City University of New York (CUNY)
CUNY Academic Works

Publications and Research City College of New York

2011

Fluid Shear Stress Regulates the Invasive Potential of Glioma
Cells via Modulation of Migratory Activity and Matrix
Metalloproteinase Expression

Henry Qazi
CUNY City College

Zhong-Dong Shi
CUNY City College

John M. Tarbell
CUNY City College

How does access to this work benefit you? Let us know!

More information about this work at: https://academicworks.cuny.edu/cc_pubs/22

Discover additional works at: https://academicworks.cuny.edu

This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu


















cases (Fig. 24). Following the flow period, the cell distribution of
control suspensions compacted by ten minutes of flow, were
similar to gels exposed to four hours of varied shear stress (Fig. 25).

Darcy permeability and three-dimensional shear stress
The flow rates, flow velocities, Darcy permeabilities, and shear
stresses for varied hydrostatic pressure drops have been reported
(Table 1). For comparison, one study reported a Darcy permeability
of 3.06 107'® m? with a collagen concentration of 45 mg/ml for
glioma interstitum [17]. During the initial stages of a developing
tumor, Chary and Jain reported fluid flow velocities of up to
2.00 mm/sec [36]. Other studies measured fluid flow within brain
tumors and reported velocities of 0.17 to 1.39 mm/sec [9,10,37].
According to equation (2), the reported permeability and flow
velocities suggest fluid shear stresses of up to 0.97 dynes/cm? for
developing tumors and a shear stress range of 0.09 to 0.68 dynes/
em?” for brain tumors. The experimental shear stress levels were in
the range of these physiological values. It should be noted that the
permeability of gels exposed to 1 emH,O differential pressure drop
was higher, probably as a result of recoiling of the elastic collagen gels
during the flow period. However, all gels were compacted before the
flow period and were the same thickness implying a similar density/
permeability and sustained compaction during the migration period.
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Migratory activity suppressed by three-dimensional shear
stress

In the 3D model, the migratory activity of U87 and CNS-1 cell
lines was increasingly suppressed as the time of exposure to shear
stress (Supplementary Fig. S3) or the level of shear stress was
increased (Fig. 3) whereas U251 migration was not affected by
shear. Shear stress suppressed U87 and CNS-1 migratory activity
by up to 92% and 58%, respectively when compared to
normalized controls (p<<0.005). The MMP inhibitor suppressed
72%, 86%, and 35% of the U87, CNS-1, and U251 migratory
activity, respectively, when compared to normalized controls
(»p<<0.005), suggesting that baseline invasion was mediated by
MMPs. Additionally, there was no significant difference between
the suppression in migratory activity of U87 and CNS-1 cells
brought on by the inhibitor and that caused by applied flow
through the suspensions (p>0.05). The baseline migration rates for
all cell lines without exposure to shear stress were similar ($>0.05;
Supplementary Fig. S4). On the other hand, after exposure to
shear stress, the U87 cell line migration rates were the lowest
among the cell lines, and the CNS-1 cell line migration rates were
lower than those of the U251 cell line but remained more invasive
than the U87 cell line, while the U251 cell line remained invasive

# p<0.015) (Fig. 3D).

Figure 3. Migration response of U87, CNS-1, and U251 glioma cells after exposure to fluid shear stress. All results were normalized to
non-sheared controls (1.0). The migration responses for glioma cells exposed to shear stress or the broad spectrum MMP inhibitor are presented.
Exposure to four hours of 0-0.55 dynes/cm? shear stress elicited a heterogeneous response in the cell lines. (A) In response to increasing flow the
migration of the U87 cell line was suppressed the most; (B) migration of the CNS-1 cell line was suppressed in a similar pattern but to a lesser extent
than the U87 cell line; (C) and the U251 cell line was the least responsive to shear. The suppression of migratory activity in response to the MMP
inhibitor was not significantly different from the suppression of migration by shear stress for any cell type ({ p>0.05). (D) After exposure to 0.55
dynes/cm2 shear stress the U87 cell line was minimally invasive, the CNS-1 cell line was more invasive than the U87 cell line, and the U251 cell line was
the most invasive (raw migration rates for the three cell lines are presented). Data presented as mean=*SEM. Note: * p<<0.05; # p<<0.015; ** p<<0.005.

doi:10.1371/journal.pone.0020348.g003
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Confirmation of TGF-o. mediated chemotaxis

