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HIGHLIGHTS

* Low shear stress promotes needle-shaped structure formations.

* Activation of Cdc42 directly controls the filopodia characteristics.

* Needle-shaped protrusions contribute to the malignancy of tumor cells.
* Rac and Rho negatively affect the supracellular cytoskeleton structure.
ABSTRACT

Tumor microenvironment is composed of biological, chemical and physical factors.
Mechanical factors are more and more focused these years. Therefore, mimicking
mechanical factors' contribution to cancer cell malignancy will greatly improve the
advance in this field. Although the induced malignant behaviors are present under many
stimuli such as growth or inflammatory factors, the cell key physical migration
mechanisms are still missing. In this study, we identify that low shear stress significantly
promotes the formation of needle-shaped membrane protrusions, which is called filopodia
and important for the sense and interact of a cell with extracellular matrix in the tumor
microenvironment. Under low shear stress, the migration is promoted while it is inhibited
in the presence of ROCK inhibitor Y27632, which could abolish the F-actin network. Using
cell imaging, we further unravel that key to these protrusions is Cell division cycle 42
(Cdc42) dependent. After Cdc42 activation, the filopodia is more and longer, acting as
massagers to pass the information from a cell to the microenvironment for its malignant
phenotype. In the Cdc42 inhibition, the filopodia is greatly reduced. Moreover, small
GTPases Cdc42 rather than Rac1 and Rho directly controls the filopodia formation. Our
work highlights that low shear stress and Cdc42 activation are sufficient to promote
filopodia formation, it not only points out the novel structure for cancer progression but

also provides the experimental physical basis for the efficient drug anti-cancer strategies.



GRAPHICAL ABSTRACT

OOOOOO000O0000000000000
Riload Ham Law shear stress
—_—

OOOOOO0O000O00000O0000000)

©  piood endothelia el \ F-actin ~ EM

U Inactive Caded2 F o Active Cded? @ Nucleas

Keywords: Low shear stress, Filopodia, Migration, Mechanotransduction, Cdc42.



1. INTRODUCTION

Bio-force is very important in developmental biology and physiology. In cardiovascular
system, the main driving force of blood from heart to organ is biological force. Blood flow
friction (low shear stress, LSS) can be perceived by cells and affect the biological
characteristics of cells. Tumor cells are subjected to fluid shear stress when they invade
blood vessels. This low shear stress can transform mechanical signals into biochemical
signals, regulating gene expression and cell behavior [1,2]. Fluid shear stress is one of
the important mechanical microenvironments in the process of distal metastasis of cancer
cells. In and around normal or tumor tissues, shear stress alters the local mechanical
microenvironment and regulates intracellular signaling pathways. In solid tumors, shear
stress varies from 0.01 Pa to 0.2Pa (0.1-2dyne/cm?) [3]. 2dyne/cm? shear stress
markedly upregulates matrix metalloproteinase-12 (MMP-12) expression and promotes
chondrosarcoma cell invasion [4]. Previous study showed that low shear stress
significantly promoted the proliferation of cancer cells [1], which showed the key role of
mechanical factors in regulating cellular behaviors. Shah et al. proposed that the
CXCR4/CXCL12 and MEK/ERK pathways were involved in the promotion of liver cancer
cell migration in response to interstitial flow stimuli [S]. These studies fully show that
biological forces have a significant effect on cells and can lead to different cell fates. It is
necessary to explore the mechanism of low shear stress affecting the malignant evolution
of cancer cells. Although the changes of cell response to microenvironment after stress
stimulation are relatively clear, further research is needed on how cancer cells respond
to shear stress and the effect of shear stress on cancer cell behavior and its molecular

mechanism.

Needle-shaped protrusions (filopodia) are a kind of acicular cell membrane structure,
which may have multiple roles. One is to connect cells and play a role of transferring
molecules. The other is to participate in the interaction between cells and extracellular
matrix as a mechanical receptor, participate in the movement of cells directly as
pseudopodia. Needle-shaped structure can not only senses chemical signals in
microenvironment, but also helps to sense physical signals in microenvironment. It is a

key structure directly involved in the regulation of cancer cell motility in tumor
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microenvironment. Filopodia generally exists dynamically, participating in various
biological processes, such as cell migration, wound closure, etc. [[6], [7], [8]]. This also

indicates that filopodia plays a key role in the motility of tumor cells.

