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Simple Summary: Detachment of cancer cells is the first step in tumor metastasis and malignancy.
Our results showed that the TGF-β1/vimentin/focal adhesion protein assembly axis was involved
in the control of the dynamics of initial tumor detachment under adequate nutrition, based on
the Boyden chamber and 3D in-gel spheroid analysis.

Abstract: Detachment of cancer cells is the first step in tumor metastasis and malignancy. However,
studies on the balance of initial tumor anchoring and detachment are limited. Herein, we revealed
that the regulation of cytoskeleton proteins potentiates tumor detachment. The blockage of TGF-
β1 using neutralizing antibodies induced cancer cell detachment in the Boyden chamber and 3D
in-gel spheroid models. Moreover, treatment with latrunculin B, an actin polymerization inhibitor,
enhanced cell dissociation by abolishing actin fibers, indicating that TGF-β1 mediates the formation
of actin stress fibers, and is likely responsible for the dynamics of anchoring and detachment. Indeed,
latrunculin B disrupted the formation of external TGF-β1-induced actin fibers and translocation of
intracellular vinculin, a focal adhesion protein, resulting in the suppression of cell adhesion. Moreover,
the silencing of vimentin substantially reduced cell adhesion and enhanced cell detachment, revealing
that cell adhesion and focal adhesion protein translocation stimulated by TGF-β1 require vimentin.
Using the 3D in-gel spheroid model, we found that latrunculin B suppressed the cell adhesion
promoted by external TGF-β1, increasing the number of cells that penetrated the Matrigel and
detached from the tumor spheres. Thus, cytoskeleton remodeling maintained the balance of cell
anchoring and detachment, and the TGF-β1/vimentin/focal adhesion protein assembly axis was
involved in the control dynamics of initial tumor detachment.

Keywords: invasive leading cells; TGF-β1; actin cytoskeleton remodeling; vimentin intermediate
filament networks; cell detachment

1. Introduction

Mechanotransduction, the conversion of mechanical stimuli into cellular signals,
promotes cytoskeleton remodeling and regulates gene expression, which contributes to
the cells responding appropriately to the environment. Cytoskeletal remodeling transduces
external mechanical signals into internal responses [1,2]. Cells and the external environment
are connected through the cytoskeleton, which transmits external signals to influence
cell behavior, including cell protrusion, adhesion, invasion, and metastasis [3]. After
the cytoskeleton receives external stimulation, it activates the adhesion protein (focal
adhesion kinase, FAK), the migration proteins (small GTP binding protein: RhoA, Cdc42,
and Rac1), and the proliferation pathway (Hippo Pathway, JAK/STAT, and PI3K-AKT
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pathways) [4]. However, studies on the balance of mechanical transduction in cancer
treatment are scarce. Understanding the correlation between pathological mechanical forces
and signaling pathways in metastatic cancer can provide different therapeutic strategies.

During the epithelial–mesenchymal transition (EMT), TGF-β activation causes cy-
toskeleton remodeling through autocrine and paracrine pathways, leading to invasion and
metastasis [5]. When the ECM is highly sclerotized, it increases the mechanical resistance
to cell stretching and promotes the activation of TGF-β. TGF-β inhibits the expression
of claudins, occludins, and ZO1, and disrupts cell–cell contact. Activated TGF-β then
increases the expression of the downstream EMT transcription factors snail, MRTF, and
ZEB, and promotes their activity through the SMAD-dependent pathway [6–8]. In ad-
dition, TGF-β also stimulates the activation of Rho GTPases, p38MAPK, and ERK1/2
through the SMAD-independent pathway [9]. TGF regulates the actin cytoskeleton by
activating the RhoA-LIMK2-cofilin-1 pathway [10] and increases actin polymerization in
cancer cells. These regulatory mechanisms promote actin recombination, leading to the
formation of lamellipodia and filopodia, further facilitating cell metastasis [11–13]. The
success rate of immunotherapy is dependent on the ability of immune cells to invade
cancer cells [14]. The mechanism of immunotherapy, which primarily involves binding cell
membrane surface proteins (including PD-L1, PD-1, and CTLA4) to suppress the attack of
immune cells, has been discussed in numerous articles. Mariathasan et al. [15] found that
the use of TGF-β1-blocking antibodies significantly promoted the infiltration of CD3+ T
cells. However, there are limited studies on actin cytoskeleton remodeling in response to
immune cell invasion.

Cell adhesion or movement requires the direct interaction between actin and vimentin
filaments, which is mediated by the tail domain of vimentin [16,17]. Vimentin controls FAK
activity through the VAV2-Rac1 pathway in cancer cells [18]. Vimentin modulates migration
and EMT by upregulating Axl or Slug and Ras [19]. Focal adhesion proteins have been
extensively studied in terms of survival and metastasis [20,21]. FAK1 protects the immune
system by driving the fibrotic and immunosuppressive microenvironment, thus leading
to tumor resistance to immunotherapy [22]. The inhibition of myosin II activity disrupts
cytoskeleton remodeling and enhances the efficacy of immune checkpoint inhibitors [23].

The upregulation of TGF-β-1-mediated vimentin plays a key role in EMT progres-
sion [24]. Activated vimentin drives EMT and cancer dissemination by orchestrating
the focal adhesion complex and cytoskeleton remodeling [25]. The blockage of TGF-β and
inhibition of focal adhesion and enhanced immunotherapy indicate the possibility that
cytoskeleton remodeling is involved in immune tolerance. The goal of this study was to
clarify whether the autocrine TGF-β-vimentin-focal adhesion assembly axis contributes to
the balance of adhesion and detachment by modulating focal adhesion protein transloca-
tion, and to determine whether abolishing cytoskeleton remodeling disrupts this balance
and potentiates cell detachment.

2. Results
2.1. Sufficient Nutrients Induced the Detachment of Invasive Leading Cells

Tumor detachment is a part of tumor dissemination and metastasis [26]. To assess
cell detachment, a Boyden chamber-based transwell assay was performed, as described
for the migration assay. Traditionally, serum-free medium is added to the upper chamber,
and 10% serum is added to the lower chamber to attract cells across the membrane. We
found that if the upper medium is changed to contain 10% serum medium, cancer cells
gain the ability to escape the membrane and reach the lower chamber bottom (Figure 1A,B).
We examined the urothelial cancer cells, BFTC909, showing that when the upper chamber
contained sufficient nutrients, it induced cell detachment in the lower chamber. There was
no increase in the number of cells transferred under the membrane, but the number of
detached cells at the bottom of the chamber increased significantly over time (Figure 1C).
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were seeded in the upper chamber overnight and the transwell assay was performed with or without serum in the upper 
chamber for 48 and 72 h. The membranes were stained by 1% crystal violet and the cell number from membranes or the 
lower chamber was determined (B,C, respectively). Scale bars: 100 μm. ** p < 0.01. Data are means ± s.d. (two-tailed t-test) 
from experiments with three replicates (n = 3). (D) Schematic showing the procedure used for establishing a 3D in-gel 
spheroid detachment assay. (E,F) In vitro 3D in-gel spheroid detachment assays demonstrated that the starvation of 
spheres led to reduced detachment in the leading cells. BFTC909 cells were plated in a 96-well U-plate for 5 days and the 
spheres were embedded in Matrigel for in-gel detachment assay. Detached cells from spheres were counted after 24 or 48 

Figure 1. Detachment of invasive leading cells in the Boyden chamber and 3D in-gel spheroid detachment assay.
(A) Schematic showing the procedure used for establishing a Boyden chamber detachment assay. (B) Representative
images of the lower chamber demonstrated that starvation of cancer cells inhibited detachment in the leading cells.
BFTC909 cells were seeded in the upper chamber overnight and the transwell assay was performed with or without
serum in the upper chamber for 48 and 72 h. The membranes were stained by 1% crystal violet and the cell number from
membranes or the lower chamber was determined (B,C, respectively). Scale bars: 100 µm. ** p < 0.01. Data are means
± s.d. (two-tailed t-test) from experiments with three replicates (n = 3). (D) Schematic showing the procedure used for
establishing a 3D in-gel spheroid detachment assay. (E,F) In vitro 3D in-gel spheroid detachment assays demonstrated that
the starvation of spheres led to reduced detachment in the leading cells. BFTC909 cells were plated in a 96-well U-plate for
5 days and the spheres were embedded in Matrigel for in-gel detachment assay. Detached cells from spheres were counted
after 24 or 48 h. Black and white arrow: detached cells. Scale bars: 100 µm. ** p < 0.01. Data are means ± s.d. (one-way
ANOVA with Dunnett’s multiple comparisons test) from experiments with three replicates (n = 3).



Cancers 2021, 13, 5648 4 of 20

To further confirm whether low nutrients can also reduce cell detachment in 3D tumor
spheres, we performed a 3D in-gel spheroid detachment assay (Figure 1D). First, cells were
concentrated by low-speed centrifugation and cultured in a 96-well U-plate for 5–7 days to
form tumor spheres. The spheres were embedded in the Matrigel for 24–48 h. The number
of detached cells was calculated by integrating the two-dimensional section of invasion
that lies in the perimembrane (Figure 1E,F). A supplement of BFTC909 cells with serum in
the medium induced cell detachment, indicating that nutrients inside the tumor were not
only required for growth but also involved in tumor dissemination. These data indicated
that cell detachment levels were elevated in serum-supplied medium in a Boyden chamber
and 3D in-gel spheroid detachment assay.

