo colors were added 
to differentiate the various fluorescence channels and to generate the 
final colored images. The cellular deformation ratio was calculated by 
selecting the cellular boundary and measuring the mean pixel intensity 
inside the defined area using ImageJ.

Cell Migration Assay: For the cell migration assay, migration of HT1080 
cells that were transfected with siScr or 100 × 10−9 m of siMT1-MMP and 
MCF7 (EBNA-Tet-MT1-HA) cells that were MT1-MMP transaction with 
doxycycline were observed for 200 min using the live image movie analyzer 
(JuLI Br, NanoEnTeck, Pleasanton, CA, USA). The movie was made using 
20 images captured at 10 min intervals to quantify the number of cells.

Real-Time Cell Analyzer Cell Invasion Assay: Cell invasion was analyzed 
using the xCELLigence DP system (Roche Diagnostics GmbH, Berlin, 
Germany). To monitor cell indices, HT1080 cells that were transfected 
with siScr or siMT1-MMP and MCF7(EBNA-Tet-MT1-HA) cells that were 
MT1-MMP transaction with doxycycline were seeded at a density of  
4 × 104 cells per well in the upper chambers of cell invasion/migration 
(CIM) plates (ACEA Biosciences, San Diego, CA, USA) containing 
serum-free culture medium. The upper chambers were coated with 30 µL  
of a 1:20 dilution of Matrigel (BD Bioscience, Bedford, MA, USA) to 

create a 3D biomatrix film in each well prior to cell loading. The upper 
chamber was then placed in the lower part of the CIM plate containing 
growth medium supplemented with 10% FBS to promote invasion 
across the membrane and toward the serum gradient. Cell invasion was 
monitored for 24 h by measuring changes in the impedance signal in 
the CIM plate on the opposite side of the membrane. Impedance data 
were collected at 1 h intervals for ≈25 h and expressed as CI (cell index) 
values. To calculate the CI, the formula CI = (Zi – Z0)/15ς, in which Zi 
is the impedance at an individual time point during the experiment 
and Z0 is the impedance at the start of the experiment, was used. Cell 
adherence data were normalized 24 h after seeding. The normalized CI 
is calculated by dividing the CI at the normalized time by the original CI. 
For each condition, experiments were performed in triplicate and data 
were expressed as average ± standard deviation.

Cell Morphology and Directional Migratory Studies: HT1080 cells 
that were transfected with siScr or 100 × 10−9 m of siMT1-MMP and 
MCF7 (EBNA-Tet-MT1-HA) cells that were MT1-MMP transaction with 
doxycycline were seeded into six-well plates at 1 × 105 cells per well. 
Cells were monitored with Cell-IQ (Chip-man Technologies Oy, Tampere, 
Finland) for dynamic phase contrast imaging in a humidified 5% CO2 
atmosphere at 37 °C. Images were captured automatically from six 
positions per well at 10 min intervals for 8 d. A protocol for quantifying 
cell numbers with Cell-IQ analyzer software was created according to 
manufacturer’s instructions.

Nanoindentation Assay: The indentation experiment was conducted 
using an AFM (Seiko Instruments Inc., Chiba, Japan). For the 
measurement of the Young’s modulus of cancer cells, a relatively 
long AFM cantilever with a spring constant of 0.48 N m−1 was 
chosen. Length and width of the cantilever used in this study were 
430 and 52 µm, respectively. The spring constant of the cantilever was 
determined by measuring the geometry and resonant characteristics of 
the cantilever in accordance with the Sader method.[46] A borosilicate 
glass microsphere (diameter = 62 µm) was attached to the end of the 
cantilever to better assess cell elasticity by examining a larger area. 
To obtain accurate measurements, the cantilever was positioned to 
carefully indent the center of the cancer cell. The indentation speed 
was set to ≈40 nm s−1 and the indentation depth was set to less than 
200 nm to avoid destroying the cell. In addition, it is generally accepted 
that 10% of indentation depth to the thickness of the target material 
can give consistent result regardless of substrate effect.[47–49] Therefore, 
indentation depth was controlled to be less than 200 nm to eliminate 
influence of the substrate or cell height. For accurate quantification, 
each cell was indented over ten times and the resulting values were 
averaged.

Calculation of the Young’s Modulus: For assessment of cancer cell 
stiffness, the Young’s modulus of a cell was calculated using the Hertz 
contact model as shown in Equation (1)

ν= −3
4

(1 ) d
d( )

2

3/2E
R

F
p

 (1)

in which E represents the Young’s modulus, F represents the normal 
force during indentation, ν represents the Poisson’s ratio, R represents 
the radius of the sphere, and p represents the deformation of the cancer 
cell.[50] Because it is generally accepted that the Poisson’s ratio for cells and 
tissue is 0.5, this value was used for the Poisson’s ratio. The Hertz contact 
model is based on two assumptions. One assumption is that the indenter 
shape has to be parabolic and the other is that the thickness of the sample 
to be indented must be significantly thicker than the indentation depth.[51] 
These assumptions were satisfied because the indenter used was a glass 
sphere with a diameter that was significantly larger than the cancer cell, 
and the indentation depth was below 200 nm and was estimated to be ten 
times smaller than the height of the cancer cell. Hence, the application of 
the Hertz contact model in this work was adequate.

Statistical Analysis: The in vitro results were expressed as mean ± 
standard deviation. The student’s t-test was performed to determine 
significant differences between groups and p-values <0.01 or <0.05 were 
considered significant.
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