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Abstract



In egress routes of malignancy, cancer cells are constantly subjected to
shear stress imposed by blood/lymph flow. Increasing evidence points toward
the regulatory roles of shear stress in tumor cell adhesion and motility. Although
it is known that integrin endocytic trafficking governs focal adhesion (FA)
turnover and cell migration, the effect and biological consequences of low shear
stress (LSS) on integrin trafficking remain unclear. Here, we identified the
critical role of integrin B1 traffickihng and caveolin-1 (Cav-1) mediated
endocytosis in LSS-induced cell directional migration. LSS altered the
distribution of integrin 1 in MDA-MB-231 cells and significantly promoted its
internalization and recycling, which in turn facilitated FA turnover and directional
cell migration. Furthermore, LSS induced cytoskeleton remodeling, which was
required for internalization of integrin 1. LSS down-regulated the acetylation
level of microtubules (MTs) via activating ROCK/HDACG6 pathway, resulting in
elevation of MTs dynamics, Cav-1 motility, and Cav-1-dependent integrin 31
recycling. We also showed that high HDAC6 expression was a ROCK-
dependent prognostic factor, which was correlated with poor outcomes in breast
cancer patients. Taken together, these results defined a novel mechanism by
which LSS enhanced integrin 31 trafficking via actin cytoskeleton remodeling
and ROCK/HDAC6 mediated deacetylation of MTs, thereby promoting FAs

turnover and directional cell migration.
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1. Introduction

Metastasis is a complex series of sequential processes, leading to more
than 90% of cancer mortality. Tumor cells disseminate from the primary site to
distant metastatic sites mainly through vascular networks, including blood and
lymphatic systems. Once intravasating into the circulatory system, tumors cells
experience shear force from blood/lymph flow [1]. Biophysical cues, such as
extracellular matrix stiffnress and biomechanical forces, have been
demonstrated to play important roles in intrinsic tumor cell biology and
malignancy. Abundant evidence indicates that flow-induced mechanical forces
are involved in modulating metastatic progression. The arrest and
extravasation of circulating tumor cells (CTCs) tend to occur under relatively
low shear stress (LSS) condition rather than high shear stress condition [2].
LSS has attracted significant attention for their roles in facilitating the arrest and
extravasation of CTCs [3, 4]. More recently, our findings, together with others,
showed that LSS directly impacted the motility and migration abilities of tumor
cells [5, 6]. However, the mechanotransduction pathway and the mechanisms
underlying how LSS influences cancer cell motility remain unclear.

Tumor cell migration relies on orchestrated turnover of integrin-based focal
adhesions (FAs) [7]. FAs are dynamically disassembled at the rear of the cells
and reassembled at cell front, which are spatiotemporally controlled by
endocytic trafficking of integrins. Integrins undergo continuous internalization
from the cell surface into endosomal compartments via clathrin- or caveolin-
dependent endocytosis and then may be degraded or recycled back to the
plasma membrane [7, 8]. There is clear evidence that the endo/exocytic traffic
of integrins is crucial to cell migration and maintenance of a felicitous balance
between intracellular and cell surface integrins [9]. The factor facilitating integrin
endocytosis and recycling contributes to FA dynamics and integrin-mediated
cell migration. Multiple biochemical factors can regulate cellular processes by

altering integrin trafficking, such as TNF-a and growth factor [10]. Emerging
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evidence points to more general roles of mechanical signals in regulating
integrin endocytic trafficking. Extracellular matrix elasticity, an important
mechanical stimulus, has been found to affect integrin activity and trafficking
and modulate multiple cellular behaviors[11]. Integrin B1 is significantly
activated and the endocytosis of integrin 1 is enhanced via caveolin-
dependent endocytosis route on soft substrates, which influences stem cell
lineage specification [12, 13]. Despite recent significant advancements,
whether and how shear flow-induced mechanical forces regulate integrin
trafficking and tumor cell metastasis have not been well addressed.

Cytoskeleton is essential in the regulation of various cell behaviors,
including intracellular vesicle transport. Actin has been implicated in the
endocytosis in several polarized tissue cell types, such as endothelial cells [14].
The depolymerization and rearrangement of actin cytoskeleton are required for
endocytosis to form endocytic vesicles. Rho GTPase, a family of small signaling
G proteins, plays a critical role in vesicle trafficking through regulating actin
dynamics. Rac and Cdc42 are reported to modulate clathrin-dependent and
caveolin-dependent endocytic processes and also contribute to intracellular
vesicle sorting and transport [15, 16]. Microtubules (MTs) are the main transport
track for endocytic vesicles in cells, especially for long-distance cargo transport.
It is shown that the regulation of MT-dependent transport depends not only on
the MT-associated motor proteins but also on the MT post-translational
modifications, including acetylation and detyrosination [17, 18]. Tubulin
modifications can affect the affinity of different kinds of MT-associated motor
proteins to MTs and also regulate the velocity and processivity of motor proteins
[19].

Here, we aim to investigate whether and how integrin trafficking is involved
in the regulation of FAs turnover and tumor cell motility in response to LSS. In
the present study, we demonstrate that LSS facilitates Cav-1 redistribution and
integrin B1 trafficking by Rho-associated protein kinase (ROCK)-mediated actin

cytoskeleton reorganization and MTs deacetylation, which promotes FAs
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turnover and directional cell migration. These findings suggest that disruption
of endocytosis and integrin trafficking to LSS exposure may hold therapeutic
potential in inhibiting tumor cell motility. Our study discovers a new regulatory
role of ROCK in dual control of integrin trafficking by microtubules and the actin

cytoskeleton.

2. Materials and methods

2.1 Antibodies and reagents

Cell culture medium of L15, penicillin, streptomycin and fetal bovine serum
(FBS) were purchased from Gibco (Grand Island, NY, USA). Monoclonal
antibodies against caveolin-1 (Cav-1), acetyl-a-tubulin (Lys40), polyclonal
antibodies against clathrin heavy chain, phospho-FAK (p-FAK; Tyr3®7) and
phospho-Paxillin (p-Paxillin, Tyr''8) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Monoclonal antibodies against integrin (31
were from BD Transduction Laboratories™ (San Jose, CA, USA) and Abcam
(Cambridge, UK). Monoclonal antibody against p-actin and a-tubulin, polyclonal
antibodies against HDAC6 were purchased from Proteintech Group (Rosemont,
IL, USA). EZ-Link Sulfo-NHS-SS-Biotin was from Thermo Fisher Scientific
(Waltham, MA, USA). Nystatin and ROCK inhibitor (Y27632) was purchased
from Selleckchem (Houston, TX, USA). HDACG6 inhibitor (Tubastatin-A) was
from MedChemExpress (Monmouth Junction, NJ, USA). TRTIC-conjugated
phalloidin, 2-mercaptoethane sulfonate (MesNa), primaquine (PQ),
iodoacetamide (IAA) and monodansylcadaverine (MDC) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All other reagents were used as received

without additional purification unless otherwise noted.