2.2. Blockage of TGF-β1 Enhanced Cell Detachment after Transmembrane Migration

During metastasis and intravasation, cancer cells can dissociate from the tumor
through the reduction in E-cadherin [26]. External TGF-β1 plays a role in tumor metastasis,
but its role in cell detachment has not been studied [27]. Therefore, we wanted to under-
stand whether TGF-β1 plays a regulatory role in cell detachment. To examine the effect of
TGF-β1 on cell adhesion or detachment after transmembrane migration from the upper
chamber with cancer cells, we first analyzed detachment levels in three types of cancer cells,
which are known to cause tumor metastasis. According to the experimental design shown
in Figure 1A, a transwell assay was performed and exchanged with serum-containing
medium in the upper chamber after migration. BFTC909 in the lower chamber was treated
with or without TGF-β1-blocking antibody, which is known to bind and reduce the effect
of TGF-β1, and mouse IgG1 antibody was used in the control group. Interestingly, the de-
crease in TGF-β1 led to an increase in cell detachment after transwell migration (Figure 2A).
We determined the cell number in the lower side of the membrane and found that treatment
with TGF-β1-blocking antibody did not further affect cell migration (Figures 2B and S1A,B).
The effect of TGF-β-blocking antibody on cell migration in the 2D wound healing assay was
also examined. Our results revealed that treatment with anti-TGF-β-blocking antibody did
not affect cell migration when the seeding cell number was 5 × 103 cells per well. However,
the same treatment increased migration approximately 1.15-fold when the seeding cell
number was 1 × 104 cells per well, indicating that TGF-β inhibition induced cell migration
under a higher cell density in the wound healing assay (Figure S2A,B). Ungefroren et al.
performed similar experiments and found that the antibody-mediated neutralization of
autocrine TGF-β promoted cell motility in the Boyden chamber assay within 24 h [28].
These results suggested that the inhibition of autocrine TGF-β might increase migration
in the early time of the Boyden Chamber assay and then induce cell detachment after cell
migration to the lower side of the membrane.

TGF-β1 could cause the opposite effect in either EMT or cell death [29], whereas in
our data, the disruption of the effect of TGF-β1 by a blocking antibody did not further
increase migration levels but largely induced cell detachment, indicating that TGF-β1 was
required for cell anchorage after transwell migration (Figure 2A,B). To confirm the effect of
cell proliferation in cell detachment, the treatment of mitomycin C in the Boyden chamber
was performed. Low doses of mitomycin C (0.15 and 0.31 µM) had not affected cell
detachment, while high doses of mitomycin C caused cell death and reduced detached cells
in the lower chamber (Supplementary Figure S3). The effect of TGF-β1-blocking antibody
was determined by the TGF-β1 ELISA assay (Figure 2C). We also demonstrated that the
blockage of TGF-β1 enhanced cell detachment in A549 (lung cancer cell) and PANC-1
(pancreatic cancer cell) and significantly induced cell detachment (Figure 2D,E). Thus, our
data demonstrate that TGF-β1 is involved in cell anchorage after transwell migration in
several types of cancer cells, suggesting that there is a feedback regulation of EMT and
cytoskeleton remodeling in the balance of cell adhesion and detachment after migration.
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Figure 2. Blockage of TGF-β1 increased cell detachment after transmembrane migration. (A) Representative images of
lower chamber and (B) transwell membrane demonstrated that the treatment of cancer cells with TGF-β1-blocking antibody
increased detachment in the leading cells. BFTC909 cells were seeded in the upper chamber overnight and the transwell
assay was performed with or without TGF-β1-blocking antibody in the lower chamber for 48 h. The membranes were
stained by crystal violet and the cell number from membranes or the lower chamber was counted. Scale bars: 100 µm.
* p < 0.05; *** p < 0.001. Data are means ± s.d. (two-way ANOVA with Tukey’s multiple comparisons test and two-tailed
t-test, A,B, respectively) from experiments with three replicates (n = 3). ns, not significant. (C) ELISA assay showing
treatment of TGF-β1-blocking antibody reduced TGF-β1 from the medium of the lower chamber. *** p < 0.001. Data are
means ± s.d. (two-tailed t-test) from experiments with three replicates (n = 3). (D,E) Representative images of lower
chamber and transwell membrane demonstrated that the treatment of A549 and PANC-1 cells with TGF-β1-blocking
antibody increased detachment in the leading cells. Scale bars: 100 µm. (* p < 0.05; ** p < 0.01; *** p < 0.001). Data are
means ± s.d. (two-way ANOVA with Tukey’s multiple comparisons test and two-tailed t-test, D and E, respectively) from
experiments with three replicates (n = 3). Mock, mouse IgG1.
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2.3. Disruption of Actin Cytoskeleton Remodeling Led to Reduction in TGF-β1-Induced
Transmembrane Anchoring

Actin cytoskeleton remodeling is involved in the EMT and MET transition [30]. TGF-
β1 promotes the formation of stress fibers and intracellular focal adhesion [31]. We next
wanted to know whether the disruption of actin stress fibers is correlated with cell de-
tachment. First, we examined whether TGF-β1 promoted the formation of stress fibers in
the cells we used. We conducted a wound healing assay using BFTC909. The migrating
cells in the leading edge of the wound healing assay showed stark actin stress fibers,
vimentin intermediate filaments, and vinculin accumulation; therefore, it is beneficial
to observe the effects of inhibitors on structural proteins. After treatment with TGF-β1
for 24 h, it was clearly detected through an immunofluorescence assay that TGF-β1 pro-
moted the formation of actin stress fibers (Figure 3A). As TGF-β1 can promote vimentin
intermediate filament networks, we found that vimentin filaments extended to the cell
membrane after TGF-β1 treatment (Figure 3B). Mariathasan et al. demonstrated that using
anti-TGF-β1 antibody can block TGF-β1-induced signaling [15]. We further determined
whether TGF-β1 blocking affected vimentin intermediate filament networks. First, we
coated glass slides with fibronectin to induce actin stress fibers. We then compared actin
stress fibers and vimentin intermediate filaments with or without using the anti-TGF-β1
antibody. We found that treatment with an anti-TGF-β1 antibody inhibited actin stress
fibers and vimentin intermediate filament networks (Figure 3C). These results suggest that
external TGF-β1 increased actin stress fibers and vimentin intermediate filament networks
of invasive leading cells after migration. This result was consistent with the result that the
blockage of autocrine TGF-β1 enhanced cell detachment after transmembrane migration
(Figure 2). The blockage of TGF-β1 inhibited actin stress fibers and vimentin intermediate
filament networks and promoted cell detachment.

Additionally, we determined whether direct interference with actin stress fibers also af-
fects the transmembrane anchoring caused by external TGF-β1. According to our previous
data [30], latrunculin B disrupts actin cytoskeleton remodeling and induces cell migration
through the activation of snail under high cell density and nutrient deficiency. Therefore,
we tested whether the shortening of actin stress fibers caused by latrunculin B affected cell
detachment. To test whether the cell anchorage effect of TGF-β1 is dependent on actin cy-
toskeleton remodeling, we incubated cells with latrunculin B, an actin filament modulator,
which functions in actin depolymerization [32]. Using the transwell assay as described
(Figure 2), the medium in the lower chamber was added with or without latrunculin B,
which abolished the effect of TGF-β1-induced transmembrane anchoring (Figure 4A). To
further confirm the migration of cells in the membrane of the upper chamber, we stained
the membrane with crystal violet. There were no significant differences between the cell
number of latrunculin B-treated groups and the control group in the transmembrane
(Figure 4B), indicating that latrunculin B promoted cell detachment from the transmem-
brane. To further validate our findings in other human cancer cell lines, we treated the
medium of the lower chamber with latrunculin B, which also enhanced cell detachment in
BFTC909 and PANC-1 cells (Figure 4C,D). Together, these results suggest that the addition
of the actin filament modulator, latrunculin B, suppressed actin cytoskeleton remodeling
and enhanced cell detachment in a transwell migration model.
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Figure 3. TGF-β1 induced vimentin intermediate filament networks and actin stress fibers formation. (A) Representative
immunofluorescence assay of TGF-β1-induced actin stress fibers formation in the leading cells. BFTC909 cells were
seeded in a wound healing chamber overnight, and the migration was performed for 24 h, followed by treatment with
or without TGF-β1 ligands for another 24 h. The cells were then fixed and stained with phalloidin, and the intensity
of the stress fibers was quantified and plotted. Black arrow: actin stress fibers. White arrow: lamellipodia. Scale bars:
10 µm. ** p < 0.01. Data are means ± s.d. (two-tailed t-test) from experiments with three replicates (n = 8 fields for each
experiment). (B) Representative images showing that TGF-β1 promoted vimentin intermediate filament networks and actin
stress fibers formation in BFTC909 cells. ** p < 0.01. Data are means ± s.d. (two-tailed t-test) from experiments with three
replicates (n = 8 fields for each experiment). (C) Representative images showing that TGF-β1-blocking antibody reduced
vimentin intermediate filament networks and actin stress fibers formation in BFTC909 cells. Arrowheads: the space between
the intracellular membrane and vimentin. Scale bars: 10 µm. ** p < 0.01. Data are means ± s.d. (two-tailed t-test) from
experiments with three replicates (n = 8 fields for each experiment).
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mation. Jiu et al. [33] revealed that vimentin architects actin cytoskeleton remodeling. To 
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Figure 4. Latrunculin B disrupted autocrine TGF-β1-induced transmembrane anchoring. (A,B) Images from the repre-
sentative 2.5D detachment assay; A549 cells were seeded in the upper chamber overnight and the transwell assay was
performed with or without serum in the upper chamber for 24 and 48 h. The membranes were stained by crystal violet and
the cell number from the membranes or lower chamber was measured. Scale bars: 100 µm. *, p < 0.05; ***, p < 0.001. Data
are means ± s.d. (two-way ANOVA with Tukey’s multiple comparisons test and two-tailed t-test, A and B, respectively)
from experiments with three replicates (n = 3). (C,D) Addition of latrunculin B enhanced the leading cells detachment in
BFTC909 and PANC-1. Scale bars: 100 µm. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Data are means ± s.d. (two-way ANOVA
with Tukey’s multiple comparisons test) from experiments with three replicates (n = 3).

