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ABSTRACT

During the migration of cancer cells for metastasis, cancer cells can be exposed to fluid shear
conditions. We examined two breast cancer cell lines, MDA-MB-468 (less metastatic) and
MDA-MB-231 (more metastatic), and a benign MCF-10A epithelial cell line for their
responsiveness in migration to fluid shear. We tested fluid shear at 15 dyne/cm? that can be
encountered during breast cancer cells travelling through blood vessels or metastasizing to
mechanically active tissues such as bone. MCF-10A exhibited the least migration with a trend of
migrating in the flow direction. Intriguingly, fluid shear played a potent role as a trigger for
MDA-MB-231 cell migration, inducing directional migration along the flow with significantly
increased displacement length and migration speed and decreased arrest coefficient relative to
unflowed MDA-MB-231. In contrast, MDA-MB-468 cells were markedly less migratory than
MDA-MB-231 cells, and responded very poorly to fluid shear. As a result, MDA-MB-468 cells
did not exhibit noticeable difference in migration between static and flow conditions, as was
distinct in root mean square (RMS) displacement - an ensemble average of all participating cells.
These may suggest that the difference between more metastatic MDA-MB-231 and less
metastatic MDA-MB-468 breast cancer cells could be at least partly involved with their
differential responsiveness to fluid shear stimulatory cues. Our study provides new data in regard
to potential crosstalk between fluid shear and metastatic potential in mediating breast cancer cell

migration.
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Introduction

Cancer metastasis and resulting complications are the primary cause of cancer related
deaths. For women, breast cancer is the most common cancer which can metastasize to several
organs including lung, liver, and bone. Despite the danger of breast cancer metastasis, the
mechanisms underlying migration and invasion of breast cancer cells are not yet fully
understood. In particular, while studies have revealed the effects of soluble factors on breast
cancer cell migration (chemotaxis) [1-3], much remains to be learned about the regulatory role of
mechanical environments. In general, mechanical loading milieus are important during the
developmental process as they can regulate the initial morphogenesis; also in adulthood,
mechanical loading can contribute to maintain cell/tissue homeostasis. Further, altered/interfered
intra- and intercellular mechanical homeostasis can create maladaptation of tissues potentially
driving disease progressions [4]. In this study, we examined how extracellular mechanical
loading milieus, specifically fluid shear, will affect breast cancer cell migration.

Breast cancer metastasis is a multi-step process wherein cancer cells encounter unique
fluid shear situations at varying stages of migration and metastasis. Breast cancer cells can be
exposed to an increased pressure environment surrounding the breast tumor that produces
interstitial outflow. Subsequent long-distance metastasis relies on breast cancer cells traveling
through flow channels including vasculature. In blood vessels, breast cancer cells under flow
may be free-floating or participate in rolling migration on the endothelial layer [1]. At the
metastasis site, breast cancer cells can also interface with interstitial flow within the tissue. While
shear force due to these fluid flows may be a dominant mechanical cue, how varying fluid shear

situations regulate breast cancer cell migration is largely unknown. Improved understanding and
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treatment of breast cancer metastasis may be revealed if the role of fluid shear in breast cancer
cell migration could be elucidated.

Studies have evaluated the magnitudes of flow rates and shear stresses in cancer cell
migration and metastasis environments. At the tumor site, increased pressure causes an increase
in interstitial flow which drains to the lymph system, affecting cancer cell response and
extracellular matrix (ECM) remodeling. Pathological interstitial flows typically have flow
velocities greater than 1 um/s, e.g., 55 pm/s reported for tumors in humans [5,6]. Shear stresses
in the range of ca. 0.1 dyne/cm? are expected due to interstitial flow in the ECM and in the lumen
of the lymph system with a peak stress of 12 dyne/cm? from lymph pump function [7]. In blood
vessels, flow rates vary widely with small vessels having particularly high shear forces. Shear
stresses up to 6 dyne/cm? are found in veins, and shear stresses up to 70 dyne/cm? are common in
arteries [8]. Additionally, in breast cancer homing to other tissues such as bone, shear stresses of
ca. 0.06 up to 30 dyne/cm? can be found due to the mechanically active bone microenvironment
[9]. While considering these ranges, we chose 15 dyne/cm? shear stress in our test that may be
encountered during breast cancer cell travelling through blood vessels or metastasis to tissues
such as bone.