2.2 Cell culture
The triple negative human breast cancer cell MDA-MB-231 (ATCC HTB-26)

was given by Dr. Jun Zhou (Nankai University, China). Cells were cultured in

6



L15 medium which contain 10% FBS, 1% penicillin and streptomycin. The

culture condition was 37°C COz incubator.

2.3 Parallel flow chamber system

A parallel flow chamber was developed to exert the laminar shear force on
the cells as described previously [5, 20]. The laminar shear force (71) is related
to the volumetric flow rate (Q) and calculated by T=6uQ/w(h)?, where u = 0.0007
Pa‘s is the dynamic viscosity of medium at 37°C, w is the width of the flow field,
and h is the height. The shear stress imposed to cells can vary from 0.5 to 37
dyn/cm? through altering the flow rate of Q, which mimic the physiological shear
stress occurring in different parts of the human blood flow. The flow rate of Q

was controlled by a peristaltic pump.

2.4 Immunofluorescence staining

Cells seeded on glass coverslips were fixed with 4% paraformaldehyde in
phosphate buffer saline (PBS) for 15min at room temperature and
permeabilized with 0.1% for 10min, and blocked with 1% BSAin PBST (1xPBS,
0.1% Tween-20) for 1h. Cells were incubated with indicated primary for
overnight at 4°C and stained with Alexa-conjugated secondary antibodies for
1h at room temperature. After washed 3 times in PBST for 5min, samples were
visualized on a confocal laser scanning microscope (FV1000, Olympus, Japan).
The fluorescence intensity and colocalization calculation of confocal images

were analyzed by using ImageJ software (NIH, USA).

2.5 Flow cytometry

To analyze the surface expression of integrin 1, cells were collected by
trypsinization and washed in rinsing buffer (1xPBS, 2 mM EDTA, 0.5% BSA),
then resuspended in 4% paraformaldehyde for 15 min at 4°C, washed 3 times
in PBS and resuspended at 1x108 cells/mL in rinsing buffer. Cells were

incubated at 4°C for 1h with anti-integrin f1 antibody, washed 3 times and
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incubated with ALexarFluor 488-labeled secondary antibody for 1h in dark.
Cells were then washed 3 times again in rinsing buffer, and the mean
fluorescence intensities were measured using a flow cytometer (FACS Calibur,

BD, USA).

2.6 Western blot analysis

RIPA lysis buffer (Beyotime, China) was used for cell lysis. Proteins were
extracted by 10% SDS-PAGE and followed with electrotransferred with PVDF
membranes (Millipore; Billerica, MA, USA). Blocking solution (5% non-fat dry
milk in TBST which included 10 mM Tris-HCI, 100 mM NaCl, 0.1% tween-20)
was used for preventing nonspecific binding by 1h incubation in room
temperature. Primary antibodies were diluted in 1:1000 for overnight incubation.
After washing, incubation with corresponding secondary antibody at 37°C for
1h. By following the instruction of ECL and ECL Plus (Beyotime)
immunoreactive bands were showed and [(-actin was used for protein

normalized.

2.7 Integrin internalization, recycling and degradation assays

The fresh L15 medium was used to stimulate the cells for 1h incubation
before the assay. After twice of cold PBS washing, cells were labeled by NHS-
SS-biotin (200 ug/mL) at 4°C for 30min. Integrin internalization, recycling and
degradation assays were conducted according the previous literature [9]

For internalization, the L15 medium with 0.6 mM primaquine (PQ) was used
for cell incubation at 37°C for indicated time points. The washing step was
repeated twice with ice-cold PBS and a cleaning solution (included 20 mM
MesNa (a non-cell-permeant reducing agent), 50 mM Tris at pH 8.6, 100 mM
NaCl) was used to remove the remaining biotin on cell surface by 15min raising
at4°C. The addition of 20 mM IAA was used for quenching the MesNa by 10min
incubation at 4°C. The capture-ELISA was used to quantify the biotinylated

integrin B1. In non-MesNa-treated samples were used to determine the total
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surface biotinylated integrin 81 protein of the cells and the cytoplasm protein
was quantified in proportion toward it.

For recycling assays, by 15min absence of primaquine, internalization was
performed. After washing with PBS, the MesNa was used to remove the
remaining cell-surface biotin. To remove the biotin from recycled protein,
MesNa was used to quench with 20 mM iodoacetamide for secondary reduction.
This step was for detecting degradation of the internal pool. After washing twice
in PBS, cells were lysed. Capture-ELISA was used to quantify the biotinylated
integrin B1.

The cells with NHS-SS-biotin labeled were firstly transfer into L15 medium
at 37°C and then lysed the cells at corresponding time points in order to quantify
the integrin degradation. Capture-ELISA was used to quantify the biotinylated
integrin B1. The degradation value was calculated by dividing the total surface

biotinylated integrin B1 and express in percentage.

2.8 Capture-ELISA

The ELISA plates were purchased from Cusabio (Wuhan, China) with
certain antibodies of integrin 1. After adding cell lysates to the plate, 2h
incubation in 37°C was carried out. Plate was washed with washing buffer and
incubated with HRP-streptavidin for 1h in 37°C. Another washing step was
carried out and followed by TMB substrate incubation for 20min in the dark for
showing the biotinylated proteins. Stopping solution was used to terminate the
showing reaction. A microplate reader (Model 680, Bio-Rad; Philadelphia, PA,

USA) was used to determine the absorbance in 450 nm wavelength of light.

2.9 Plasmids and transfection

Cells were trypsinized and quantified before plating on a glass with 0.5 mL
of complete growth medium. The cell density should be controlled in between
50-80% confluent for transfection. Lipofectamine LTX® Reagent (Invitrogen;

Carlsbad, CA, USA) was used as transfected source for 1.25x10° of cells and
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followed the instruction of the company. For cell transfection, 0.5 ug of DNA
were diluted in 100 pL of Opti-MEM® | Reduced Serum Media without serum.
Then 0.5 pyL of PLUSTM Reagent was mixed and added into target DNA
solution and followed by 15min of incubation in room temperature. The DNA-
Lipofectamine LTX® Reagent complexes was made from 1.25-2.25 pL of
Lipofectamine LTX® Reagent and Opti-MEM® DNA solution by 30min
incubation in room temperature. After incubation, reagent complexes are added
the reagent complexes into the plate (100 pL per well) and placed the plate on
shaking table for mixing gently. After transfection, 18-24h normal incubation
was carried out for the cells (in 37°C, 5% COz2 incubator) and then determined
the transgene expression. EGFP-tubulin plasmid was a kind gift from Prof.
Guillaume Montagnac (Gustave Roussy Institute, France). RFP-caveolin-1 was
a generous gift from Prof. Richard D. Minshall (University of lllinois at Chicago,

USA).