2.4. Latrunculin B Disrupted TGF-β1-Mediated Actin Stress Fibers and Vimentin Intermediate
Filament Networks

To determine whether the addition of latrunculin B induced cell detachment through
TGF-β1-induced actin stress fibers formation and vimentin intermediate filament net-
works, we performed immunofluorescence analysis followed by a wound healing assay.
First, we examined the role of TGF-β1 in actin cytoskeleton remodeling. The expres-
sion of stress fibers was detected by immunofluorescence staining with phalloidin. We
observed that fewer actin stress fibers were formed in the cytoplasm after 24 h of mi-
gration, while TGF-β1 treatment significantly enhanced the bundles of stress fibers in
the invasive leading cells (Figure 5A). We found that latrunculin B abolished actin stress
fibers, which are known to be responsible for focal adhesion protein accumulation and
membrane binding (Figure 5A). Thus, treatment with latrunculin B disrupted the actin
stress fibers formation. Jiu et al. [33] revealed that vimentin architects actin cytoskeleton
remodeling. To examine the effect of latrunculin B on TGF-β1-mediated vimentin inter-
mediate filaments and stress fibers formation in the invasive leading cells after migration,
we performed a wound healing assay followed by immunofluorescence staining with
vimentin and phalloidin, and eight field images were analyzed (Figure 5B). Treatment
with latrunculin B downregulated the effect of TGF-β1 and reduced vimentin intermediate
filament networks and actin bundle expression, which may grant cells the ability to detach,
as shown in Figure 2.
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TGF-β1-induced actin stress fibers formation. BFTC909 cells were seeded in the wound healing chamber overnight, fol-
lowed by migration with or without treatment of TGF-β1 ligands or latrunculin B for 24 h. Black arrow: actin stress fibers. 
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Figure 5. Latrunculin B disrupted TGF-β1-mediated actin stress fibers formation and vimentin intermediate filament
networks. (A) Images of representative immunofluorescence results revealed that the addition of latrunculin B disrupted
TGF-β1-induced actin stress fibers formation. BFTC909 cells were seeded in the wound healing chamber overnight, followed
by migration with or without treatment of TGF-β1 ligands or latrunculin B for 24 h. Black arrow: actin stress fibers. White
arrow: lamellipodia. Scale bars: 10 µm. *** p < 0.001. Data are means ± s.d. (one-way ANOVA with Dunnett’s multiple
comparisons test) from experiments with three replicates (n = 3). (B) Treatment of latrunculin B repressed vimentin
intermediate filament networks in BFTC909. Migration was performed with or without treatment of TGF-β1 ligands or
latrunculin B for 24 h. Arrowheads: the space between the intracellular membrane and vimentin. Scale bars: 100 µm.
** p < 0.01. Data are means ± s.d. (one-way ANOVA with Dunnett’s multiple comparisons test) from experiments with
three replicates (n = 3). LatB, latrunculin B.

The effect of anti-TGF-β1 antibody and latrunculin B on structural proteins in the 2D
wound healing assay may represent different phenomena in the Boyden chamber and
in-gel spheroid assays, versus in the 2D wound healing assay. Therefore, we performed
immunofluorescence staining in the Boyden chamber and 3D sphere assays to detect actin
stress fibers, vimentin intermediate filaments, and vinculin. In the Boyden chamber assay,
the anti-TGF-β1-blocking antibody or latrunculin B was added to the lower membrane
for 48 h (Figure 6A–C). For the 3D sphere assay, the spheres were cultured in culture
medium instead of Matrigel to perform immunofluorescence staining (Figure 6D). We
detected actin stress fibers, vimentin intermediate filaments, and vinculin accumulation in
the lower side membrane of the Boyden chamber (Figure 6B,C). These actin stress fibers
and vimentin intermediate filament networks were also detectable in the 3D sphere assay
(Figure 6D). Forty-eight hours after treatment with anti-TGF-β antibody and latrunculin B,
the results of cytoskeleton protein staining in the Boyden chamber and 3D sphere assays
were similar to those in the 2D wound healing assay. Treatment with anti-TGF-β antibody
or latrunculin B inhibited actin stress fiber formation and vimentin intermediate filament
networks. Vinculin was only detectable in the Boyden chamber assay but was not visible
in the 3D sphere assay.
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Figure 6. Effect of TGF-β1 neutralizing antibody and latrunculin B in the Boyden chamber and
3D sphere assay. (A) Immunofluorescence images of the Boyden chamber assay. (B,C) Images of
representative immunofluorescence results revealed that the addition of TGF-β1-blocking antibody
or latrunculin B reduced actin stress fibers and vimentin intermediate filament networks. BFTC909
cells were seeded in the Boyden chamber overnight, followed by migration for 48 h. A detachment
assay was performed with or without treatment of TGF-β1 ligands or latrunculin B for another 48 h.
Scale bars: 10 µm. *** p < 0.001. Data are means ± s.d. (two-tailed t test) from experiments with three
replicates (n = 3). (D) Treatment of TGF-β1-blocking antibody or latrunculin B repressed actin stress
fibers and vimentin intermediate filament networks in BFTC909. A three-dimensional sphere assay
was performed with or without treatment of TGF-β1-blocking antibody or latrunculin B for 48 h.
Black arrow: actin stress fibers. Scale bars: 10 µm. *** p < 0.001. Data are means ± s.d. (one-way
ANOVA with Dunnett’s multiple comparisons test) from experiments with three replicates (n = 3).
LatB, latrunculin B.
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2.5. Silencing of Vimentin Led to a Reduction in Membrane Anchoring in the Invasive
Leading Cells

We further examined the effect of vimentin on cancer cell detachment by generat-
ing small short hairpin RNAs (shRNAs) targeting vimentin in A549 and PANC-1 cells
(Figure 7A,B). We then performed a transwell assay to determine the effect of shVimentin
on cell detachment. Most notably, the knockdown of endogenous vimentin by shRNAs
increased cell detachment in comparison to the control shRNA, and two cell lines revealed
similar results (Figure 7A,B). The silencing efficiency was confirmed by real-time qPCR in
both A549 and PANC-1 cells (Figure 7C,D). These data imply that both vimentin and actin
cytoskeleton remodeling are required to mediate anchorage or detachment after migration.
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Figure 7. Silencing of vimentin induced cell detachment. (A,B) Images from the representative
transwell assay; silencing of vimentin increased the leading cells detachment. A549 and PANC-1 cells
were silenced with shLacZ or shVIM and seeded in the upper chamber overnight, and the transwell
assay was performed for 24 and 48 h. The membranes were stained by crystal violet and the cell
number from membranes or the lower chamber was counted. Scale bars: 100 µm. *** p < 0.001. Data
are means ± s.d. (two-way ANOVA with Tukey’s multiple comparisons test) from experiments with
three replicates (n = 3). (C) Relative expressions of vimentin mRNA in BFTC909-shLacZ, -shVIM#1,
and shVIM#2 were determined by the real-time qPCR assay. (D) Relative expressions of vimentin
mRNA in PANC-1-shLacZ, -shVIM#1, and shVIM#2 were determined by the real-time qPCR assay.
*** p < 0.001. Data are means ± s.d. (one-way ANOVA with Dunnett’s multiple comparisons test)
from experiments with three replicates (n = 3). VIM, vimentin.