Filopodia perceives microenvironment, including chemical and physical signals. The most
extensive study of chemical cue perception is the growth of cone guidance [9,10]. During
wound healing, filopodia of epithelial cells are directly regulated by epidermal growth
factor [11,12]. In addition to chemical cue sensing, filopodia can detect and sense
mechanical signals of the physical environment, mainly through extracellular matrix
exerting traction on the environment [13]. Therefore, filopodias are the direct
manifestation of cell motility, but how they are formed and how they are related to the

compliable and changeable extracellular microenvironment is still unknown.

Breast cancer develops through a complicated cascade involving tumorigenesis,
increased motility, cell survival and colonization [14]. Rho GTPases serve as oncogenes
in several human cancers, Rho family GTPases play a key role in cell migration and
invasion by affecting cytoskeletal dynamics and turnover of adhesions [15,16]. The Rho
family comprises a subfamily of the Ras superfamily of small GTPases, of which Rac,
Rho and Cdc42 are included. Cdc42 is a small GTPase of the Rho family. Studies have
shown that Cdc42 mediates the expression of integrin -1, which promotes the interaction
between cancer cells and endothelial cells and promotes the transmembrane movement
of cancer cells [17]. Cdc42 has an inactive guanosine diphosphate (GDP)-bound state
and an active GTP-bound active state, this is mediated by guanine-nucleotide-exchange
factors (GEFs). The activation of Cdc42 could induce the signal pathway, thus the
biological behaviors such as cytoskeletal changes, proliferation will be re-established.
Hence, targeting Cdc42 represents a promising strategy for precise cancer therapy. As
the initial step of malignant metastasis, the Cdc42 might be closely associated with the

needle-shaped structure.

In this study, we chose to investigate whether LSS promotes breast cancer cell needle-
shaped structure formation and its regulatory mechanism. We demonstrate that LSS
facilitates breast cancer cell needle-shaped structure formation as well as the migration
ability. Cdc42 rather than Rac and Rho is involved in the filopodia formation which finally
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contributes to the cancer cell malignancy. These findings not only provide valuable
evidence for cellular physical behaviors response to the microenvironment, but reveals a

novel structure role of filopodia to initiate cancer cell malignant migration.
2. MATERIALS AND METHODS
2.1. Reagents and antibodies

Cell culture medium of L15, penicillin, streptomycin and fetal bovine serum (FBS) was
purchased from Gibco (Grand Island, NY, USA). Phalloidin was purchased from Sigma-
Aldrich (Saint Louis, MO, USA). Lipofectamine LTX were purchased from Thermo Fisher
Scientific (Waltham, MA, USA), DAPI was purchased from Beyotime Biotechnology
(Shanghai, CHINA). Y27632, ML141 and Rhosin were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). NSC was purchased from Selleck
(Houston, TX, USA). 24-well Transwell plates were purchased from Becton Dickinson
(Bedford, MA, 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 was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in
L15 medium composed of 10% fetal bovine serum and penicillin (100 U/mL) and
streptomycin (100 ug/mL) at 37 °C. The culture media were replaced every 3 days.
Confluent cells were trypsinized with 0.25% trypsin in 0.02% EDTA (Invitrogen, Carlsbad,

USA) at 80% confluence and resuspended in the culture medium.
2.3. Parallel flow chamber loading experiment

Breast cancer line MDA-MB-231 were exposed to steady laminar low-level shear stress
(2 dyn/cm?) using a parallel plated flow chamber system. The shear stress imposed to
cells can vary from 0.5 to 37 dyn/cm? through altering the flow rate. The flow chamber
was connected to a recirculation flow loop, and a peristaltic pump (Masterflex, USA) was

used to propel the culture medium from a reservoir. The culture medium was maintained



at 37 °C for 24 h throughout the experiment. Control cells were maintained under 37 °C

static conditions for the same length of time.
2.4. Inhibition treatment

MDA-MB-231 cells were treated with the selective inhibitor of ROCK (Y27632), which is
an ATP-competitive inhibitor of ROCK-l and ROCK-II, selective inhibitor of Cdc42
(ML141), Rho inhibitor (Rhosin) and Rac inhibitor (NSC). Y27632 was at a concentration
of 10 mM*1 ml in Dimethyl Sulphoxide (DMSQO) as a stock solution (stored at —20 °C).
The ML141, Rhosin and NSC stock solution was further diluted in cell culture medium to
generate working concentrations, and DMSO was also used for all control. Prior to the
LSS treatment, inhibitor was added to the medium 60 min with 10 uM (Y27632), 100 uM
(ML141), 100 uM (NSC), 30 uM (Rhosin), respectively.