To examine the fluid shear control of breast cancer cell migration, we tested two
established breast cancer cell lines, MDA-MB-231 and MDA-MB-468, and a benign epithelial
cell line, MCF-10A, as a control. MCF-10A is established from primary breast tissue which
expresses markers consistent with basal epithelial cells and lacks expressions of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2) [10]. This cell line is capable of forming acinar structures in culture, and unlike the

cancer cell lines, is dependent on growth factors for survival [11]. Both MDA-MB-231 and
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MDA-MB-468 breast cancer cell lines were established from pleural effusions and are negative
for the therapeutic targets, ER, PR, and HER2 [12]. These cancer cell lines have been widely
used as models of triple-negative breast cancer but with different classifications. The MDA-MB-
468 cell line is classified as basal, not responsive to endocrine therapy, but may be responsive to
chemotherapy; the MDA-MB-231 was initially classified as basal but is now classified as
claudin-low [13]. The MDA-MB-231 line, in addition to having characteristics associated with
epithelial-mesenchymal transition, has been likened to mammary cancer stem cells due to low
expression of the proliferation marker Ki67 and CD44" CD2471°% [13]. Consequently, MDA-
MB-231 breast cancer cells are known to be more aggressive and metastatic than MDA-MB-468
cells. We compared the migration of MCF-10A benign epithelial cells and MDA-MB-468 and
MDA-MB-231 breast cancer cells under static and flow conditions to reveal the role of
extracellular fluid shear cue and intrinsic metastatic potential in governing breast cancer cell
migration. Our studies may provide a new insight into whether the difference in metastatic
potential of breast cancer cells is at least partially related to a difference in cellular sensitivity to

mechanical loads such as fluid shear.

Materials and Methods

Breast cancer cell lines. MDA-MB-231 (ATCC, CRM-HTB-26) and MDA-MB-468
(ATCC, HTB-132) cells were cultured using Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. For fluid
shear tests, cells were seeded on a 25x75 mm? glass slide using 3x10* cells. The glass slide was
not precoated with ECM proteins. The relatively small cell seeding number was to observe

individual cell movement. After allowing cells to adhere on the glass slide for 8 h, medium was
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replaced with serum reduced medium (5% FBS), and kept overnight before starting the flow test
the next day. Our protocol of using media containing half the original serum concentration
allows for maintaining sufficient protein for cell attachment and migration [14,15]. Although the
use of serum starved media (0.5% FBS) can be adopted in large flow systems, we previously
found that this concentration may be too low to support normal cell response to flow [16].

Benign epithelial cell line. MCF-10A (ATCC, CRL-10317) cells were cultured
following the methods of Debnath et al. [10], using DMEM/F12 supplemented with 5% horse
serum, 20 ng/ml epidermal growth factor (EGF), 0.5 pg/ml hydrocortisone, 100 ng/ml cholera
toxin, 10 pg/ml insulin, and 1% penicillin-streptomycin. MCF-10A cells were cultured and
flowed on the glass slides following the same protocol described above for breast cancer cell
lines. Serum reduced flow media consisted of DMEM/F12 supplemented with 2.5% horse serum
and 1% penicillin-streptomycin.

Applying fluid flow to cells. Using a parallel plate flow chamber, we applied steady
laminar flow to cells seeded on the glass slide. Fluid shear experienced by the cells is the wall
shear stress of the parallel plate chamber. The shear stress could be adjusted by the flow rate
(ml/min) imposed by the device. Cell lines were exposed to flow at 15 dyne/cm? shear stress
(labeled as FF15), or placed in the same chamber but not exposed to flow (static control). We
used 15 dyne/cm? as one physiologically relevant shear stress as described above. The flow tests
were conducted using a flow device (Flexcell) following our published protocols [14-18].
Briefly, the flow loop was made with Masterflex L/S 16 tubing that connects the media reservoir,
peristaltic pump, Osci-flow controller, two pulse dampeners, and the FlexFlow chamber through
which cell migration can be observed (Fig. S1). Steady flow at a given flow rate was achieved by

the StreamSoft software. The flow channel was sterilized with 70% ethanol and flushed with
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deionized water. Then, serum reduced (5% FBS or 2.5% horse serum for breast cancer and
benign cells, respectively) flow medium was added to the reservoir which was maintained at
37°C in a water bath. Next, bubbles in the tubing were purged and a leak test was performed
before attaching cell-seeded glass slide to the flow chamber with a vacuum pump. Flow medium
was primed through the loop to remove bubbles that may have occurred during the chamber
assembly. A minimum of 3 slides per each test condition were prepared and a minimum of 20
trackable cells were quantified for each experimental condition.