2.6. Latrunculin B-Induced Focal Adhesion Proteins Translocation and Cell Detachment from
Tumor Spheres

As shown in Figure 3A, latrunculin B promoted cell detachment after transwell migra-
tion. According to a review report by Hinz et al. [5], TGF-β1 induced the formation of actin
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stress fibers and resulted in intracellular focal adhesion assembly. During migration, focal
adhesion is known to translocate to the perimembrane of cells [34], and the larger size of
focal adhesion formed in the intracellular membrane was responsible for cell anchorage.
However, their role in controlling focal adhesion complex translocation to balance cell
anchoring and detachment has been less reported. To explore the correlation between focal
adhesion proteins and cell detachment in our model, we examined the effect of latrunculin
B on the TGF-β1-mediated effect in vinculin, a representative focal adhesion protein,
translocation to the perimembrane in migrating cells. We first determined vinculin ex-
pression in the perimembrane in the invasive leading cells, while the addition of TGF-β1
promoted vinculin accumulation with a high expression of actin stress fibers, suggesting
that the TGF-β1-actin stress fibers-vinculin axis was utilized as a feedback mechanism
for the regulation of cell migration (Figure 8A). We added latrunculin B to cells for which
a wound healing assay was performed with or without TGF-β1 treatment. Immunoflu-
orescence staining showed that treatment with TGF-β1 enhanced intracellular vinculin
formation, and co-treatment with latrunculin B significantly decreased actin bundle forma-
tion in leading cells (Figure 8A). Abundant lamellipodia were formed after the addition
of latrunculin B, suggesting that latrunculin B disrupts TGF-β1-induced intracellular vin-
culin and adhesion (Figure 8A). We also detected the effect of latrunculin B on actin stress
fibers and vinculin accumulation in the lower side membrane of the Boyden chamber
(Figure 8B). Treatment with latrunculin B diminished vinculin accumulation at focal adhe-
sions and reduced intracellular focal adhesion strength, which may provide an explanation
in Figure 4A that latrunculin B induced cell detachment by disrupting TGF-β1-mediated
anchoring.

We further demonstrated that latrunculin B induced cell detachment in a 3D in-gel
spheroid detachment model. Most notably, the 3D spheres that expressed cell detachment
were enhanced by the addition of latrunculin B in comparison to the control, indicating
that latrunculin B can disrupt cell adhesion status under both Boyden chamber and 3D
growth conditions (Figure 8C). Treatment with latrunculin B obviously stimulated cell
detachment from tumor spheres, and the result was not found in the TGF-β1-treated
spheres. Cell–cell dissociation and migration occur in the in-gel spheroid assay. In our
3D in-gel spheroid detachment assay, the spheres were embedded in the Matrigel with
serum-supplied medium. After 24 h, cell–cell dissociation occurred, but cell migration was
not obvious under this condition (Figure 8C). It revealed a lack of ligands in the Matrigel
for integrins expressed in our tested cells. Moreover, LatB treatment did not increase cell
migration in our 2D wound healing assay (Figure S2). Therefore, the enhancement of cell
detachment after the addition of LatB should be mainly due to cell–cell dissociation rather
than migration.

Our results revealed that serum application was required for cell dissociation from
the membrane, whereas the number of detached cells without extra treatment (TGF-β
antibody treatment) was low. This indicated that serum was required for cell detachment,
while additional stimuli (disruption of cytoskeleton remodeling by treatment with TGF-β-
blocking antibody and LatB) promoted the effect of cell dissociation. These results indicate
that adequate nutrients are necessary for cell detachment, and extra stimuli improve the
effect of cell dissociation. Collectively, these findings indicate that the effect of external
TGF-β1 on adhesion was elevated in leading cells after migration, and this is likely to be
impeded by treatment with a TGF-β1-blocking antibody, latrunculin B, and the silencing
of vimentin, which were found to enhance cell detachment. Latrunculin B impedes TGF-
β1-mediated actin cytoskeleton remodeling and vimentin intermediate filament networks,
resulting in cell detachment in invasive leading cells.
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Figure 8. Latrunculin B induced focal adhesion complex translocation and cells spatial detachment. (A) Images of
representative immunofluorescence results showed that adding latrunculin B induced vinculin translocation. BFTC909
cells were seeded in a wound healing chamber overnight, followed by migration with or without treatment of TGF-β1
ligands or latrunculin B for 24 h. Black arrow: actin stress fibers. White arrow: lamellipodia. (B) Treatment of latrunculin B
induced vinculin translocation in the Boyden chamber assay. The cells were fixed and stained with anti-vinculin antibody
and phalloidin. Arrowheads: vinculin accumulation. Scale bars: 10 µm. ** p < 0.01. Data are means ± s.d. (two-tailed
t-test) from experiments with three replicates (n = 3). (C) Treatment of latrunculin B increased cell detachment in a 3D in-gel
spheroid assay. The spheres were embedded in the materiel with 10% FBS for 24 h. Scale bars: 100 µm. ** p < 0.01. Data are
means ± s.d. (two-way ANOVA with Tukey’s multiple comparisons test) from experiments with three replicates (n = 3).
LatB, latrunculin B.
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3. Discussion

Initial cancer cell detachment occurs during intravasation, extravasation, and metas-
tasis during tumor progression, as well as metastasis to distal organs [26]. As there have
been few studies on balancing cancer cell anchoring and detachment, it is important to
understand the mechanism of invasive leading cell detachment during tumor progression.
Our study found that cytoskeletal protein remodeling mediated by TGF-β1 and vimentin
affected the balance of cell adhesion and dissociation in human colorectal, lung, and
pancreatic cancer cell lines (Figures 2 and 5–7). Using an anti-TGF-β1-blocking antibody
and an actin polymerization inhibitor, we confirmed that interfering with cytoskeleton
remodeling leads to cancer cell detachment (Figures 3 and 4). Furthermore, using the
3D detachment model, we found that interfering with cytoskeleton remodeling signifi-
cantly promoted the invasive leading cell detachment of tumor spheres (Figure 8). These
results may provide a reference for therapeutic strategies for tumors affected by relevant
mechanisms.

TGF-β1 is a key factor in the regulation of tumor EMT and is related to anoikis. Anoikis
is a process that causes apoptosis after cancer cells dissociate from the tumor. Malignant
tumor cells are often resistant to anoikis [35]. Several proteins involved in TGF-β1 signaling
have been shown to regulate anoikis and EMT, including DEAR1, which is encoded by a
tumor suppressor gene that is frequently absent in patients with advanced breast cancer.
DEAR1 promotes SMAD3 degradation by directly binding SMAD3 and inhibiting SMAD3
downstream target genes, including Snail and Slug [36]. DEAR1 deficiency proved to be
necessary for TGF-β-induced EMT and anoikis resistance. In our study, we found that
treatment with an anti-TGF-β1-blocking antibody interfered with TGF-β1-regulated cell
adhesion and promoted cell detachment. However, it is speculated that when cells are
detached from the ECM, anoikis may be increased via DEAR1, resulting in cell death. For
malignant cancer cells that survive detachment, DEAR1 might be deficient in function
and expression while increasing anoikis resistance and promoting cancer cell survival;
nevertheless, this hypothesis requires further experimental evidence.

In addition to developing resistance to anoikis-dependent pathways, tumors develop
anoikis-independent survival strategies. Autophagy is an important mechanism that reg-
ulates cell survival or death [37]. Autophagy is a process to break down intracellular
components, such as lipids, proteins, or organelles, to promote survival in the absence
of nutrients in the cell [38]. Using various cancer cell lines, Debnath et al. showed that
autophagy is an effective strategy for ECM cell dissociation. In tissue culture cells, sep-
aration from the ECM is sufficient to induce autophagy [39]. Later studies identified a
signaling mechanism by which the endoplasmic reticulum kinase PERK (also known as
eIF2αK3) induces autophagy during ECM dissociation [40]. Upon cell detachment from the
ECM, PERK induces the activation of AMP-activated protein kinase and tuberous sclerosis
complex 2 and inhibits the mTORC1 complex [41]. In addition, during ECM detachment,
autophagy can be driven by the IκB kinase complex, which regulates cell viability [42].

When cancer cells break away from the tumor, they alter the metabolic capacity
and limit the nutrient-utilizing ability of cells. These changes may also contribute to cell
death. Zhu et al. demonstrated that the loss of ECM attachment ability is directly related
to the influence of cell metabolism [43]. After cell detachment, the PI3K-Akt signaling
pathway is downregulated, leading to decreased glucose uptake. At this point, glucose up-
take can be restored through the ERBB2-mediated regulatory signaling process to produce
ATP. Additionally, it has been shown that the addition of antioxidants to detached cells
compensates for the loss of glucose uptake and promotes ATP production [43,44].

ERBB2 can also inhibit PDK4 via ERK to promote ATP production in detached cells [45].
DeNicola et al. found that antioxidant enzymes are mainly produced by the transcription
factor NFE2-related factor 2 (NRF2). NRF2 can promote the survival of detached cancer
cells by affecting oncogenes such as RAS, RAF, and MYC [46]. As TGF-β1 is associated
with vimentin and PERK, PI3K/AKT, and ERBB2-regulated functions, interference with
TGF-β1- and vimentin-regulated signaling may affect the functions of these proteins. In
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our study, we found that blocking TGF-β1 and vimentin deletion induced cancer cells to
detach and survive, suggesting that PERK, PI3K/AKT, and ERBB2 may also be involved in
the survival of detached cells through increasing the anoikis-independent process.

TGF-β signaling can control the differentiation and behavior of cancer cells by promot-
ing their elongation and enhancing their motility, thereby allowing them to migrate and
invade the ECM. TGF-β promotes epithelial cell plasticity and EMT mainly by activating
TβRI and the SMAD3/4-mediated transcription of major EMT transcription factors such as
Snail1, Slug, ZEB1, and ZEB2 [47,48]. However, in our study, we found that cytoskeleton
remodeling was required upon detachment of invasive leading cancer cells from the tumor.
Cell separation was achieved by reducing the intensity of the focal adhesion protein as-
sembly mediated by TGF-β1 and vimentin. Our study showed that dynamic cytoskeleton
remodeling exists in TGF-β-induced anchoring and metastasis. TGF-β signaling mediated
tumor invasiveness and enhanced TGF-β signaling-induced cancer cell anchoring, whereas
weakened TGF-β signaling was required for detachment.