2.5. Plasmids and transfection

Plasmides encoding Cdc42-WT was a gift from Klaus Hahn (Addgene plasmid # 12599),
Cdc42-T17 N and Cdc42-Q61L were gifts from Gary Bokoch Addgene (plasmid # 12976,
Addgene plasmid # 12986, respectively). Cells were trypsinized and quantified before
plating on a glass. Cell density should be 50-80% confluent on the day of transfection.
Cells were transfected with Lipofetamine LTX (Thermofisher, USA) according to the
manufecturer's protocol. For each well, 0.5 ug of DNA were diluted in 100 uL of Opti-
MEM® reduced serum medium. For each well of cells, dilute 2 ul of Lipofectamine LTX
into the diluted DNA solution, mix gently and incubate for 25 min at room temperature to
form DNA-Lipofectamine LTX complexes. Incubate the cells at 37 °C in humid incubator
for 18-24 h post-transfection before assaying for transgene expression and F-actin

distributions.
2.6. Immunofluorescence staining

The cells were washed with PBS and then fixed with 4% paraformaldehyde in PBS for
15 min. After rinsing with PBS, the cells were permeabilized by treatment with 0.1% Triton
X-100 in PBS for 30 min and rinsed with PBS, followed by incubation in 1% BSA (bovine
serum albumin) in PBS for 0.5 h. Phalloidin was used according to the manufacturer's

protocol. The nuclei were stained with DAPI for 5 min. The fluorescence of the cells was



imaged using a confocal laser scanning microscope (FV1000, Olympus, Japan). Optical
density was used to measure the contents of specific cellular components. Finally, we
used Image-Pro Plus graphical processing software to quantitatively analyze the length

of filopodia.
2.7. Cell migration and proliferation assay

Cell migration was performed using transwell inserts (Millipore, Billerica, MA) with
polycarbonate membranes of 8-mm pore size. Briefly, after exposure to shear stress
loading, stretched or non-stretched cells (approximately 2 x 104 cells in 200 yL medium
without FBS) were added onto the insert and the insert was placed into a 24-well plate
containing 700 yL of medium supplemented with 1% FBS as a chemoattractant. After
incubation for 6 h at 37 °C, the inner surfaces of the filters were swabbed to remove non-
migrating cells, and the outside cells were stained with 0.05% crystal violet in PBS for
30 min. Cancer cells on the underside of the filters were counted under a microscope.
Images were obtained from several randomly selected fields for each insert. Cell
proliferation was determined using a cell counting kit-8 assay kit (CCK-8) (Dojindo,
Kumamoto, Japan). Cells were reseeded in 96-well plates at 5000 cells/well, cells were
pretreated and then 20 yL of CCK-8 solution was added to the medium, followed by
further incubation for 1h. The absorbance at 450nm was measured by
spectrophotometry (BioTek, VT, USA).

2.8. Statistical analysis

Each experiment was repeated at least three times by the t-test for the detection of
significant differences between the two groups. Data were collected as means * SDs.
N.S. were considered to be no statistically significant difference, a value of p < 0.001 (**)

were considered to be remarkably statistically significant.

3. RESULTS



3.1. Low shear stress promoted breast cancer cell needle-shaped protrusions

Needle-shaped protrusions are called filopodia, which is the sub-cellular structure acting
as the messenger between the cell and the tumor microenvironment. DAPI can
counterstain all nuclei and excite blue light. Fig. 1 showed that compared with the control
group, the percentage of cells with filopodia under low shear stress (LSS)-treated group
increased significantly, suggesting that LSS promoted the formation of filopodia in breast
cancer cells. We also examined the filopodia length in all conditions, LSS-treated group
was significantly longer than control. Meanwhile, ROCK inhibitor Y27632 significantly
inhibited the percentage of cells with filopodia and filipodia length of MDA-MB-231 cells.
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Fig. 1. Low shear stress promoted needle-shaped structure formation of MDA-MB-
231 breast cancer cell. (A) Immunofluorescence of F-actin (red) and DAPI (blue) at
control, LSS and LSS with ROCK inhibitor Y27632 treatments (scale bar=10 um). (B)