Time lapse imaging of cell migration. We placed the flow chamber on an inverted Leica

DMI 4000 microscope, and phase contrast images were recorded every min for 2 h for both static

and flow conditions. To correct for device drift, the template matching plugin in Fiji-ImageJ
software [19] was used. Stabilized images were segmented in Time Lapse Analyzer (TLA) to
obtain binary masks for each image using Sobel edge detection [20] (see Table S1 for image
processing stack). The binary masks were tracked in TLA and our custom MATLAB scripts
were used to quantify cell migration. All these methods followed the protocols we recently
developed [14,15].

Quantification of cell migration parameters. We quantified cell migration parameters
including displacement, migration speed, arrest coefficient, root means square (RMS)
displacement, etc. In TLA, cell centroids were determined from the cell outlines at each time
frame of measurement. Connection of the centroid positions produced raw cell migration tracks
which were processed using custom-written MATLAB. Then, the linear distance from the
starting centroid position to the final one was defined as the displacement. Cell speed was also
calculated at each time frame. We further assessed whether cells migrated with or against the

given flow direction, and measured path and time efficiency during migration. The confinement
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ratio, defined as the displacement divided by the total path length, was used to assess how
straight the migration path is. The arrest coefficient measured the percent of time a cell paused
during the migration: a cell was considered paused if the cell speed was less than one standard
deviation below the average speed of the (less migratory) MDA-MB-468 breast cancer cells
under static condition (i.e., 0.1735 pum/min). Finally, RMS displacement was used to evaluate the
overall cell migration behavior as a holistic measure. The RMS displacement is an ensemble

average of displacements for the entire participating cells defined as X (¢) rus:

N

KOs = |3 (0 = % O)F

=1

where N is the total number of cells and x; (¢) is the position of the i-th cell at time ¢. From the

slope of the RMS displacement vs. time!?

plot, the motility coefficient could be calculated as a
strength measure of cell migration, which is analogous to the diffusion coefficient of the first
order diffusion kinetics [14,15].

Statistics. Our results were processed in MATLAB with one way analysis of variance
(ANOVA) with a Tukey-Kramer post-hoc test for statistical significance. All statistical
assumptions of ANOVA were verified and the data were log10 transformed, tested, and back

transformed if necessary to adjust for data that violated the normally-distributed assumption

(Table S2). All results are presented as mean =+ standard error of measurement (SEM).

Results

MDA-MB-231 cells detach more under fluid shear. The first step we took before
assessing cell migration parameters was to quantify the percentage of cells that remain attached

on the substrate under fluid flows. Cells that remained in the viewing frame during the time lapse
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imaging were considered to be undergoing crawling migration and used for analyses. MCF-10A
cells had secure attachment to the slides with 3% detaching in the static group and 9% detaching
by 15 dyne/cm?® shear. Among breast cancer cell lines, MDA-MB-468 had the greater tendency
to remain attached to the slide than MDA-MB-231 cells. MDA-MB-468 showed 3% and 10%
detachments in the static and flow groups, respectively. On the other hand, MDA-MB-231 cells
had 6% detaching under static condition and surprisingly 52% detachment by 15 dyne/cm? fluid
shear. It may be inferred from this difference that the MDA-MB-231 cell line is less likely to
remain attached when exposed to flow-induced shear and may readily participate in long-
distance migration by free-floating. Note, cells that detached from the substrate may or may not
participate in active migration, analysis of which was beyond the scope of the current study.

MDA-MB-231 cells show strong fluid shear-dependent migration relative to MDA-MB-
468 and MCF-10A. Observed original tracks of crawling cell migration are shown in Fig.1a for
the benign cells (MCF-10A) and in Fig. 2a for two breast cancer cell lines (MDA-MB-468 and
MDA-MB-231). In these figures, each cell tracks were shifted to the center of the plot for
comparison. The directional tendency of cell migration can be better visualized in the
displacement vector plots (Figs. 1b, 2b) and migration angle histograms (Figs. lc, 2¢). Benign
epithelial MCF-10A cells displayed random migration under static condition but a noticeable
bias to the flow direction under fluid shear (Fig. 1c). This may establish a baseline of cell
migration and its shear sensitivity to which the cancer cell lines can be compared.