2.10 Time-lapse video microscopy

In order to track the cell migration, a 200 mL pipette tip was used to create
a wound on the confluent monolayer cells. Before treated with LSS, cells were
washed with PBS for twice. LSS was set for 0 min (control), 2h post scraping
(testing group). Nikon TE-2000U (Tokyo, Japan) was used to monitor the cell
migration under the microscope, the whole equipment was setin 37°C incubator.
ImagedJ software was used for data analysis.

The plasmid EGFP-vinculin was transiently transfected into cells for FA
dynamics evaluation and the cells were cultured for 24-36h. Confocal laser
scanning microscope (FV1000, Olympus, Japan) was used for imaging. For
recording the cell behaviors, images were captured every 30s for 10min. Image
J was used to generate the Kymographs.

The plasmid EGFP-tubulin was transiently transfected into cells for MT
dynamics evaluation. Confocal laser scanning microscope (FV1000, Olympus,

Japan) was used for imaging. For recording the cell behaviors, images were
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captured every 10s for 3min. Catastrophe frequency was calculated by dividing
the number of MT catastrophes events by the total time of observation. Rescue
frequency was calculated by dividing the number of MT rescues events

observed by the total time.

2.11 Fluorescence recovery after photobleaching (FRAP) analysis

Cells were transfected with the plasmid RFP-caveolin-1 and imaged with
the confocal laser scanning microscope (LSM 710, Carl Zeiss, Germany).
Before bleaching, five images were taken for control. The 561 nm line argon of
the nominal 100% laser transmission was used for 5 times bleaching. Under
the low laser power, recording images were taken at every 2s for 5min. Image

J was used for data analysis

2.12 HDACG6 activation and acetyltransferase activity assays

HDACG6 activation and acetyltransferase activity assays were conducted
according to our previously published literature report with minor modifications
[21]. MDA-MB-231 cells were treated with 10 uM of TBA for 16h for quantifying
the HDACG6 activity. All the reaction was done in complete growth medium as it
guaranteed that the MT acetylation was in maximum which was also confirmed
by western blotting and immunofluorescence. The complete growth medium
was used to wash out the inhibitor contained medium. The cells were placed
into static (control) or LSS (test) condition for corresponding time points. To
validate the cell lysates, Western blotting was used right after each the
incubation. The final value of the acetylated a-tubulin under each condition was
calculated by dividing the band intensity of each condition toward the control

one.

2.13 Kaplan-Meier survival analysis
The GSE25066 microarray expression profile was collected from Gene

Expression Omnibus database (GEO, http://www.ncbi.nim.nih.gov/geo/). The
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fitting targets were the patients who had breast cancer and were treated with
chemotherapy drugs (taxane, anthracycline). All the selected data were
analyzed by the R2 microarray public database (http://r2.amc.nl) or GraphPad

Prism Software version 6.0.

2.14 Statistical analysis

To eliminate the error, each experiment was repeated at least three times.
Data were performed in means + SD. t-test was used for analyzing the data and
p<0.05 was used to determine the statistically significant difference. The p-
value of Kaplan-Meier survival analysis was calculated by log-rank test. Results

were analyzed by GraphPad Prism software 6.0.

3. Results

3.1 LSS promotes integrin B1 internalization and recycling in MDA-MB-
231 cells

Extracellular matrix elasticity is reported to affect integrin trafficking and
reduce surface integrin levels, which modulate the fate and function of bone
marrow mesenchymal stem cells [12,13]. These findings led us to investigate
the effect of LSS on integrin $1 distribution and trafficking in MDA-MB-231
breast cancer cells. First, we explored the subcellular distribution of integrin 1
after exposing cells to LSS for different durations (0, 0.5, 1, and 2 h). Integrin
B1 was labeled by AlexaFluor 594 (red). Inmunostaining analysis showed that
integrin B1 predominantly localized to the plasma membrane in the static
condition. After 0.5 h of LSS exposure (1.8 dyn/cm2), integrin 31 showed
punctate-like distribution throughout the cell. Then integrin 31 was highly
enriched in a perinuclear compartment after 1 h of LSS exposure. Interestingly,
following the exposure to LSS for 2 h, the amount of integrin 1 localizing to
perinuclear compartment decreased significantly (Fig. 1A). We further

measured the levels of integrin B1 expression on cell surface using
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fluorescence-activated cell sorting (FACS) analysis. The results showed that
LSS exposure for 0.5 h and 1 h resulted in up to 50% decrease in the amount
of integrin B1 on the cell surface, whereas surface integrin 1 returned to the
normal level after 2 h of LSS exposure (Fig. 1B and C). The change of integrin
B1 distribution may be caused by the expression or trafficking of integrin p1.
We next investigated whether the obvious differences of integrin B1 subcellular
distribution after LSS exposure were due to variations in total protein levels.
Cells were kept under static condition as control or exposed to LSS, and the
total expression of integrin B1 was examined by Western blotting. The total
cellular content of integrin B1 was not significantly altered by LSS (Fig. 1D and
E). These results indicate that LSS might alter the distribution of integrin 31
through its trafficking, but not total protein expression

Focal adhesion kinase (FAK) has been associated with both FA assembly
and disassembly. The phosphorylation of tyrosine 397 in FAK is essential in
promoting FA turnover [22]. In this study, we found that LSS rapidly increased
the FAK phosphorylation on Y397 (Fig. 1D and E), suggesting that LSS is
involved in regulating FAs turnover in MDA-MB- 231 cells. However, further
study is required to provide more convincing evidence.

To further validate whether integrin B1 trafficking is modulated by LSS, we
used a biotin-labelling and capture-ELISA protocol to quantify the kinetics of
integrin B1 trafficking (Fig. S1). The data showed that LSS exposure was able
to accelerate both the internalization rate (Fig. 1F) and recycling rate (Fig. 1G)
of integrin 1 compared with the static group. Interestingly, we found that the
percentage of internalized integrin 1 at 30 min was higher than that at 60 min
and 120 min in both static condition and LSS exposure. We supposed that some
of internalized biotinylated-integrin 1 had been recycled back to the plasma
membrane and that the biotin was reduced by MesNa treatment. To investigate
whether LSS affect the degradation of integrin 1, we used biotin to label
integrin B1 on the cell surface and incubated cells in complete medium to allow

for internalization and recycling. As shown in Fig. 1H, the kinetics of integrin 31
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degradation in static condition were similar to that in LSS exposure. We
examined the net internalization of integrin B1 after treating cells with
primaquine, an endosomal recycling inhibitor [9,23]. Compared to the static
group, LSS exposure increased the concentration of net internalized integrin 31
(Fig. 11). Taken together, these data support that LSS accelerates integrin 1

internalization and recycling, without affecting integrin 31 degradation.