In recent years, immunotherapy has attracted much attention, and it has been shown
that the inhibition of TGF-β signaling can reduce tumor growth and enhance the infiltration
of immune cells [15,49–52]. According to the results of our study, the inhibition of TGF-β
signaling significantly reduced actin stress fibers formation and vimentin intermediate
filament networks (Figures 3C and 6B,D), suggesting that the effect of enhanced immune
cell infiltration may be achieved by weakening the cytoskeleton structure of the tumor.

Recent studies have shown that TGF-β and vimentin play a role in immune suppres-
sion in many human cancers and are associated with tumor dissemination, metastasis,
and poor prognosis [29]. This immune suppression may be related to the tumor immune
microenvironment regulated by TGF-β, indicating the importance of TGF-β as a tumor
marker and possibly as a target for inhibiting the infiltration of immune cells and their toxi-
city to cancer cells [53]. Our results show that autocrine TGF-β1- and vimentin-mediated
cytoskeleton remodeling affects the adhesion and detachment of human cancer cells. We
further found that the use of the anti-TGF-β1-blocking antibody interfered with cytoskele-
ton remodeling, leading to cancer cell detachment. Anti-TGF-β1 plays a positive role in
human tumor environments; it may promote the vulnerability of tumor cells to the attack
by immune cells. It is speculated that the infiltration of immune cells may be enhanced by
weakening the cytoskeleton structure of the tumor. Our findings may provide an explana-
tion for the outcome of immunotherapy for patients, as well as a reference for therapeutic
strategies for tumors affected by relevant mechanisms.

Nutrient deficiency is an environmental stressor during tumor growth. Our previous
studies have revealed that, in large tumors with the deletion of tumor suppressor genes,
nutrient deficiency could lead to tumor metastasis and malignancy [30]. Therefore, en-
vironmental nutrient deficiency sometimes plays a role in promoting the progression of
cancer cells, which has been widely used to study autophagy and several genes involved
in the cancer cell tolerance to nutrient deprivation [54,55]. In this study, we found that the
disruption of cytoskeleton remodeling promoted the dissociation of tumor cells, and this
process requires adequate environmental nutrients.

4. Materials and Methods
4.1. Cell Lines and Materials

Human cells, BFTC909 (renal pelvis and urothelial cancer, 60069), were obtained from
the Bioresource Collection and Research Center (BCRC). A549 (lung cancer, CCL-185) and
PANC-1 (pancreatic cancer, CRL-1469) cell lines were obtained from the American Type
Culture Collection (ATCC). BFTC909, A549, PANC-1, and their shRNA silencing deriva-
tives were cultured in DMEM medium (Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% (volume/volume; v/v) fetal bovine serum (FBS), sodium bicarbonate, and
1% (v/v) penicillin/streptomycin at 37 ◦C in an incubator with a humidified atmosphere
of 5% CO2. Cells were treated with actin cytoskeleton modulators, latrunculin B (Sigma-
Aldrich, Missouri, MO, USA). In the 3D sphere in-gel detachment assay, the Matrigel



Cancers 2021, 13, 5648 16 of 20

(354234, Corning, Bedford, MA, USA) was diluted in DMEM and used at concentrations
of 10 µg/mL and 20 µg/mL. The following antibodies were used in this study: monoclonal
mouse anti-vimentin (V6389; Sigma; 1:1000 for Western blot, WB; 1:400 for immunofluores-
cence staining), monoclonal mouse anti-vinculin (FAK100; Sigma; 1:200 for IF), Alexa Fluor
594 conjugated phalloidin (A12381; Invitrogen; 1:200 for IF), and Alexa Fluor 488 goat
anti-mouse (A11029; Invitrogen; 1:200 for immunofluorescence staining). For the transwell
migration assay, a TGF-β1-blocking antibody (MA5-23795, Invitrogen, Waltham, MA, USA)
was used.

4.2. shRNA, Lentivirus Infection, and Quantitative Real-Time PCR

To silence vimentin, shRNAs were selected and obtained from the National RNAi Core
(Academic Sinica, Taiwan). The shRNA targets were shVimentin #1, GCTAACTACCAA-
GACACTATT; shVimentin #2, GCAGGATGAGATTCAGAATAT. Cancer cells were infected
with shVimentin and control shRNA for 48 h prior to puromycin selection, and shRNA
lentivirus at a multiplicity of infection (MOI) of 2 was used. For puromycin selection,
1 µg/mL was used for BFTC909, A549, and PANC-1 cells. Total RNA was extracted with
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA), and cDNA was synthesized
using SuperScript III reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA).
The silencing effect of shRNA was measured using real-time quantitative PCR (RT-qPCR)
using the iQ SYBR Green supermen and an iCycler iQTM detection system (Bio-Rad, Labo-
ratories, Hercules, CA, USA) according to the manufacturer’s instructions. The real-time
PCR primers were as follows: vimentin forward, 5′-AGGCAAAGCAGGAGTCCACTGA-
3′; vimentin reverse primer, 5′-ATCTGGCGTTCCAGGGACTCAT-3′. β-actin forward: 5′-
CACCATTGGCAATGAGCGGTTC-3′; β-actin reverse primer: 5′-AGGTCTTTGCGGATGT
CCACGT-3′. The 2−∆∆Ct method was used to represent mRNA expression levels by
normalizing to the housekeeping gene (actin).

4.3. Boyden Chamber Migration and Detachment Assay

Cell migration was assessed using a 6.5 mm transwell insert diameter with a pore
size of 8 µm (Corning, Bedford, MA, USA). Cells were then seeded in the upper chambers
with 300 µL of complete medium and left to settle overnight at 37 ◦C in an incubator with
a humidified atmosphere of 5% CO2. The next day, the medium in the upper chamber was
changed with or without serum (for migration or detachment assay, respectively). The tran-
swell insert was placed in a lower chamber filled with 600 µL of serum-containing medium
(10% FBS). Cell migration was performed for 24 or 48 h of incubation at 37 ◦C, and the tran-
swell inserts were fixed and wiped out the upper side unmigrated cells. The inserts were
stained with 0.1 mg/mL of crystal-violet, and the crystal-violet-stained cells were quantita-
tively analyzed according to the study of Luo et al. [56]. Briefly, the crystal violet-stained
cells were dissolved in 250 µL of 20% acetic acid and the absorbance (O.D. 595 nm) was
measured using an ELISA reader (Varioskan LUX Multi-mode Microplate Reader, Thermo
Fisher Scientific, Waltham, MA, USA). The plots of proliferation were analyzed using the
GraphPad Prism 8 Software (GraphPad, San Diego, CA, USA). For the detachment assay,
at the indicated time points in the figure legends, the cell media from the lower chamber
were removed, and the cells were fixed in 70% ethanol and washed twice with phosphate-
buffered saline (PBS). Cells that had migrated to the bottom of the lower chamber were
counted under a microscope (at 100×magnification). The number of cells at the bottom
was counted from eight random fields in each experiment, and each assay was repeated in
three independent experiments. Migration and detachment were analyzed using GraphPad
Prism 8 (GraphPad, San Diego, CA, USA).

4.4. Three-Dimensional In-Gel Spheroid Detachment Assay

BFTC909 cells were used for 3D sphere formation, as previously described with
modification [57]. Briefly, for 3D sphere formation, 1 × 104 cells were resuspended in
100 µL of complete medium and centrifuged at 1200 rpm for 5 min. The aggregated cells
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were cultured at 37 ◦C in an incubator with a humidified atmosphere of 5% CO2. After
5 days, the wells of a 96-well plate were pre-coated with Matrigel (1:1 dilution) for 30 min
at 37 ◦C, and the spheres were mixed with Matrigel (1:6 dilution) and then seeded on top
of the pre-coated Matrigel. According to the desired experiment, medium with or without
serum was added overnight. The medium was replaced with fresh medium plus 10%
FBS, and the dissociated cells from 3D spheres were counted and measured using Image J
(version 1.8, NIH, Bethesda, MD, USA).

4.5. Wound Healing Assay

Cells were counted (1–2 × 104 cells/well) and then seeded in a 2-well culture insert
(ibidi, Martinsried, Germany) with 100 µL of complete medium and left to settle overnight
at 37 ◦C in an incubator with a humidified atmosphere of 5% CO2. After 4 h, an additional
20 µL of medium was supplied to avoid aggregation. The culture inserts were removed
when 95% confluent and the medium was replaced with serum (10% FBS). Cell migration
was performed for 24 or 48 h of incubation at 37 ◦C with the addition of desired chemi-
cals or antibodies. Cells were fixed with 4% paraformaldehyde for 30 min, followed by
immunofluorescence staining. In experiments involving actin cytoskeleton regulation, cells
were incubated with latrunculin B or TGF-β1-blocking antibody for the desired time, as
indicated in the figure legend.