Under static condition, both MDA-MB-468 and MDA-MB-231 cells were relatively less
mobile and showed migration in random directions (Fig. 2a). Interestingly, fluid shear resulted in
directed migration of MDA-MB-231 cells along the flow direction, while this effect appeared to

be less pronounced for MDA-MB-468 cells (Fig. 2b,c). When quantified based on the criteria of
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with or against the flow (within 7/8 angle of the flow or to the opposite direction, Fig. 2d),
MDA-MB-231 cells displayed notably increased directionality, e.g., significantly larger
percentage of MDA-MB-231 cells moving with flow (Fig. 2¢). Percentage cells moving against
the flow was not different among test conditions. In another measure, there was no significant
difference in the time spent moving with the flow, but unexpectedly, MCF-10A and MDA-MB-
231 cells spent more time moving against the flow (Fig. 2f). This might be related to increased
cell motility under shear. Especially for MDA-MB-231 cells, while they moved with the flow as
a whole, the tendency to continuously move under flow stimulation also resulted in increased
time spent moving against the flow. Similar directional migration trends were observed in the
breast cancer cell lines when assessed up to 1 h (Fig. S2). Combined data indicate that (more
metastatic) MDA-MB-231 cells were highly responsive to fluid shear at 15 dyne/cm? whereas
(less metastatic) MDA-MB-468 cells were less or not responsive to the fluid shear.
MDA-MB-231 cells have greater displacement length under flow due to less arrest.
Quantification of cell migration showed that sheared MDA-MB-231 cells had increased
displacement and uninterrupted migration. The MDA-MB-231 line under flow migrated
significantly farther than MDA-MB-468 and MCF-10A cells (Fig. 3a). This difference in cell
displacement could be influenced by increased path efficiency (Fig. 3b, confinement ratio
measuring how straight the path is) but more strongly affected by the persistence in migration
(Fig. 3c, arrest coefficient measuring how often cells stop). Overall, the migration of MDA-MB-
231 was more aggressive in both static and sheared groups in that it stopped less than the other
cells, which trait was even increased under flow with sheared MDA-MB-231 spending the least
time paused. The benign MCF-10A cell line had the least displacement and confinement ratio of

the three cell lines tested in both static and sheared conditions.
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Cell migration speed changes with cell type, flow, and time of measurement. In the first
minute after shear onset, the migration speed of the flowed MCF-10A cell line was significantly
higher than its static counterpart, but it quickly dropped to the similar levels as the static group
(Fig. 4a). MDA-MB-231 cells showed similar but even more pronounced changes in migration
speed mostly during the initial periods of measurement (Fig. 4b without error bars for easy
viewing; see Fig. S3 with error bars; Fig. 4c up to 30 min for comparison). In Fig. 4c, the
aggressive nature of MDA-MB-231 cells was evident in the migration speed. The average speed
of MDA-MB-231 cells in both static and fluid sheared conditions tended to be greater than those
of MDA-MB-468 cells, of which the change was greater in response to shear. For MDA-MB-468
cells, no significant increase in migration speed was observed even when stimulated with shear.
In fact, sheared MDA-MB-468 showed at times less speed than its own counterpart, static MDA-
MB-468. The migration speed showed, in overall, consistent results with the observations of
percentage of cells migrating with flow, displacement, and arrest coefficient.

Difference in migration tendency for MCF-104A, MDA-MB-468, and MDA-MB-231
cells is evident in RMS ensemble average. RMS displacement, a holistic measure of cell
migration tendency as an ensemble average for all participating cells [14,15], is quantified and
compared for the six test groups (Fig. 5). As revealed by RMS plots, static and sheared MCF-
10A cells had the least group migration among three cell lines tested. The MCF-10A static group
had the lowest overall RMS displacement values, followed by the MCF-10A sheared group when
assessed at the end of the measurement time. It is noticeable that flowed MCF-10A cells showed
initial fluid shear response and then decrease, which results in less RMS displacement than
MDA-MB-468 groups at the end of the measurement. Interestingly, both the static and sheared