3.2 LSS accelerates clathrin-independent integrin 1 internalization

Integrins were reported to undergo trafficking through clathrin and/ or
caveolin pathways [7-9]. However, the same integrin may use multiple
pathways for internalization [24,25]. To investigate the pathway through which
LSS regulates integrin 31 internalization, we performed experiments with
compounds that specifically block diverse endocytosis routes. We pretreated
cells with cholesterol-depleting drug nystatin or inhibitor of clathrin-dependent
endocytosis monodansylcadaverine (MDC) and then measured the net
internalization of integrin 31 by biotin-labelling and capture-ELISA. Compared
to LSS group, both nystatin and MDC treatment groups notably decreased the
net internalization of integrin 1 (Fig. 1l), suggesting that both clathrin
dependent and independent pathways are involved in LSS-mediated integrin
B1 internalization. Further, the net internalization of integrin f1 was attenuated
more by nystatin treatment than by MDC treatment, suggesting that the clathrin-
independent endocytosis may play more important roles than the clathrin
pathway in mediating LSS-induced integrin 1 internalization (Fig. 11).

As an important way of clathrin-independent integrin internalization, we
further investigated the role of Cav-1 in LSS-induced integrin $1 internalization
by immunofluorescence staining. The results showed that more Cav-1 was
quickly (after 15 min) colocalized with integrin 31 at the plasma membrane of
LSS exposure (Fig. 2A, C and Fig. S2A). Following the exposure to LSS for 30
min, the colocalization of Cav-1 and integrin 1 was further enhanced and

detected in intracellular compartments (Fig. 2A and C). By contrast, no
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significant colocalization of clathrin and integrin 1 was observed following LSS
exposure (Fig. 2B, C and Fig. S2B). Integrin activation is required for the
regulation of multiple cell behaviors, such as cell polarity, migration, cell cycle
progression, adhesion, and survival [26-29]. We next examined the
colocalization of Cav-1 and active integrin 1 by using conformation-sensitive
antibodies against the active integrin 1. At 30 min after LSS exposure, the 3D
reconstruction images showed that active integrin 31 was colocalized with Cav-
1 in the perinuclear endocytic recycling compartment (Fig. 2D and E). These
results indicate that LSS promotes integrin 1 internalization via a clathrin-

independent endocytosis (might be Cav-1 mediated endocytosis) mechanism.

3.3 LSS induced integrin 31 internalization is required for directional cell
migration, FAs disassembly and polarized assembly

Coordinated trafficking of integrin is required for efficient cell migration [30].
We have previously reported that Cav-1 mediates multiple downstream
signaling pathways triggered by LSS to regulate MDA-MB 231 cell motility
[5,31]. We thus further investigated whether caveolindependent integrin
internalization affects cancer cell migration. Consistent with our previous work,
LSS exposure enhanced cell track length and mean velocity (Fig. 3A and C).
We also found that LSS increased other cell migration associated parameters,
including instant velocity (Fig. 3B), Euclidean distance (Fig. 3D), and
directionality of migration (expressed as cells that move within a 60° angle from
the starting point) (Fig. 3F), but not directionality ratio (expressed as the ratio
between net and total distance, Fig. 3E). These results support the idea that
LSS exposure favors cancer cell directional migration. Inhibiting caveolin by
nystatin pretreatment resulted in notable decrease in cell track length, the
instant and mean velocity, Euclidean distance, persistency, and directionality of
migration. These data demonstrate that Cav-1- dependent internalization is
essential for LSS-induced directional cell migration.

Spatio-temporal regulation of FA turnover plays a key role in coordinating
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cell migration [32]. Endo-exocytic integrin trafficking is reported to regulate FA
turnover [33]. We have shown that LSS induces integrin B1 trafficking, FAK
phosphorylation, and cell migration. It is possible that LSS may enhance FA
turnover through regulating integrin trafficking and thereby promote cell
migration. To test this idea, we examined the effect of caveolin-dependent
internalization on FA disassembly of cells expressing GFP-vinculin. Our data
show that LSS facilitated FA disassembly compared to cells in static condition
(Fig. 3G, H and Movie S1). Pretreatment with nystatin inhibited LSS-induced
FA disassembly. Next, we examined FA polarized assembly in cells at the edge
of a wounded monolayer. We found that FA assembly was highly polarized
toward the leading edge after LSS exposure. Importantly, LSS failed to promote
FA polarized assembly at the leading edge after nystatin pretreatment (Fig. 3lI).
We also examined the localization of Cav-1 and active integrin 1 in FAs in both
static and LSS-exposed cells by immunofluorescence staining. The results
showed that active integrin 1 was found in FAs, whereas Cav-1 expression
was weak in static cells. After the exposure to LSS for 15 min, much more Cav-
1 was recruited to cell edge next to the FAs (Fig. 3J). These results suggest
that LSS promotes Cav-1 redistribution, FA disassembly, and polarized

assembly might through regulation of integrin 1 internalization.

3.4 LSS-induced decreased acetylation of tubulin and actin cytoskeletal
reorganization are required for integrin 1 internalization

It has been reported that actin and MT are involved in regulating caveolae
dynamics and endo-exocytic trafficking [34-36]. Moreover, we have
demonstrated previously that LSS induces cell cytoskeletal reorganization
through ROCK/p-MLC pathway [5]. Therefore, we wondered whether LSS
modulated Cav-1 redistribution and integrin 31 trafficking through the effects on
the organization and/or function of actin and MT cytoskeleton. Our data show
that LSS significantly decreased cellular MT acetylation compared to static cells

(Fig. 4A and B), which was further confirmed by Western blotting analysis (Fig.
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4C). In addition, stress fibers were disrupted after LSS exposure for 30 min.
However, F-actin was repolymerized to form new stress fibers which were
organized in bundles along the long axis in cells exposed to LSS for 1 h and 2
h (Fig. 4A).

Actin cytoskeleton plays a key role in regulating caveolae endocytosis [37].
To explore the link between LSS-induced actin cytoskeleton rearrangement and
caveolin-dependent integrin B1 internalization, cells were pretreated with
ROCK inhibitor Y-27632 and loaded with LSS. The results showed that
inhibiting ROCK prevented LSS-induced actin rearrangement and the
colocalization of Cav-1 and active integrin 31 (Fig. 4D and Fig. S3).
Furthermore, Cav-1 appeared peripheral but not perinuclear accumulation
following LSS exposure (Fig. 4D). We adopted biotin-labelling and capture-
ELISA to measure internalization of integrin B1 and found that Y-27632
pretreatment inhibited LSS-induced integrin 1 internalization (Fig. 4E). Taken
together, our data demonstrate that ROCK-mediated actin cytoskeleton
rearrangement is essential for LSS-induced Cav-1 redistribution and integrin 31

internalization.