Quantitative percentage analysis of cells with filopodia. (C) Quantitative analysis of
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filopodia length in a cell, each dot is the average length of a cell. **p <0.001 means

significant difference.
3.2. Low shear stress induced cancer cell migration

To determine the relationship between filopodia and cell motility, transwell assay was
used to detect breast cancer cell migration under LSS and LSS with Y27632 conditions.
Compared with the control group, a significant difference of migration cells were observed
between the control (0 uM) and LSS-treated groups (Fig. 2a and b). The results showed
that the number of LSS-treated cells that migrating to the lower chamber was significantly
higher compared with the control cells. Meanwhile, the LSS with Y27632 group
significantly decreased migrating cells, which indicated the role of filopodia in the
migration process. Proliferation assay showed that there were no significant differences
of the three groups during the migration hours, which excluded the potential effect that

might be caused by cell proliferation (Fig. 2c).
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Fig. 2. Low shear stress induced MDA-MB-231 breast cancer cell migration. (A)
Transwell migration assays showed that shear stress of 2 dyne/cm? for 6 h promoted cell

migration. Scale bar=100 mm. (B) Migration was quantified by counting cells on the lower
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face of each membrane, each dot was the average cell number in an image. (C)
Proliferation assays showed the relative growth rates compare to control. Data are
expressed as the mean + SD, N.S. means no significant difference while **p <0.001

means significant difference.
3.3. Cdc42 activation promoted filopodia formation

We further examined filopodia formation upon different treatments. We used different
expressions of Cdc42 mutants, Cdc42-WT, Cdc42-Q61L constitutively active and Cdc42
T17 N dominant negative. Fig. 3 showed that compare with control which the filopodia
was not prominent, the expression of Cdc Q61L under no shear stress treatment group
showed a significant increase to the percentage of cells with filipodia as well as filopodia
length. Meanwhile, the expression of Cdc42T17 N failed to accumulate filopodia with cells
and the filopodia length even with low shear stress, which suggested the Cdc42 was the
main upstream molecule that controled the filopodia, and low shear stress was one
stimulus that could accelerate the filopodia formation thus contributed to breast cancer
cell motility.
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Fig. 3. Cdc42 activation directly controlled needle-shaped structure formation of
MDA-MB-231 breast cancer cell. (A) Immunofluorescence of F-actin (red) and DAPI
(blue) at expressing no LSS with Cdc42 wild type, no LSS with expression Cdc42 Q61L
constitutively active mutant and LSS with Cdc42 T17 N dominant negative treatments
(scale bar=10pum). (B) Quantitative percentage analysis of cells with filopodia. (C)
Quantitative analysis of filopodia length in a cell, each dot was the average length of a

cell. **p <0.001 means significant difference.
3.4. Cdc42 rather than Rac and Rho contributed to the supracellular cytoskeleton

ML141 is a potent, selective and reversible non-competitive inhibitor of Cdc42 GTPase
with low micromolar potency and selectivity against other members of the Rho family of
GTPases (Rac1, Rab2, Rab7). NSC 23766 is an inhibitor of Rac GTPase, it targets Rac
activation through guanine nucleotide factors (GEFs) and will not inhibit closely related
targets, such as Cdc42 or RhoA. Rhosin is a potent and specific RhoA subfamily Rho
GTPases inhibitor, which specifically binds to RhoA to inhibit RhoA-GEF interaction, and
will not interact with Cdc42 or Rac1. We identified the role of different small GTPases in
the supracellular cytoskeleton formation. Fig. 4 showed that compared with control (LSS
group), Cdc42 inhibitor ML141 significantly reduced the cells with filopodia and the
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filopodia length, while Rac inhibitor NSC and Rho inhibitor Rhosin failed to decrease the
filopodia. It suggested that Cdc42 rather than Rac and Rho controled the supracellular
cytoskeleton structure formation, which revealed the different roles of the small GTPases

during the cancer cell malignant progression.
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Fig. 4. Cdc42 activation rather than Rac and Rho directly controlled the
supracellular cytoskeleton of MDA-MB-231 breast cancer cell. (A)
Immunofluorescence of F-actin (red) and DAPI (blue) at expressing LSS, LSS with Cdc42
inhibitor ML141, Rho inhibitor Rhosin, Rac inhibitor NSC (scale bar=10pum). (B)
Quantitative percentage analysis of cells with filopodia. (C) Quantitative analysis of
filopodia length in a cell, each dot was the average length of a cell. **p <0.001 means

significant difference, N.S. means no significant difference.