MDA-MB-468 cases displayed remarkably similar trends in RMS displacements, which can be a
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clear evidence that MDA-MB-468 cells respond poorly to fluid shear stimulation. As a result,
RMS displacements of both static and flowed MDA-MB-468 groups were even less than the
MDA-MB-231 static case. Among all test conditions, sheared MDA-MB-231 cells had the
greatest propensity for migration with RMS displacements much greater than all the other cases.
The motility coefficients (slope of the RMS plot analogous to the diffusion coefficient of the first
order diffusion kinetics [14,15]) were calculated to quantify the overall strength of migration.
MCF-10A displayed low motility coefficients, 0.14 and 0.12 for static and sheared conditions,
respectively. MDA-MB-468 cells exhibited the motility coefficient of 0.54, the same values for
both static and sheared cases, again indicating that MDA-MB-468 cell migration may not be
affected by flow. The MDA-MB-231 line under static condition produced a motility coefficient
of 0.52 but greater terminal RMS displacement than both the MDA-MB-468 cases, potentially
due to initial strong migration of MDA-MB-231 at the experimental onset (also see Fig. 4c).
Sheared MDA-MB-231 cells exhibited the greatest motility coefficient of 1.50 (almost tripled
relative to the other conditions), indicating the highest flow sensitivity in migration among test
cases. The mean squared displacement (MSD), another presentation of cell migration in a
collective sense accounting for both ensemble and time averaging [14] (see equation and MSD

plot in Fig. S4), showed trends similar to the RMS plot.

Discussion

In addition to soluble factor-driven cell migration (chemotaxis), revealing the spread of
metastasizing cancer cells due to mechanical factors such as fluid shear may be of significance in
understanding what triggers and facilitates cancer metastasis. For low shear stress, as may be

encountered in the lymph system, the chemotactic response and shear stress regulation can be
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interlinked. For example, at low flow rates, autologous chemotaxis regulated by shear response
has been observed in breast cancer lymphatic metastasis [21]. Our results demonstrate that the
fluid shear environment at relatively high stress may also play a regulatory role in breast cancer
cell migration. In vivo, pressure is built up around tumors accompanying interstitial outflows.
Flows are also encountered in vascular and lymph systems and in other microchannels within the
target tissues to which cancer cells metastasize. For instance, breast cancer cells can be exposed
to flow shear within the bone, one of the primary metastasis sites of breast cancer cells. Here we
observed that fluid flow can increase breast cancer cell migration, but triggering by shear may be
mediated by the intrinsic metastatic potential of the breast cancer cells. Note, our observed
differences in breast cancer cell migration may be unlikely due to differences in cell spreading
area (and resultant fluid drag), as no significant differences in cell area were found between two
breast cancer cell lines (Fig. S5). The MDA-MB-468 line with lower metastatic potential had
significantly less migration in both static and sheared conditions compared with more metastatic
MDA-MB-231 line. The benign MCF-10A cell line had the least migration among the three cell
lines tested in both static and sheared conditions. MCF-10A cells demonstrated a slight response
to shear with a small increase in cell migration along the flow. Interestingly, MDA-MB-468 cells
were found to be unresponsive to shear stimulation, suggesting that the less metastatic nature of
MDA-MB-468 cells may be correlated with their insensitivity to mechanical signals. In contrast
to MDA-MB-468, MDA-MB-231 cells exhibited potent migration capacity even under static
condition. Further, MDA-MB-231 cells responded strongly to shear, resulting in significantly
increased migration parameters (percentage cells migrating with flow, displacement, cell speed,
etc.) with less stops. The combined trend of stimulated migration under flow for MDA-MB-231

could be more clearly demonstrated in the RMS displacement plot.
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The fluid shear-induced directional migration of breast cancer cells is not clearly
understood yet. In our study, MDA-MB-231 cells preferentially migrated along with the flow
direction. This may be in contrast to the study by Huang et al. [6], in which no preferential
migration direction was observed for MDA-MB-231 cells embedded in a collagen matrix and
exposed to interstitial flows. In the study by Polacheck et al. [22], the preference of breast cancer
cell migration may depend on the cell seeding density: interstitial flow within a collagen matrix
caused breast cancer cells to migrate with the flow direction when seeded at a low density, but
caused migration against the flow at a high density. Our test differs from these studies in that we
used stiff glass slides as basal substrate with no ECM coating with applying well-controlled wall
shear stress between parallel plates. It is likely that the directional preference of cell migration
under flow can be in general influenced by multiple factors including the composition of the
migration test substrate (glass or collagen), cell density, 2D vs. 3D flows, etc. [23]. Under 3D
environment mimicking interstitial flows [24], a heterogeneous response of MDA-MB-231 was
observed: shear increased the cell migration speed but caused subpopulations of the cells to
migrate with or against the flow direction. Taken together, this suggests a need for a more
systematic study that explores a variety of extracellular culture environments to better resemble
in vivo fluid shear milieus and to mimic the biochemical and mechanobiological characteristics
of the metastasis tissue.