4.6. Immunofluorescence Assay

Cells were fixed with 4% paraformaldehyde for 30 min and washed with PBS three
times. Fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 20 min and washed
with PBS. The cells were then blocked in 1% BSA plus 0.1 M of glycine for another 30 min
and washed with PBS-T (0.1% Tween-20). The cells were incubated with the indicated
primary antibodies at 4 ◦C overnight. The next day, the cells were washed with PBS-T and
incubated with secondary antibodies conjugated with Alexa Fluor 488 for 2 h. The washed
cells were mounted using ProLong Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific, Waltham, MA, USA). In experiments involving actin cytoskeleton regulation,
cells were incubated with latrunculin B or TGF-β1-blocking antibody for the desired time,
as indicated in the figure legend. Images were taken using an Fv10i confocal microscope
(Olympus, Tokyo, Japan) with a Plan Apochromat N 60×/1.40 silicon oil objective with
z stacks. The intensity of fluorescence was analyzed with the Image J software (version
1.8, NIH, Bethesda, MD, USA). To determine the distance between vimentin and the
cell membrane, the longest distance from the vimentin filament to the cell perimeter
was measured. Eight field images were analyzed per sample using ImageJ software
(version 1.8).

4.7. ELISA of Secreted TGF-β1

The protocol used to detect secreted TGF-β1 was performed according to the manufac-
turer’s instructions. The ELISA assay was used to detect TGF-β1 levels in a 96-well black
plate format. For the detection of secreted TGF-β1, the Boyden chamber transwell assay
was performed as described previously. Cancer cells (2 × 104 cells/well) were seeded in
the upper chambers overnight in complete medium. On day 2, the transwell insert was
placed in a lower chamber with or without latrunculin B, and TGF-β1-blocking antibody
was added into the medium of the lower chamber as desired in some experiments. TGF-β1
levels in the medium from the lower chamber were determined using the human TGF-β1
ELISA kit (ab100647, Abcam, Cambridge, MA, USA).

4.8. Statistical Analysis

Unless otherwise stated, all in vitro experiments were conducted in at least three
separate experiments. Data from the 2.5D/3D detachment assay, immunofluorescence
assay, and ELISA assay in this study are expressed as mean ± s.d. Statistical significance
between different experimental groups was analyzed using the Student’s t-test (two-tailed),
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one-way ANOVA with Dunnett’s multiple comparisons test, and two-way ANOVA with
Tukey’s multiple comparisons test. Statistical significance was set at p < 0.05. Statistical
analyses were performed using GraphPad Prism 8 (GraphPad, San Diego, CA, USA).

5. Conclusions

TGF-β is known to have both positive and negative roles in tumor development, but
the mechanism underlying its role in maintaining the balance of cancer cell adhesion and
tumor detachment remains unclear. We established the Boyden chamber and 3D in-gel
spheroid detachment assays and found that, under high cell density and adequate nutrients,
TGF-β blockage contributed to the unbalance. Using a TGF-β-blocking antibody or actin
polymerization inhibitor increased cancer cell dissociation from the transmembrane or
tumor surface. Vimentin participated in TGF-β-regulated cytoskeletal remodeling, and
the silencing of vimentin can obviously cause the invasive leading cell dissociation. TGF-β
signaling mediated tumor invasiveness and enhanced TGF-β signaling induced cancer cell
anchoring, whereas weakened TGF-β signaling was involved in the detachment in tumors
with adequate nutrients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/cancers13225648/s1. Figure S1: Effect of TGF-β1 blocking antibody on proliferation in the Boyden
chamber detachment assay. Figure S2: Effect of TGF- β1 blocking antibody and latrunculin B
on migration in the wound healing assay. Figure S3: Effect of mitomycin C on cell dissociation
in the Boyden chamber detachment assay.

Author Contributions: Conceptualization, J.-M.P.; Formal analysis, J.-M.P. and J.-W.L.; Funding
acquisition, J.-M.P.; Investigation, J.-M.P., J.-W.L. and J.-H.C.; Project administration, J.-M.P.; Re-
sources, W.-Y.C., J.-H.C. and H.-T.T.; Validation, J.-H.C.; Writing—original draft, J.-M.P. and H.-T.T.;
Writing—review & editing, W.-Y.C., J.-H.C. and H.-T.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Chang Gung Medical Foundation, Taiwan (CMRPG8H1041~3,
CMRPG8L0611) and the Ministry of Science and Technology, Taiwan (MOST 108-2311-B-182A-001,
MOST 110-2320-B-182A-017).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data may be obtained from the corresponding author on request.

Acknowledgments: We thank the National RNAi Core of Taiwan for the lentivirus-based shRNA
clones.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fletcher, D.A.; Mullins, R.D. Cell mechanics and the cytoskeleton. Nature 2010, 463, 485–492. [CrossRef]
2. Li, X.; Wang, J. Mechanical tumor microenvironment and transduction: Cytoskeleton mediates cancer cell invasion and metastasis.

Int. J. Biol. Sci. 2020, 16, 2014–2028. [CrossRef]
3. Fife, C.M.; McCarroll, J.A.; Kavallaris, M. Movers and shakers: Cell cytoskeleton in cancer metastasis. Br. J. Pharmacol. 2014, 171,

5507–5523. [CrossRef] [PubMed]
4. Marjoram, R.; Lessey, E.; Burridge, K. Regulation of RhoA Activity by Adhesion Molecules and Mechanotransduction. Curr. Mol.

Med. 2014, 14, 199–208. [CrossRef] [PubMed]
5. Hinz, B. The extracellular matrix and transforming growth factor-β1: Tale of a strained relationship. Matrix Biol. 2015, 47, 54–65.

[CrossRef] [PubMed]
6. Hoot, K.E.; Lighthall, J.; Han, G.; Lu, S.L.; Li, A.; Ju, W.; Kulesz-Martin, M.; Bottinger, E.; Wang, X.J. Keratinocyte-specific Smad2

ablation results in increased epithelial-mesenchymal transition during skin cancer formation and progression. J. Clin. Investig.
2008, 118, 2722–2732. [CrossRef]

7. Morita, T.; Mayanagi, T.; Sobue, K. Dual roles of myocardin-related transcription factors in epithelial–mesenchymal transition via
slug induction and actin remodeling. J. Cell Biol. 2007, 179, 1027–1042. [CrossRef]

8. Nishimura, G.; Manabe, I.; Tsushima, K.; Fujiu, K.; Oishi, Y.; Imai, Y.; Maemura, K.; Miyagishi, M.; Higashi, Y.; Kondoh, H.; et al.
δEF1 Mediates TGF-β Signaling in Vascular Smooth Muscle Cell Differentiation. Dev. Cell 2006, 11, 93–104. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers13225648/s1
https://www.mdpi.com/article/10.3390/cancers13225648/s1
http://doi.org/10.1038/nature08908
http://doi.org/10.7150/ijbs.44943
http://doi.org/10.1111/bph.12704
http://www.ncbi.nlm.nih.gov/pubmed/24665826
http://doi.org/10.2174/1566524014666140128104541
http://www.ncbi.nlm.nih.gov/pubmed/24467208
http://doi.org/10.1016/j.matbio.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25960420
http://doi.org/10.1172/JCI33713
http://doi.org/10.1083/jcb.200708174
http://doi.org/10.1016/j.devcel.2006.05.011


Cancers 2021, 13, 5648 19 of 20

9. Xie, L.; Law, B.K.; Chytil, A.M.; Brown, K.A.; Aakre, M.E.; Moses, H.L. Activation of the Erk Pathway Is Required for TGF-β1-
Induced EMT In Vitro. Neoplasia 2004, 6, 603–610. [CrossRef]

10. Sousa-Squiavinato, A.C.M.; Rocha, M.R.; Barcellos-de-Souza, P.; de Souza, W.F.; Morgado-Diaz, J.A. Cofilin-1 signaling mediates
epithelial-mesenchymal transition by promoting actin cytoskeleton reorganization and cell-cell adhesion regulation in colorectal
cancer cells. Biochim. Et Biophys. Acta (BBA) Mol. Cell Res. 2019, 1866, 418–429. [CrossRef]

11. Ridley, A. Life at the Leading Edge. Cell 2011, 145, 1012–1022. [CrossRef] [PubMed]
12. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-β family signalling. Nature 2003, 425,

577–584. [CrossRef] [PubMed]
13. Zhang, Y.E. Non-Smad Signaling Pathways of the TGF-β Family. Cold Spring Harb. Perspect. Biol. 2016, 9, a022129. [CrossRef]

[PubMed]
14. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef]
15. Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel III, E.E.; Koeppen, H.; Astarita, J.L.; Cubas, R.;

et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 2018, 554, 544–548.
[CrossRef] [PubMed]

16. Esue, O.; Carson, A.A.; Tseng, Y.; Wirtz, D. A Direct Interaction between Actin and Vimentin Filaments Mediated by the Tail
Domain of Vimentin. J. Biol. Chem. 2006, 281, 30393–30399. [CrossRef]

17. Tavares, S.; Vieira, A.F.; Taubenberger, A.V.; Araújo, M.; Martins, N.P.; Brás-Pereira, C.; Polónia, A.; Herbig, M.; Barreto, C.;
Otto, O.; et al. Actin stress fiber organization promotes cell stiffening and proliferation of pre-invasive breast cancer cells. Nat.
Commun. 2017, 8, 15237. [CrossRef]