We conclude that LSS could promote breast cancer cell filopodia formation, which finally
contributes to the cancer cell malignancy. The cell perceives the mechanical factors from
the microenvironment, subsequently initiates a series of biological response, including
the activation of Cdc42. Cdc42 directly controls the formation of needle-shaped
protrusions, which leads the cells to be more malignant. The low shear stress is the cause
of the malignancy and Cdc42 is the major receptor to receive the microenvironment,

filopodia is the external display of cancer cell for its malignant progression.
4. DISCUSSION

Here, we have demonstrated that low shear stress governs the formation of filopodia and
cancer cell migration ability. This supracellular network functions to initiate cell motility
and Cdc42 is involved in this malignant metastasis. Therefore, it plays a critical role of
mechanical tumor microenvironment to the cellular behaviors. Our finding provides a
mechanism controlling filopodia formation which is closely associated with cancer cell

motility.

Tumor microenvironment has a dynamic relationship with the development of cancer cell
fate. To elucidate the molecular mechanism of tumor microenvironment in the process of
influencing the fate of cancer cells is one of the key links to inhibit the malignant
development of cancer. Biochemical factors play an important role in tumorigenesis and
development. At the same time, more and more attention has been paid to mechanical
factors [18,19]. There are many mechanical factors, such as shear stress and matrix
stiffness, which are directly involved in the regulation of malignant behavior of cancer cells
[1,20]. Tumor microenvironment affects tumor cells, which in turn remolds the tumor
microenvironment. This study focused on the fluid shear stress in the process of
malignant metastasis of tumors, explored the influence of this mechanical factor on the
motility of tumors, and profoundly revealed the dynamic changes and promoting
characteristics of shear stress in promoting the malignant evolution of tumors. Meanwhile,
there are many factors affecting the tumor microenvironment. Shear stress may also
affect the malignant evolution of tumors by synergistic action with chemical factors such

as chemokine or growth factor and mechanical factors such as matrix stiffness. The
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mechanism of synergistic regulation still needs further study to reveal the effect of

complex tumor microenvironment.

Rho family GTPases actively participates in cancer cell malignancy, affecting the F-actin
polymerization. The family comprise a subfamily of the Ras superfamily of small
GTPases, of which Rac, Rho and Cdc42, and they are all related to cell adhesion, which
indicates the potential controlling roles for cell motility [21]. When a cell starts the
malignant metastasis, they are mostly stimulated by factors in tumor microenvironment.
The cells need a structure which could not only connect the cell with the extracellular
microenvironment, but also crosstalk with the neighboring cells to achieve coordinated
regulation. In this process, the filopodia in our study showed the potential to meet the
demand. The needle-shaped structure could directly sense the factors in the
microenvironment and it could also act as a messenger to pass the information from one
cell to another. Our findings highlight the mechano-sensory role of filopodia, which directly
display as the cells with filopodia and filopodia length, unraveling a novel structure during
efficient metastasis. Therefore, the structure is important to initiate and accelerate cancer

cell malignant evolution.

How does Cdc42 govern filopodia? Before our studies, the study between extracellular
matrix and cell adhesion have been known to mainly control the formation and patterns
of basal stress fibers during morphogenesis [22]. Meanwhile, in breast cancer
proliferation, Cdc42 functions as an EGFR-signaling regulator, that EGFR and Cdc42
positive loop is necessary to activate Cdc42 [23,24]. However, the correlation and link
between adhesion complex and Cdc42 activity are unclear. The further answer to this
question will improve our understanding of the filopodia in the future. In our study, Cdc 42
overexpression leads to more filopodia formation, thus provide a structure to contract the
cell, detach the rear and move the cells forward. It is the whole story to reveal the sprout
of metastasis, the cells perceive the mechanical stimuli from low shear stress in tumor
microenvironment, via Cdc42 to promote the formation of filopodia in cells and percentage
of cells with filopodia, ready for the malignant metastasis. The story reveals the important
process during the tumor evolution and it is cross validated with the biological behaviors

in different tumor microenvironment. Cdc42 also might have correlation with microtubule
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or cell adhesions, revealing the role of cdc42 in malignancy will greatly improve our
standing to anti-cancer strategy. Targeting Cdc42 provides a promising strategy for

precise breast cancer therapy or prevention.

In summary, we observed an LSS-induced cancer cell needle-shaped structure formation.
LSS significantly promotes the percentage of cells with filopodia and filopodia length,
which are closely associated with cancer cell motility. Further, Cdc42 is directly involved
in the filopodia formation, which indicates that Cdc42 directly participates in the low-
shear-stress-stimulated migration in the signal transmissions. In addition, the observed
filopodia structure suggests the mechanical factors can be converted to cellular physical

behaviors for the cancer cell malignancy, thus accelerating cancer progression.
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