Studies on cancer mechanobiology have proposed that maladaptation in cell mechanical
homeostasis may contribute to increased metastasis. For example, highly metastatic breast
cancers may have higher synthesis of glycocalyx cell coating proteins, which is implicated in
interstitial flow mechanotransduction, regulation of ECM degrading factor, and cell surface shear

magnification [25,26]. It was reported shear stress increased tumor cell motility and upregulated
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matrix degrading factors [26]. Also, when glycocalyx-degrading factors were applied, the shear-
induced responses were abolished, revealing a potential therapeutic target. Via these glycocalyx-
mediated responses the cancer becomes more invasive while also increasing sensitivity to the
mechanical loading environment. Additionally, the presence of tumors alters the solid stress
environment to create non-physiological stress building up to 10 times in the interstitial pressure.
Relevant loading cues, such as compressive strain, have been shown to alter metastasis-relevant
genes in the MDA-MB-231 cells within 3D tumor analogs in vitro [27]. Another study showed
that compromised mechano-reciprocity may cause a disruption in mechanical homeostasis by
interfering with cells’ sensing of mechanical environment and altering cellular stiffness [28]. In
that study, ex vivo cultured cancer cells actually displayed significantly lower cell stiffness. This
change in cancer cell stiffness can be terminally correlated with the metastatic potential [29]. Our
study provides additional evidence that mechanical environments may crosstalk with cancer cell
physiology.

Breast cancer cells have been shown to have differential integrin-ECM interactions [30-
32]. Cell adhesion to ECM is mediated through combinations of a and B integrin subunits with
specific combinations having affinity for specific ECM proteins. Since we did not precoat the
glass substrates with ECM proteins such as collagen, cell attachment to uncoated glass slides
could occur through binding to adsorbed serum proteins such as vitronectin or fibronectin, as
was the report for MDA-MB-231 cells [30]. Cell attachment to vitronectin and fibronectin can
both be mediated by integrin av3 which has high expression in cancerous epithelial cells
compared with healthy cells. Adhesion to fibronectin is also mediated by avp6 integrin in
malignant epithelial cells. Differential expression of integrins may have an effect on breast

cancer cell adhesion and the crawling migration. For the cells tested in this study, interestingly,
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MDA-MB-231 attachment to fibronectin was primarily dependent on av33 whereas MDA-MB-
468 and MCF-10A were dependent on avp6 [31]. Overall, metastatic cells have been identified
to have lower adhesion than non-metastatic or benign cell lines [30]. This can be also correlated
with our data on more MDA-MB-231 cell detachment under fluid shear. Combined, this may
suggest one hallmark of cancer, where anchorage and integrin-dependent anoikis is bypassed.
For example, MDA-MB-468 cells have been shown to have multiple phenotypes with adherent
and non-adherent subpopulations [32].

Cell migration is a highly coordinated effort of focal adhesion-cytoskeletal remodeling
with regulated contraction and protrusion of the cell membrane. When subjected to shear,
mechanotransduction related to focal adhesion can be activated. Shearing MDA-MB-231 cells
established a gradient of B1 integrin, vinculin, and focal adhesion kinase (FAK) activation, and
these changes were associated with altered cell tension, polarization, and migration [33].
Mechanosensors related to cytoskeletal remodeling can also affect cancer cell migration. For
instance, blocking NEDD9 and RhoA kinase (ROCK) could impair possible modes of triple-
negative breast cancer (TNBC) cell migration, e.g., amoeboid or mesenchymal migration mode
[34]. This result on ROCK control of cancer cell migration may be in contrast to those on
mesenchymal stem cells [14] and osteoblasts [15] that showed increased cell migration under
ROCK silencing. Since ROCK expression in breast cancer cells may also be affected by other
cues such as hypoxia [35], a test may need to combine such aspects of tumor maladaptation, e.g.,
flow tests under hypoxia.

More studies on varying shear stress levels are also needed, which will give a more
comprehensive understanding of cancer cell migration as many different fluid flow speeds (thus

varying shear stresses) exist within the body depending on the location of blood vessel, lymph
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system, and the metastasizing target tissue type. Another new avenue open for exploration would
be measuring grouped cell migration behavior. While individual cell migration under flow was
assessed in this study, cancer cells in vivo will often be clumped together and collectively
migrate while maintaining cell-cell junctions [36].