18. Havel, L.S.; Kline, E.R.; Salgueiro, A.M.; Marcus, A.I. Vimentin regulates lung cancer cell adhesion through a VAV2–Rac1 pathway
to control focal adhesion kinase activity. Oncogene 2014, 34, 1979–1990. [CrossRef]

19. Vuoriluoto, K.; Haugen, H.; Kiviluoto, S.; Mpindi, J.P.; Nevo, J.; Gjerdrum, C.; Tiron, C.; Lorens, J.B.; Ivaska, J. Vimentin regulates
EMT induction by Slug and oncogenic H-Ras and migration by governing Axl expression in breast cancer. Oncogene 2010, 30,
1436–1448. [CrossRef]

20. Sulzmaier, F.J.; Jean, C.; Schlaepfer, D.D. FAK in cancer: Mechanistic findings and clinical applications. Nat. Rev. Cancer 2014, 14,
598–610. [CrossRef]

21. Serrels, A.; Lund, T.; Serrels, B.; Byron, A.; McPherson, R.; von Kriegsheim, A.; Gómez-Cuadrado, L.; Canel, M.; Muir, M.;
Ring, J.; et al. Nuclear FAK Controls Chemokine Transcription, Tregs, and Evasion of Anti-tumor Immunity. Cell 2015, 163,
160–173. [CrossRef] [PubMed]

22. Jiang, H.; Hegde, S.; Knolhoff, B.L.; Zhu, Y.; Herndon, J.M.; Meyer, M.A.; Nywening, T.M.; Hawkins, W.G.; Shapiro, I.M.; Weaver,
D.T.; et al. Targeting focal adhesion kinase renders pancreatic cancers responsive to checkpoint immunotherapy. Nat. Med. 2016,
22, 851–860. [CrossRef] [PubMed]

23. Orgaz, J.L.; Crosas-Molist, E.; Sadok, A.; Perdrix-Rosell, A.; Maiques, O.; Rodriguez-Hernandez, I.; Monger, J.; Mele, S.; Georgouli,
M.; Bridgeman, V.; et al. Myosin II Reactivation and Cytoskeletal Remodeling as a Hallmark and a Vulnerability in Melanoma
Therapy Resistance. Cancer Cell 2020, 37, 85–103.e9. [CrossRef] [PubMed]

24. Jiu, Y.; Peränen, J.; Schaible, N.; Cheng, F.; Eriksson, J.E.; Krishnan, R.; Lappalainen, P. Vimentin intermediate filaments control
actin stress fiber assembly through GEF-H1 and RhoA. J. Cell Sci. 2017, 130, 892–902. [CrossRef] [PubMed]

25. Ostrowska-Podhorodecka, Z.; McCulloch, C.A. Vimentin regulates the assembly and function of matrix adhesions. Wound Repair
Regen. 2021, 29, 602–612. [CrossRef]

26. Van Zijl, F.; Krupitza, G.; Mikulits, W. Initial steps of metastasis: Cell invasion and endothelial transmigration. Mutat. Res./Rev.
Mutat. Res. 2011, 728, 23–34. [CrossRef]

27. Ungefroren, H. Autocrine TGF-β in Cancer: Review of the Literature and Caveats in Experimental Analysis. Int. J. Mol. Sci. 2021,
22, 977. [CrossRef]

28. Ungefroren, H.; Otterbein, H.; Wellner, U.F.; Keck, T.; Lehnert, H.; Marquardt, J.U. RAC1B Regulation of TGFB1 Reveals an
Unexpected Role of Autocrine TGFβ1 in the Suppression of Cell Motility. Cancers 2020, 12, 3570. [CrossRef]

29. Principe, D.R.; Doll, J.A.; Bauer, J.; Jung, B.; Munshi, H.G.; Bartholin, L.; Pasche, B.; Lee, C.; Grippo, P.J. TGF-β: Duality of
Function Between Tumor Prevention and Carcinogenesis. J. Natl. Cancer Inst. 2014, 106, djt369. [CrossRef]

30. Peng, J.M.; Bera, R.; Chiou, C.Y.; Yu, M.C.; Chen, T.C.; Chen, C.W.; Wang, T.R.; Chiang, W.L.; Chai, S.P.; Wei, Y.; et al. Actin
cytoskeleton remodeling drives epithelial-mesenchymal transition for hepatoma invasion and metastasis in mice. Hepatology
2018, 67, 2226–2243. [CrossRef]

31. Hubchak, S.C.; Runyan, C.E.; Kreisberg, J.I.; Schnaper, H.W. Cytoskeletal Rearrangement and Signal Transduction in TGF-β1–
Stimulated Mesangial Cell Collagen Accumulation. J. Am. Soc. Nephrol. 2003, 14, 1969–1980. [CrossRef] [PubMed]

32. Itoh, T.; Erdmann, K.S.; Roux, A.; Habermann, B.; Werner, H.; de Camilli, P. Dynamin and the Actin Cytoskeleton Cooperatively
Regulate Plasma Membrane Invagination by BAR and F-BAR Proteins. Dev. Cell 2005, 9, 791–804. [CrossRef] [PubMed]

33. Jiu, Y.; Lehtimäki, J.; Tojkander, S.; Cheng, F.; Jäälinoja, H.; Liu, X.; Varjosalo, M.; Eriksson, J.; Lappalainen, P. Bidirectional
Interplay between Vimentin Intermediate Filaments and Contractile Actin Stress Fibers. Cell Rep. 2015, 11, 1511–1518. [CrossRef]
[PubMed]

34. Edlund, S.; Landström, M.; Heldin, C.H.; Aspenström, P. Transforming Growth Factor-β–induced Mobilization of Actin
Cytoskeleton Requires Signaling by Small GTPases Cdc42 and RhoA. Mol. Biol. Cell 2002, 13, 902–914. [CrossRef] [PubMed]

http://doi.org/10.1593/neo.04241
http://doi.org/10.1016/j.bbamcr.2018.10.003
http://doi.org/10.1016/j.cell.2011.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21703446
http://doi.org/10.1038/nature02006
http://www.ncbi.nlm.nih.gov/pubmed/14534577
http://doi.org/10.1101/cshperspect.a022129
http://www.ncbi.nlm.nih.gov/pubmed/27864313
http://doi.org/10.1038/nrc3239
http://doi.org/10.1038/nature25501
http://www.ncbi.nlm.nih.gov/pubmed/29443960
http://doi.org/10.1074/jbc.M605452200
http://doi.org/10.1038/ncomms15237
http://doi.org/10.1038/onc.2014.123
http://doi.org/10.1038/onc.2010.509
http://doi.org/10.1038/nrc3792
http://doi.org/10.1016/j.cell.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26406376
http://doi.org/10.1038/nm.4123
http://www.ncbi.nlm.nih.gov/pubmed/27376576
http://doi.org/10.1016/j.ccell.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31935375
http://doi.org/10.1242/jcs.196881
http://www.ncbi.nlm.nih.gov/pubmed/28096473
http://doi.org/10.1111/wrr.12920
http://doi.org/10.1016/j.mrrev.2011.05.002
http://doi.org/10.3390/ijms22020977
http://doi.org/10.3390/cancers12123570
http://doi.org/10.1093/jnci/djt369
http://doi.org/10.1002/hep.29678
http://doi.org/10.1097/01.ASN.0000076079.02452.92
http://www.ncbi.nlm.nih.gov/pubmed/12874450
http://doi.org/10.1016/j.devcel.2005.11.005
http://www.ncbi.nlm.nih.gov/pubmed/16326391
http://doi.org/10.1016/j.celrep.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26027931
http://doi.org/10.1091/mbc.01-08-0398
http://www.ncbi.nlm.nih.gov/pubmed/11907271


Cancers 2021, 13, 5648 20 of 20

35. Kim, Y.N.; Koo, K.H.; Sung, J.Y.; Yun, U.J.; Kim, H. Anoikis Resistance: An Essential Prerequisite for Tumor Metastasis. Int. J. Cell
Biol. 2012, 2012, 306879. [CrossRef]

36. Chen, N.; Balasenthil, S.; Reuther, J.; Frayna, A.; Wang, Y.; Chandler, D.S.; Abruzzo, L.V.; Rashid, A.; Rodriguez, J.; Lozano,
G.; et al. DEAR1 Is a Chromosome 1p35 Tumor Suppressor and Master Regulator of TGF-β–Driven Epithelial–Mesenchymal
Transition. Cancer Discov. 2013, 3, 1172–1189. [CrossRef]

37. Yan, X.; Zhou, R.; Ma, Z. Autophagy—Cell Survival and Death. Autophagy Biol. Dis. 2019, 667–696. [CrossRef]
38. White, E. Deconvoluting the context-dependent role for autophagy in cancer. Nat. Rev. Cancer 2012, 12, 401–410. [CrossRef]
39. Fung, C.; Lock, R.; Gao, S.; Salas, E.; Debnath, J. Induction of Autophagy during Extracellular Matrix Detachment Promotes Cell

Survival. Mol. Biol. Cell 2008, 19, 797–806. [CrossRef]
40. Avivar-Valderas, A.; Salas, E.; Bobrovnikova-Marjon, E.; Diehl, J.A.; Nagi, C.; Debnath, J.; Aguirre-Ghiso, J.A. PERK Integrates