3.5 LSS-induced tubulin deacetylation enhances MT dynamics, Cav-1
motility, and integrin 1 recycling

It is widely reported that the acetylation level of tubulin is associated with
the dynamics and stability of MT, which regulates vesicles transport and cell
migration [21,38]. We found that there were thick and disordered MT bundles
at the periphery of static cells. LSS exposure induced the formation of abundant
thin microtubule filaments extending to the leading edge at the cell front (Fig.
5A, B and Movie S2). Bundling of MTs often increases the stability of MTs [39].
To visualize the effect of LSS exposure on MT dynamics, we performed time-
lapse photography analysis in EGFP-tubulin-transfected cells. Live imaging
showed that MTs in static cells were highly stable, whereas LSS promoted MT

catastrophe and reduced the duration between phases of growth and
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shortening (Fig. 5A and Movie S2), suggesting that LSS enhances MT
dynamics. Moreover, more Cav-1 was recruited to peripheral MTs at the leading
edge of cells after LSS exposure (Fig. 5B and Fig. S4).

Cav-1-containing vesicles move along MT tracks and the transport can be
modulated by MT dynamics [36]. Thus, we further explored the effect of LSS-
induced tubulin deacetylation on Cav-1 mobility and integrin 1 trafficking. We
inhibited tubulin deacetylation by treating cells with Tubastatin-A (TBA), an
inhibitor of microtubule deacetylase HDACG6. The results of FRAP analysis
showed that LSS facilitated the recovery of RFP-Cav-1 fluorescence signal
after bleaching, indicating the increase in the mobility of Cav-1 in LSS-exposed
cells. However, the mobility of RFP-Cav-1 was considerably inhibited by
blocking tubulin deacetylation (Fig. 5C, D and Movie S3). We also quantified
the trafficking of integrin B1 by using biotin-labelling and capture-ELISA. The
data show that inhibiting tubulin deacetylation had no effects on LSS-induced
integrin B1 internalization (Fig. 5E). Notably, TBA treatment inhibited LSS-
induced increase in integrin 1 recycling but not degradation (Fig. 5F and G).
Collectively, these findings demonstrate that LSS exposure enhances MT

dynamics, Cav-1 motility, and integrin 1 recycling via tubulin deacetylation.

3.6 ROCK-dependent activation of HDACS6 is required for LSS-induced MT
deacetylation

MTs are reversibly acetylated by multiple acetyltransferases, whereas
deacetylation of MTs is regulated by HDAC6 and Sirtuin 2 [40—42]. HDACG6 but
not Sirtuin 2 has been demonstrated as the predominant tubulin deacetylase in
MDA-MB-231 cells [21]. Thus, we hypothesized that LSS might promote MT
deacetylation through downregulation of acetyltransferases or up-regulation of
HDACG6. To assess the activity of acetyltransferases regulated by LSS, we
measured the rate of a-tubulin acetylation by treating cells with HDACG inhibitor
TBA. The results showed that there was no significant difference in tubulin

acetylation between static and LSS-exposed cells (Fig. 6A and B). To explore
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the role of LSS in HDACG6 activity, cells were pretreated with TBA to produce
MT hyperacetylation and then removed in the static and LSS conditions. We
found that the rate of a-tubulin deacetylation in LSS-exposed cells was notably
higher than in static cells. These data demonstrate that LSS promotes MT
deacetylation via enhancing HDACG6 activity (Fig. 6C and D).

We sought to further investigate how LSS regulates the activity of HDACG.
It has been shown that HDACG6 enzymatic activity may affect HDACG6 binding to
MTs and regulate MT stability [43]. ROCK, a downstream effector of the Rho-
GTPase signaling, is an important modulator of cytoskeletal dynamics and can
regulate HDACG6 activity [44]. Thus, we examined whether LSS enhanced
HDACG6 activity via ROCK. The result show that inhibiting ROCK significantly
increased the level of MT acetylation but blocked LSS-induced MT
deacetylation (Fig. 6E and F). Taken together, our data suggest that LSS
promotes MT deacetylation via ROCK-dependent up-regulation of HDACG6
activity.

Since HDACG6 has been associated with metastasis in various cancers
[42,45,46], we further investigated the correlation between HDACG6 and survival
rates of breast cancer patients treated with taxane and anthracycline by
analyzing GSE25066 dataset from the Gene Expression Omnibus (GEO). High
expression of HDACG6 was found to be associated with poor survival probability
in breast cancer patients treated with chemotherapy drugs (p = 0.011, Fig. 6G).
We also examined whether HDACG6 expression could differentiate patients at
different TNM stages. Based on GSE25066 dataset, the breast cancer patients
were divided into early-stage (TNM I-ll) and advanced-stage (TNM IlI-1V)
groups. The results showed that patients with high HDACG6 expression showed
significantly poor prognosis in both the early-stage subgroup (p = 0.011, Fig.
6H) and advanced-stage group (p = 0.021, Fig. 61). We then investigated the
relationship between ROCK expression, HDACG6 activity, and prognosis of
breast cancer patients. The results showed that high HDAC6 expression was

strongly correlated with poor prognosis in patients with high ROCK expression
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(p=0.0007, Fig. 6J). However, there was no significant difference in the survival
probability of patients with low ROCK expression when HDACG6 was altered (Fig.
6J). These results identify high HDACG6 expression as a ROCK dependent

prognostic factor, which predicts poor prognosis in breast cancer patients.

4. Discussion

Numerous studies have provided compelling evidence that integrin can
respond to various biochemical and mechanical signals through endo-exocytic
trafficking to regulate cellular functions. For example, TNF-a induces the
internalization and recycling of integrin a5B1 and promotes the rapid
redistribution of integrin on cell membranes [10]. It has been reported that
extracellular matrix elasticity significantly enhances the activation and
internalization of integrin to modulate the differentiation of bone marrow
mesenchymal stem cells [12,13]. Fluid shear stress regulates various cellular
functions, including integrin activation [47], cell migration [6], differentiation [48],
and anoikis resistance [49]. However, the effect of LSS on integrin trafficking
remained to be explored. Here, we demonstrate that LSS induces Cav-1-
dependent integrin B1 trafficking that regulates FA dynamics and motility.

The endo-exocytic trafficking of integrin plays a pivotal role in controlling
the distribution of integrin in migrating cells [50]. Our data indicate that LSS
exposure accelerates the internalization and recycling of integrin 1 and
induces integrin 1 redistribution without changing its overall expression. There
are reports showing that long-term laminar shear stress (15 dyn/cm2 for 12 h)
upregulates integrin a5B1 expression to facilitate the adhesion and survival of
endothelial cells [51]. The difference in integrin expression could be due to the
magnitude of shear stress, loading duration, and cell type. In general, integrin
endocytosis is mainly mediated through clathrin-dependent and clathrin-
independent pathways [9]. Clathrin-independent internalization routes include

Cav-1-dependent endocytosis and macropinocytosis stimulated by growth
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factors [8,52]. Our results show notable increase in colocalization of integrin 31
and Cav-1 but not clathrin in cells under LSS condition. Inhibiting clathrin-
independent endocytosis pathway suppresses the net internalization of integrin
B1 more than inhibiting clathrin endocytosis pathway. It was previously shown
that the endocytosis of integrin 1 is dynamin and clathrin dependent [9]. In
contrast, Polina and co-workers showed that integrin 31 is trafficked mainly via
a Cav-1-dependent route in the metastatic breast cancer cells [8]. Different
heterodimers of integrin 1 can colocalize with different endocytosis machinery
structures [53], which might well explain the argument of the internalization
route of integrin 1. Coordinated FA assembly and disassembly are required
for cell migration.