In conclusion, in our study comparing the migration of two human breast cancer cell
lines, MDA-MB-468 (less metastatic) and MDA-MB-231 (more metastatic), and a benign
epithelial cell line, MCF-10A, under fluid flow-induced shear, it was observed that both fluid
shear stress environment and intrinsic metastatic potential of breast cancer cells affect their
migration behavior. Shear stress was a potent migration trigger for MDA-MB-231 cells causing
increased directional migration along the flow direction with increased displacement and speed
and decreased arrest. In contrast, MCF-10A had low migratory potential, and MDA-MB-468
cells were unresponsive to shear and had significantly less migration than MDA-MB-231 cells.
The data may suggest that difference in metastatic potential may be at least partially correlated
with difference in cellular sensitivity to mechanical loading milieus such as fluid shear. Further
revealing the mechanotransduction cascades involved in different migration would contribute to

future cancer treatments.
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Fig. 1. Tracking of benign MCF-10A epithelial cells reveals random cell migration with less
strong shear stress response. (a) Individual cells were tracked and plotted with track initiation
shifted to the plot origin. Each color represents a distinct cell migration path. A slight bias of cell

migrating along the flow direction is seen in (b) the vector plot and (c) the angle histogram.

Fig. 2. Fluid shear triggers MDA-MB-231 cell migration in the flow direction but does not
affect MDA-MB-468 cell. (a) Under static condition, no directional preference was found for
either MDA-MB-231 or MDA-MB-468 cell lines. Directional migration for sheared MDA-MB-
231 cells is seen in (b) which has migration tracks replaced by the resultant vector and (c¢) an
angle histogram. (d) Diagram illustrating definition of migration with and against flow direction.
(e) The percent of cells moving with and against the flow direction. (f) Time migrating with and
against the flow direction. #: comparison with MCF-10A static. *: comparison with MDA-MB-
468 static. Other comparisons did not reach statistical significance. Single and triple symbols

represent p < 0.05 and p < 0.001 respectively.

Fig. 3. Migration displacement and persistence, potential measures of breast cancer cell
invasiveness, increase under shear but only for MDA-MB-231 cells. (a) Sheared MDA-MB-
231 cells migrated significantly farther than MDA-MB-468 and MCF-10A cells. Interestingly,
this was not likely due to an increased path efficiency (b) because there was little difference in
confinement ratio. (c) MDA-MB-231 cells had greater persistence in migration (or lower arrest)
in both static and sheared conditions compared with MDA-MB-468 and MCF-10A cells.
Application of shear further decreased the arrest coefficient of MDA-MB-231 cells causing more
persistent migration. #: comparison with MCF-10A static. y: comparison with MCF-10A FF15.
*: comparison with MDA-MB-468 static. {: comparison with MDA-MB-468 FF15. Other
comparisons did not reach statistical significance. Single, double, and triple symbols represent p

<0.05,p <0.01, and p < 0.001 respectively.

Fig. 4. Breast cancer cell migration speed is dependent on metastatic potential, shear
stimulation, and time after shear. (a) MCF-10A exhibited low response to flow stimulation
with only an increase in cell speed at shear onset. (b,c) The MDA-MB-231 line may exhibit

characteristics related to increased metastasis by migrating significantly faster than MDA-MB-
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468. The greatest speed of the MDA-MB-231 line was seen at shear onset with the speed
decreasing until reaching a rather constant value after about 30 min. #: comparison with MCF-
10A static. *: comparison with MDA-MB-468 static. i: comparison with MDA-MB-468 FF15.
+: comparison with MDA-MB-231 static. Other comparisons did not reach statistical
significance. Single, double, and triple symbols represent p < 0.05, p <0.01, and p < 0.001

respectively.

Fig. 5. Intrinsic metastatic potential and extracellular fluid shear may combine to increase
breast cancer cell migration. RMS displacement is a measure of cell migration in a collective
sense that ensemble-averages and thus summarizes overall migration trends. The MCF-10A cells
had the lowest RMS displacement in both static and sheared conditions, reflecting the low
migration capabilities of the benign cells. The MDA-MB-468 line was unaffected by fluid shear
stimulation with almost indistinguishable differences in the static and sheared cases. The MDA-
MB-231 line under static condition had higher RMS displacement compared with MDA-MB-468
line under static and flow conditions. Shear stimulation significantly activated MDA-MB-231

cell migration resulting in highest RMS displacement.
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The Role of Fluid Shear and Metastatic Potential in
Breast Cancer Cell Migration

Brandon D. Riehl, Eunju Kim, Jeong Soon Lee, Bin Duan, Ruiguo Yang, Henry J. Donahue,
Jung Yul Lim

SUPPLEMENTARY INFORMATION

Flow controller Pump
Pulse dampeners

L

TF|OW

* Flow chamber —>

/ Slide with cells
2 BN
/’ Microscope |

Shear Media in water bath

Fig. S1. Schematic of the fluid flow device. Figure is reprinted from our previous publication [14] with
permission from the Royal Society.
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Image processing

Table S1. Image processing stack in Time Lapse Analyzer (TLA).