Autophagy and Oxidative Stress Responses to Promote Survival during Extracellular Matrix Detachment. Mol. Cell. Biol. 2011,
31, 3616–3629. [CrossRef]

41. Avivar-Valderas, A.; Bobrovnikova-Marjon, E.; Alan Diehl, J.; Bardeesy, N.; Debnath, J.; Aguirre-Ghiso, J.A. Regulation of
autophagy during ECM detachment is linked to a selective inhibition of mTORC1 by PERK. Oncogene 2012, 32, 4932–4940.
[CrossRef]

42. Chen, N.; Debnath, J. IκB kinase complex (IKK) triggers detachment-induced autophagy in mammary epithelial cells indepen-
dently of the PI3K-AKT-MTORC1 pathway. Autophagy 2013, 9, 1214–1227. [CrossRef] [PubMed]

43. Schafer, Z.T.; Grassian, A.R.; Song, L.; Jiang, Z.; Gerhart-Hines, Z.; Irie, H.Y.; Gao, S.; Puigserver, P.; Brugge, J.S. Antioxidant and
oncogene rescue of metabolic defects caused by loss of matrix attachment. Nature 2009, 461, 109–113. [CrossRef]

44. Davison, C.A.; Durbin, S.M.; Thau, M.R.; Zellmer, V.R.; Chapman, S.E.; Diener, J.; Wathen, C.; Leevy, W.M.; Schafer, Z.T.
Antioxidant Enzymes Mediate Survival of Breast Cancer Cells Deprived of Extracellular Matrix. Cancer Res. 2013, 73, 3704–3715.
[CrossRef] [PubMed]

45. Grassian, A.R.; Metallo, C.M.; Coloff, J.L.; Stephanopoulos, G.; Brugge, J.S. Erk regulation of pyruvate dehydrogenase flux
through PDK4 modulates cell proliferation. Genes Dev. 2011, 25, 1716–1733. [CrossRef] [PubMed]

46. DeNicola, G.M.; Karreth, F.A.; Humpton, T.J.; Gopinathan, A.; Wei, C.; Frese, K.; Mangal, D.; Yu, K.H.; Yeo, C.J.; Calhoun,
E.S.; et al. Oncogene-induced Nrf2 transcription promotes ROS detoxification and tumorigenesis. Nature 2011, 475, 106–109.
[CrossRef] [PubMed]

47. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15,
178–196. [CrossRef]

48. Derynck, R.; Turley, S.J.; Akhurst, R.J. TGFβ biology in cancer progression and immunotherapy. Nat. Rev. Clin. Oncol. 2020, 18,
9–34. [CrossRef]

49. Tauriello, D.V.F.; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.; Sevillano, M.; Ibiza, S.;
Cañellas, A.; Hernando-Momblona, X.; et al. TGFβ drives immune evasion in genetically reconstituted colon cancer metastasis.
Nature 2018, 554, 538–543. [CrossRef]

50. Zhao, F.; Evans, K.; Xiao, C.; DeVito, N.; Theivanthiran, B.; Holtzhausen, A.; Siska, P.J.; Blobe, G.C.; Hanks, B.A. Stromal
Fibroblasts Mediate Anti–PD-1 Resistance via MMP-9 and Dictate TGFβ Inhibitor Sequencing in Melanoma. Cancer Immunol. Res.
2018, 6, 1459–1471. [CrossRef]

51. Martin, C.J.; Datta, A.; Littlefield, C.; Kalra, A.; Chapron, C.; Wawersik, S.; Dagbay, K.B.; Brueckner, C.T.; Nikiforov, A.; Danehy,
F.T.; et al. Selective inhibition of TGFβ1 activation overcomes primary resistance to checkpoint blockade therapy by altering
tumor immune landscape. Sci. Transl. Med. 2020, 12, eaay8456. [CrossRef]

52. Dodagatta-Marri, E.; Meyer, D.S.; Reeves, M.Q.; Paniagua, R.; To, M.D.; Binnewies, M.; Broz, M.L.; Mori, H.; Wu, D.; Adoumie, M.;
et al. α-PD-1 therapy elevates Treg/Th balance and increases tumor cell pSmad3 that are both targeted by α-TGFβ antibody to
promote durable rejection and immunity in squamous cell carcinomas. J. ImmunoTherapy Cancer 2019, 7, 62. [CrossRef] [PubMed]

53. Yang, Y.; Ye, W.L.; Zhang, R.N.; He, X.S.; Wang, J.R.; Liu, Y.X.; Wang, Y.; Yang, X.M.; Zhang, Y.J.; Gan, W.J. The Role of TGF-β
Signaling Pathways in Cancer and Its Potential as a Therapeutic Target. Evid. Based Complementary Altern. Med. 2021, 2021,
6675208. [CrossRef] [PubMed]

54. Sato, K.; Tsuchihara, K.; Fujii, S.; Sugiyama, M.; Goya, T.; Atomi, Y.; Ueno, T.; Ochiai, A.; Esumi, H. Autophagy Is Activated in
Colorectal Cancer Cells and Contributes to the Tolerance to Nutrient Deprivation. Cancer Res. 2007, 67, 9677–9684. [CrossRef]
[PubMed]

55. Kato, K.; Ogura, T.; Kishimoto, A.; Minegishi, Y.; Nakajima, N.; Miyazaki, M.; Esumi, H. Critical roles of AMP-activated protein
kinase in constitutive tolerance of cancer cells to nutrient deprivation and tumor formation. Oncogene 2002, 21, 6082–6090.
[CrossRef] [PubMed]

56. Luo, H.L.; Liu, H.Y.; Chang, Y.L.; Sung, M.T.; Chen, P.Y.; Su, Y.L.; Huang, C.C.; Peng, J.M. Hypomethylated RRBP1 Potentiates
Tumor Malignancy and Chemoresistance in Upper Tract Urothelial Carcinoma. Int. J. Mol. Sci. 2021, 22, 8761. [CrossRef]
[PubMed]

57. Sherman, H.; Gitschier, H.J.; Rossi, A.E. A Novel Three-Dimensional Immune Oncology Model for High-Throughput Testing of
Tumoricidal Activity. Front. Immunol. 2018, 9, 857. [CrossRef]

http://doi.org/10.1155/2012/306879
http://doi.org/10.1158/2159-8290.CD-12-0499
http://doi.org/10.1007/978-981-15-0602-4_29
http://doi.org/10.1038/nrc3262
http://doi.org/10.1091/mbc.e07-10-1092
http://doi.org/10.1128/MCB.05164-11
http://doi.org/10.1038/onc.2012.512
http://doi.org/10.4161/auto.24870
http://www.ncbi.nlm.nih.gov/pubmed/23778976
http://doi.org/10.1038/nature08268
http://doi.org/10.1158/0008-5472.CAN-12-2482
http://www.ncbi.nlm.nih.gov/pubmed/23771908
http://doi.org/10.1101/gad.16771811
http://www.ncbi.nlm.nih.gov/pubmed/21852536
http://doi.org/10.1038/nature10189
http://www.ncbi.nlm.nih.gov/pubmed/21734707
http://doi.org/10.1038/nrm3758
http://doi.org/10.1038/s41571-020-0403-1
http://doi.org/10.1038/nature25492
http://doi.org/10.1158/2326-6066.CIR-18-0086
http://doi.org/10.1126/scitranslmed.aay8456
http://doi.org/10.1186/s40425-018-0493-9
http://www.ncbi.nlm.nih.gov/pubmed/30832732
http://doi.org/10.1155/2021/6675208
http://www.ncbi.nlm.nih.gov/pubmed/34335834
http://doi.org/10.1158/0008-5472.CAN-07-1462
http://www.ncbi.nlm.nih.gov/pubmed/17942897
http://doi.org/10.1038/sj.onc.1205737
http://www.ncbi.nlm.nih.gov/pubmed/12203120
http://doi.org/10.3390/ijms22168761
http://www.ncbi.nlm.nih.gov/pubmed/34445467
http://doi.org/10.3389/fimmu.2018.00857

	Introduction 
	Results 
	Sufficient Nutrients Induced the Detachment of Invasive Leading Cells 
	Blockage of TGF-1 Enhanced Cell Detachment after Transmembrane Migration 
	Disruption of Actin Cytoskeleton Remodeling Led to Reduction in TGF-1-Induced Transmembrane Anchoring 
	Latrunculin B Disrupted TGF-1-Mediated Actin Stress Fibers and Vimentin Intermediate Filament Networks 
	Silencing of Vimentin Led to a Reduction in Membrane Anchoring in the Invasive Leading Cells 
	Latrunculin B-Induced Focal Adhesion Proteins Translocation and Cell Detachment from Tumor Spheres 

	Discussion 
	Materials and Methods 
	Cell Lines and Materials 
	shRNA, Lentivirus Infection, and Quantitative Real-Time PCR 
	Boyden Chamber Migration and Detachment Assay 
	Three-Dimensional In-Gel Spheroid Detachment Assay 
	Wound Healing Assay 
	Immunofluorescence Assay 
	ELISA of Secreted TGF-1 
	Statistical Analysis 

	Conclusions 
	References