It has been reported that shear stress induced FA remodeling and FA
dynamics (assembly and disassembly) are determined by shear flow conditions
in epithelial and endothelial cells [54,55]. Our results show that LSS enhances
the rate of FA disassembly and promotes polarized FA formation in the leading
edge of MDA-MB-231 cells, thus enhancing cell motility. Integrin endocytic
recycling has been linked to cell migration through FA dynamics in a dynamin-
and clathrin-dependent manner [7]. In spite of playing critical role in
tumorigenesis and metastasis of liver, prostate [56], colon [57], breast, kidney,
and lung cancers, Cav-1 could regulate cancer cell chemotherapy resistance
through caveolae-mediated endocytosis [58]. Cav1 Tyr14 phosphorylation is a
critical factor of tumor progression, which could promote caveolin scaffolding
domain-dependent focal adhesion traction, cancer cell migration and invasion
[59,60]. Caveolae internalization is increased upon the phosphorylation of Cav-
1 at Tyr14, which leads to caveolin-dependent ligand-integrin endocytosis [8].
Our previous work shows that Cav-1 and the phosphorylation of Cav-1 at Tyr14
are essential for LSS-induced cell motility and metastasis [5,31]. Here, we
further investigated whether Cav-1 redistribution and integrin 31 internalization
is required for LSS-induced FA dynamics and cell motility. We show that Cav-1

is colocalized with active integrin 1 closed to FAs under shear flow. Our
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findings are consistent with the fact that Cav-1 is recruited to the cellular
periphery by activated Rac1 and accumulates at FAs, which triggers series of
events that involve FA turnover and endosomal trafficking [61]. Taken together,
our data identify Cav-1 as a novel regulator of FA dynamics that mediates LSS-
induced integrin B1 internalization.

We show that LSS down-regulates MT acetylation and reorganizes actin
cytoskeleton, which are consistent with previous studies [5,31,55,62]. Cell
cytoskeleton is essential for various cellular events including endocytosis and
intracellular cargo trafficking. The endocytosis of caveolae is highly dependent
on actin cytoskeleton, as stress fiber regulators, Abl kinases or mDia1, are
required for the relocalization of Cav-1 from the plasma membrane to the
perinuclear region [63]. An intact and dynamic actin cytoskeleton is essential
for caveolae internalization. We determine the correlation between LSSinduced
actin cytoskeleton reorganization and Cav-1-dependent integrin internalization.
Our data show that inhibiting ROCK-mediated cytoskeletal reorganization not
only blocks LSS-induced colocalization of Cav-1 and active integrin 31, but also
retards LSS-induced internalization of integrin 1. These findings might hint the
roles of actin cytoskeleton in Cav-1-mediated endocytosis. Our results further
validate a working model proposed previously, in which caveolae remain static
by being anchored to actin cytoskeleton, whereas stress fibers reorganized by
various stimuli would pull caveolae away from the plasma membrane into the
cytoplasm, resulting in caveolae endocytosis [37].

The transition of MTs between growth phase and shrinkage is defined as
dynamic instability, which plays a central role in cell polarity and adhesion
turnover involved in intracellular trafficking [64]. Acetylation, a tubulin post-
translational modification, is associated with stabilized MTs, can promote tumor
cells migration [65], invadopodia activity and invasion [45]. In this study, our
data show that LSS enhances MT dynamics, which may be due to LSS-induced
MTs deacetylation. Endocytic caveolae are transported along MT tracks and

fused with endosomal compartments, from where they can be recycled to the
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plasma membrane. Previous studies show that bidirectional traffic of caveolae
occurs on dynamic MTs, and that caveolar traffic can be enhanced by
increasing MT dynamics [34,36]. Consistently, we show that LSS enhances
Cav-1 motility and integrin 31 recycling, which can be blocked by inhibiting MT
deacetylation. Collectively, our results suggest that LSS enhances MT
dynamics by down-regulating MT acetylation, thus facilitating the recycling of
Cav-1 positive vesicles containing integrin 1. Although MT dynamics have
been known as a key determinant of caveolar trafficking, the mechanisms how
MT dynamics regulates the transport of caveolae along MTs are poorly
understood. Vesicle trafficking along MTs is driven by multiple molecular motors,
including the families of dyneins and kinesins motor proteins [66]. Our data
suggest that the activity of caveolae-associated motors is regulated by MT
instability and/or posttranslational modification, which is supported by the
findings that MT modifications affect the activities of diverse molecular motors.
For example, kinesin KIF5¢c and KIF5B move preferentially on detyrosinated
and acetylated MTs, respectively [17,67]. Tubulin deacetylation enhances
KIF1C motility [18]. Nevertheless, further studies are needed to address
whether LSS-induced MT deacetylation is able to influence caveolar trafficking
by promoting the activity of molecular motors.

Acetylation of tubulin occurs on lysine 40 (K40) by multiple
acetyltransferases and can be reversed by HDAC6 and SIRT2. Here we show
that LSS significantly enhances the rate of HDACG6-dependent MT
deacetylation but has no apparent effects on the activity of acetyltransferase.
ROCK is a key modulator of cytoskeletal dynamics [67]. We have reported
previously that LSS reorganizes the cytoskeleton through activating ROCK/p-
MLC pathway [14]. It is shown that ROCK increases HDACG6 activity by
inhibiting TPPP1/HDACEG interaction and suppresses MT acetylation levels [44].
Our study demonstrates that LSS enhances HDACG6 activity and tubulin
deacetylation in a ROCK-dependent manner.

In this study, we have found that ROCK and HDACG6 synergistically
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regulated the Cav-1 dependent integrin trafficking to promote breast cancer
cells migration. Previously, several studies showed that the expression of Cav-
1 in invasion sites is higher than benign and in situ breast tumors [68,69]. High
Cav-1 expression was reported as a poor survival marker in breast cancer
patients. In addition, we have found that LSS enhanced Cav-1 motility via
ROCK-HDACG6 pathway and high expression of HDAC6 was associated with
poor survival probability in breast cancer patients [5]. Importantly, we have
shown that high HDACG6 expression was strongly correlated with poor prognosis
in patients with high ROCK expression but not in patients with low ROCK
expression, suggesting that HDAC6 and ROCK inhibitor may be combined
used as a prophylactic for preventing metastasis.