Image processing stack
Sobelfilter Edges (0.04,both)
Dilation (15)

Fill in holes (1000)

Erosion (12)

Opening (12)

Delete small regions (600)

Statistics

Data transforms (Table S2) were applied to correct for data that were not normally distributed to

meet ANOVA assumptions.

Table S2. Data transforms applied to cell migration parameters.

Measurement Transformation
Percent of cells migrating with/against flow direction None
Percent of time migrating with/against flow direction None
Speed Logio
Displacement Logio
Confinement ratio None
Arrest coefficient None
Area Logio
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Fig. S2. Trends in migration direction up to 60 min. Halfway through the experiment (t = 60 min), the
sheared MDA-MB-231 cell line had the greatest recruitment in the flow direction (a) but also spent the
most time migrating against the flow (b). (c) All cells spent similar amounts of time migrating with the
flow. *: comparison with MDA-MB-468 static. +: comparison with MDA-MB-231 static. Single and
double symbols represent p < 0.05 and p < 0.01, respectively.

E

d"0g 1 L-81-010/61.20€59/9L0L 70 L/S L L L'0L/10p/spd-ajoiuie/ediueyoaiuolq/Bio awse uonos|joojenbipawse//:sdpy wouy p

UBY0) BSEI P!

£Z U0 Jesn g7 ujoour - exyselqeN Jo Ansiealun Aq Ndiuboy30neNgdsBomsmosesDAaGoNMIxA.LZ.MEAIADOWP Lo[QUAIZ TUAZINNZIZOATOY: VY YV VaIZBnIOg6u-



=d from https://asmedigitalcollection.asme.org/biomechanical/article-pdf/doi/10.1115/1.4047076/6530219/bio-18-1130.pdf?casa_token=-n930lugZIEAAAAA:ROLV62ir2NKt2VnLZjvnbjc7dmoQYjb9tw7Z7DxEKuo5DGSa5QwSw6gSpbNeQojEKcgniPU by University of Nebraska - Lincoln Lib user on 23

100 120

80

)

]
I

MDA-MB-468 static
() MDA-MB-468 FF15

O MDA-MB-231 static
Y/ MDA-MB-231 FF15

40 60
Time (min

20

(uiwywn) paads

Fig. S3. Average cell speed with error bars. The speed vs. time plot from Fig. 4b is shown here with

error bars.



The mean square displacement (MSD) serves a similar purpose as does the RMS displacement in
that it is a measure of the group migration behavior. The difference in MSD is that both time
averaging and ensemble averaging are considered [14]:

11
MSD(AL) = =B, Nt [ (At + to) — x(t0)]?

where At is the time step or delay time, N is the number of cells averaged together, Ny, is the
number of time steps averaged together, and x: is the cell position vector for the i-th cell. The
difference x; (At + t,) — x;(t,) is the displacement with time step of At starting at t,. For each
time step, cellular displacements are averaged together for each possible starting time, t,. For
example, for a time step of 1 min, the displacement x;(2) — x;(1) is averaged together with
x;(3) — x;(2), and x;(4) — x;(3) continuing until all possible starting times, t,, have been used.
This mean is then averaged across all cells in the group to obtain the final MSD. The MSD is
then plotted against the time step, At (Fig. S4).
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Fig. S4. Mean squared displacement (MSD) plot. The MSD is an ensemble- and time-averaged
quantification of group migration. The vastly higher shear-induced migration capabilities of the MDA -
MB-231 cells are clearly displayed in this plot.
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Fig. S5. Average cell spreading area. Cell area at flow onset (a) and at the end of flow (b) did not have
significant differences for two breast cancer cell lines. The benign MCF-10A static condition had the
largest cell area which remained unchanged during the experiment. #: significance with MCF-10A static
case with single, double, and triple symbols corresponding to p < 0.05, 0.01, and 0.001, respectively.
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