In summary, our study has provided compelling evidence that LSS
promotes Cav-1 redistribution, FA dynamics and cell motility through regulation
of integrin B1 trafficking. LSS facilitates the internalization and recycling of
integrin B1 might in a caveolin-dependent manner, which promotes FA
disassembly, FA polarized assembly, and cell migration. LSS-induced integrin
B1 trafficking is mediated by cytoskeleton reorganization and MT deacetylation.
Moreover, we identify ROCK as a key molecular switch that modulates
cytoskeleton reorganization and HDAC6-mediated MTs deacetylation in
response to LSS. Based on our findings, we propose a model to summarize the
effect of LSS on integrin B1 trafficking in breast cancer cells (Fig. 7). LSS
triggers ROCK-mediated actin cytoskeletal reorganization to facilitate caveolin-
mediated integrin B1 internalization, which promotes FA turnover. LSS-
activated ROCK/HDACG6 pathway enhances MT deacetylation and dynamics,
Cav- 1 motility, and Cav-1-dependent integrin 31 recycling, which thenpromote
FA dynamics and cell motility. Taken together, our study identities a novel role
of integrin trafficking in LSS-induced FA dynamics and cell motility, thus
providing a new target for the prevention of metastasis through the modulation

of clathrin-independent integrin trafficking.
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Fig.1. Low shear stress (LSS) promotes integrin 31 internalization and

recycling in MDA-MB-231 cells. (A) Distribution of integrin 1 in response to
32



LSS. MDA-MB-231 cells were seeded on glass slips. Adherent cells were kept
under static condition as control or exposed to LSS (1.8 dyn/cm?) for the
indicated durations. The cells were fixed with 4% paraformaldehyde and
stained for DNA (blue) and integrin B1 (red). Scale bar = 10 um. (B)
Redistribution of integrin 1 on the cell surface was determined by FACS. (C)
Quantification of mean fluorescence intensities (MFI) from (B). (D) LSS
enhances FAK phosphorylation but not integrin 1 expression. The total
amount of Integrin B1 and FAK activation were analyzed by western blotting
assay in cells treated by LSS. (E) Quantification of integrin 1 expression and
FAK activation normalized to B-actin from (D). Internalization of integrin 1 (F),
recycling of internalized integrin 1 (G), and degradation of internalized integrin
B1 (H) in response to static condition or LSS (1.8 dyn/cm?). These responses
were determined by capture-ELISA. (I) LSS enhances internalization of integrin
B1 through clathrin and no clathrin-dependent pathways. Cells were pretreated
with nystatin (100 yM) or MDC (50 uM) for 1h, and then exposed to static
condition or LSS (1.8 dyn/cm?) in the presence of 0.6 mM primaquine (PQ). Net
internalization of integrin 1 was determined by capture-ELISA. PQ was used
to block the endosomal recycling of integrins. MDC and nystatin were used to
block clathrin-dependent and Cav-1-dependent internalization, respectively. All
the values represent mean = SD from three independent experiments. *p<0.05,

**p<0.01, n.s., no significance.
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Fig.2. Co-Iocallzatlon of Cav-1 and integrin 1 during LSS accelerates
integrin internalization. The colocalization of integrin 1 and Cav-1 (A) and of
integrin 1 and clathrin (B) in LSS-treated cells. MDA-MB-231 Cells were
seeded on glass slides. Adherent cells were kept under static condition as
control or exposed to LSS (1.8 dyn/cm?) for the indicated durations and fixed
with 4% paraformaldehyde. The colocalization of integrin 1 and clathrin or
Cav-1 was examined by confocal imaging. The cells were stained for DAPI
(blue), integrin 31 (green) and clathrin or Cav-1 (red). Bottom panels show an
enlargement of the area indicated by the white rectangle in the top panels.
Scale bars=10 pym. (C) Fluorescence intensity profiles show the colocalization
of integrin 31 and Cav-1 but not clathrin. The fluorescence intensities from the
lines indicated in (A) and (B) were analyzed by Image Pro Plus software. (D)
The colocalization of active integrin 1 and Cav-1. Active integrin B1 (green),
Cav-1 (red), and DAPI (blue) were stained by immunofluorescence and imaged
by confocal microscopy. The white arrows indicate the areas positive for active
integrin B1 and Cav-1. Scale bar=10 um. (E) Quantification of the colocalization
of active integrin 1 and Cav-1 in (D). Histograms show mean + SD of

colocalization over the whole image as PC coefficients (n=5).
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Fig.3. Clathrin-independent internalization is necessary for LSS-induced
directional cell migration, FA disassembly and polarized FAs assembly.
(A) Inhibiting clathrin-independent internalization blocks LSS-induced cell
migration. Cell monolayers were pretreated with nystatin (100 uM, 1 h) or
DMSO and kept under static condition as control or exposed to LSS (1.8
dyn/cm?) in the presence of nystatin for 2 h. These cells were then wounded
with a pipet tip and migration was recorded by time-lapse video microscopy
(total 15 h, 15-min frame interval). Cell tracks were determined using the Image
J software (‘Manual Tracking' plug-in). Tracks of single cells at the wounded
edge were shown. The wound edge was indicated by a white line. (B)
Quantification of instant velocity in (A). Cell migration velocity was analyzed for
each group and plotted as a function of time (0-15 h). (C-E) Quantification of
the mean velocity, Euclidean distance, and Directionality ratio in (A). (F)
Percentage of cells with within a 60° angle of directionality migration in (A). (G)
Time-lapsed photomicrographs of FAs in MDA-MB-231 cells. GFP-vinculin cells
were pretreated with nystatin (100 yM, 1 h) or DMSO, and then kept under
static condition as control or exposed to LSS (1.8 dyn/cm?) in the presence of

nystatin for 2 h before imaging (30 s intervals over a 10 min time course). The
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outlined regions in the left panel were enlarged in the right panels at the
indicated time points. Scale bar=10 ym. (H) Kymographs taken along red lines
in (G) show FAs disassembly. (I) Inhibiting clathrin-independent internalization
blocks LSS-induced FA polarized assembly. MDA-MB-231 were pretreated with
nystatin (100 yM, 1h) or DMSO and kept static as control or exposed to LSS
(1.8 dyn/cm?, 2 h) in the presence of nystatin. p-Paxillin (red) and DNA (blue)
in wounded monolayers were examined by immunofluorescence. Scale bar=20
pum. (J) LSS induces the colocalization of vinculin and active integrin 1, and
stimulates the accumulation of Cav-1 next to the FAs on the cell edge. GFP-
vinculin cells were kept under static condition as control or exposed to LSS (1.8
dyn/cm?, 15min) and fixed with 4% paraformaldehyde. The cells were stained
for active integrin 1 (red) and Cav-1 (magenta), and imaged by confocal
microscopy. Bottom panels show an enlargement of the area indicated by the
white rectangle in the top panels. Scale bars=10 um. Data represent mean %
SD of three independent experiments. *p<0.05, ***p<0.001, n.s., no significant

difference.
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Fig.4. LSS decreases acetylation of tubulin and induces actin cytoskeletal

reorganization required for integrin B1 internalization. (A) LSS induces
tubulin deacetylation and actin reorganization. MDA-MB-231 Cells were kept
under static condition as control or exposed to LSS (1.8 dyn/cm?) for the
indicated durations. Fluorescence intensity profiles of F-actin show the actin
cytoskeletal reorganization (white lines). The cells were then stained for tubulin
(blue), acetyl-tubulin (green) and F-actin (red). Scale bar=10 um. (B)
Quantitative analysis of acetyl-tubulin in (A). A.U., arbitrary unit. (C) LSS
decreases tubulin acetylation at the protein level. Western blot analysis was
conducted to analyze the acetyl-tubulin levels in MDA-MB-231 cells exposed to
LSS (1.8 dyn/cm?) for the indicated durations. (D) Inhibiting ROCK blocks the
LSS-induced colocalization of Cav-1 and active integrin B1. Cells were
pretreated with ROCK inhibitor Y-27632 (10 uM, 18 h), and then kept under

static condition as control or exposed to LSS (1.8 dyn/cm?) for 30 min. The cells
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were fixed with 4% paraformaldehyde then immunostained for DNA (blue),
active integrin B1 (green) and Cav-1 (red). (E) Inhibiting ROCK suppresses
LSS-induced internalization of integrin 1. After cells were pretreated with
ROCK inhibitor Y-27632 (10 uM, 18 h), internalization of integrin B1 in static
condition or LSS (1.8 dyn/cm?, 30 min) exposure in the presence of Y-27632
were determined by capture-ELISA. Data represent mean + SD of three

independent experiments.*p<0.05, n.s., no significant difference.
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Fig.5. LSS-induced tubulin deacetylation enhances MT dynamics, Cav-1
motility, and integrin B1 recycling. (A) LSS promotes MT dynamics. EGFP-
tubulin MDA-MB-231 cells were kept under static condition as control or
exposed to LSS (1.8 dyn/cm?) for 2 h. Dynamics of MTs were analyzed by
confocal microscopy. Images were acquired every 10 s for 3 min. Right panels
show an enlargement of the area indicated by the white rectangle in the left
panels. Lower panels show the the quantitative analysis of MT dynamics.
Arrows denote stable MTs. Scale bar=10 um. (B) LSS facilitates the
recruitment of Cav-1 to peripheral MTs at the leading edge of cells. Cells were
kept under static condition as control or exposed to LSS (1.8 dyn/cm?) for 2 h.
The cells were fixed with 4% paraformaldehyde and stained for DNA (blue),
tubulin (green), and Cav-1 (red). Right panels show an enlargement of the
area indicated by the white rectangle. Dotted line show the cell edge, * show
the area without Cav-1 signal. Scale bar = 10 ym. (C) LSS enhances Cav-1
mobility. MDA-MB-231 cells were transfected with RFP-Cav-1 plasmid and
pretreated with HDACSG inhibitor TBA (10 uM, 18 h). These cells were kept
under static condition as control or exposed to LSS (1.8 dyn/cm?) in the
presence of TBA for 2 h before FRAP analysis of RFP-Cav-1 mobility. Right
panels show an enlargement of the area indicated by the white rectangle.

39


http://www.baidu.com/link?url=rY6tLh0Ay_DZg9zAaW6frzkJFiIYg6SsSWNmBHQMz9U7FFI156rBxKsBHcd-LkU51-He0-a-FRehBT5uCnCUGw-MOyyZqt_YHlPeiXCjBRF3_DPwbvKv_uvTZd-9IdwX

From left to right, prebleach, bleach, and 38 s, 78 s after bleaching were
shown. The red circles indicate the bleached areas. Scale bar=10 ym. (D)
Quantification of FRAP analysis in (C). Fluorescence recovery was recorded
every 2 s for 5 min. The data represent mean £ SD of three independent
experiments. LSS-induced tubulin deacetylation blocks integrin 31 recycling
(F) but not internalization (E) and degradation (G). After cells were pretreated
with TBA (10 uM, 16 h), internalization, recycling, and degradation of integrin
B1 in static condition or LSS (1.8 dyn/cm?, 30min) exposure in the presence of
TBA were determined by capture-ELISA. Data represent mean + SD of three
independent experiments.*p<0.05, **p<0.01, n.s., no significant difference.
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Fig.6. ROCK-dependent activation of HDACG is required for LSS-induced
MT deacetylation. (A) Inhibiting HDACS6 blocks LSS-induced MT deacetylation.
MDA-MB-231 cells were treated with TBA (10 uM) and kept under static
condition as control or exposed to LSS (1.8 dyn/cm?) for the indicated durations.
The a-tubulin acetylation was measured by western blot analysis. (B)
Quantification of acetyl-tubulin normalized to a-tubulin in (A). (C) HDAC6
mediates LSS-induced MT deacetylation. Cells were pretreated with TBA (10
MM) for 16 h. After the TBA-containing medium was replaced by fresh medium,
the cells were kept under static condition or exposed to LSS (1.8 dyn/cm?) for
the indicated durations. The a-tubulin deacetylation was measured by western

blot analysis. (D) Quantification of acetyl-tubulin normalized to a-tubulin in (C).
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(E) Inhibiting ROCK blocks LSS-induced MT deacetylation. Cells were
pretreated with Y-27632 (10 uM) for 18 h and then kept under static condition
as control or exposed to LSS (1.8 dyn/cm?) for 2 h in the presence of Y-27632.
The acetyl-tubulin levels were measured by western blot analysis. (F)
Quantification of acetyl-tubulin levels normalized to a-tubulin in (E). Data
represent mean = SD of three independent experiments. *p<0.05,**p<0.01,
***p<0.001, n.s., no significant difference. Kaplan-Meier analysis of survival rate
based on HDACG6 expression in all (G), TNM I+l (H) and TNM IlI+1V (I) breast
cancer patients treated with chemotherapy drugs taxane and anthracycline.
The blue and red line represents high and low HDAC6 mRNA expression,
respectively. (J) Kaplan-Meier analysis of survival rate based on the
combination of HDAC6 and ROCK1 expression in all breast cancer patients

treated with chemotherapy drugs taxane and anthracycline. n.s., no significant

difference; all p-values were calculated by log-rank test.
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Fig.7. Schematic summary of Shear stress stimulates Integrin 1
trafficking and increases directional migration of cancer cells via
promoting deacetylation of microtubule. LSS could trigger ROCK-mediated
actin cytoskeletal reorganization to facilitate Cav-1 redistribution and integrin
B1 internalization, which promotes the disassembly of FAs. LSS-activated
ROCK/HDAC6 pathway could decrease acetylation of MT, resulting in
enhanced MT dynamics, Cav-1 motility and integrin B1 recycling. In summary,
LSS increases integrin 1 trafficking, Cav-1 redistribution, FA dynamics, and

Cav-1 motility, which further facilitate directional cell migration.
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