Cell migration rates without the aid of TGF-o vyielded
diminished responses for the U87, CNS-1, and U251 cell lines
after exposure to flow (Fig. 44). It has been previously shown that
flow-induced chemokine gradients can lead to increased cell
migration [28]. In this study, however, there was no evidence of
enhanced invasion by flow-induced chemokine gradients for any of
the cell lines when compared to normalized controls. Though
diminished, a 32% suppression of motility was still evident in the
U87 cells exposed to 0.55 dynes/cm” shear stress without
migration to TGF-a, and though unexpected, there was a 21%
suppression in migration of the U251 cells (p<<0.05). There was no
change in the CNS-1 migration rates. Furthermore, TGF-o
effectively enhanced the U87, CNS-1, and U251 migratory
activity by 89%, 566%, and 101% respectively when compared
to normalized controls (p<<0.005) (Fig. 4B-D).

Cell viability and apoptosis in 3D suspensions

Exposure to four hours of 0.55 dynes/cm? shear stress did not
appear to induce cell apoptosis or necrosis in the U87 cell line
(Fig. 54-B). Calcein AM staining indicated that most of the cells
remained viable, morphologically normal, and well spread within
both control and flow (sheared) suspensions (Fig. 5CG-D). Similar
results were observed with the CNS-1 cell line (Supplementary Fig.
S5). The cells that were apoptotic or necrotic deviated from their
normal spindle-like appearance to a more contractile morphology.
It should be noted that a contractile morphology itself does not
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imply suppressed migration [38]. A majority of the apoptotic and
necrotic cells were observed towards the top of the gel (gel/air
interface).

Downregulation of active and total MMPs

The suppression of U87 migratory activity correlated with
downregulation of active MMP-1 production (Fig. 64). Sheared
U87 cells (0.55 dynes/cm?) exhibited a 68% decrease in active
MMP-1 levels when compared to non-sheared cells (p<<0.005). No
significant changes in active MMP-1 levels were observed for the
CNS-1 cell line and no significant changes were observed in active
MMP-2 levels for the U87 shear cases; however, CNS-1 cells
exhibited a 45% decrease in MMP-2 activity (p<<0.015) (Fig. 6B).
The suppression of CNS-1 migratory activity correlated with
downregulation of active MMP-2 synthesis. U251 cells exhibited a
15% decrease in MMP-1 activity (p<0.05) and no significant
change in active MMP-2 levels. Sheared U87 cells exhibited a
23% decrease in total MMP-1 and a 60% decrease in total MMP-
2; sheared CNS-1 cells exhibited a 40% decrease in total MMP-2
levels and no change in total MMP-1; total MMP-1 and MMP-2
levels for U251 cells were not affected by shear (Fig. 6C-D).

Verification of MMP-1 and MMP-2 dependent invasion
MMP-1 gene expression was downregulated by 33% (p<<0.05)
in U87 cells exposed to 0.55 dynes/cm? shear stress (Fig. 74-B);
correlating with the downregulation of total MMP-1 levels. The
305 MMP-1 shRNA, which silenced MMP-1 expression by 65%
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Figure 4. Cell invasion without chemoattractant yielded diminished response of U87, CNS-1, and U251 cells after exposure to flow.
All results were normalized to their respective controls (1.0). (A) Contrary to expectations of enhanced migration by flow-induced chemokine
gradients, suppression of migration persisted in the U87 cell line and small but significant suppression was also observed in the U251 cells. Cells were
exposed to a pressure drop of 7 cm H,0, 0.55 dynes/cm2 shear stress, and invasion assays were conducted without a chemoattractant. (B-D) TGF-o
effectively directionalized migration of the glioma cell lines; suggests that it was necessary for the quantification of motility and invasive potentials of
all the cell lines. Data presented as mean=SEM. Note: * p<<0.05; ** p<<0.005.

doi:10.1371/journal.pone.0020348.g004
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Figure 5. Exposure to shearing forces did not induce cell apoptosis or necrosis. At the end of the migration period, both non-sheared cells
(in control gels; A, €) and cells in gels exposed to 0.55 dynes/cm2 shear stress (B, D) were stained either by the Vybrant Apoptosis Assay Kit no. 2 or
by Calcein AM. (A, B) There was no evidence of apoptosis being induced in the U87 cells as a result of exposure to the higher levels of shearing forces
in this experiment; apoptotic cells were stained with Alexa Fluor 488 annexin V (green) and necrotic cells were stained with propidium iodide (red).
(C, D) Calcein AM (green) staining indicates that a majority of the cells remained viable and cell morphology was normal in both gels containing non-
sheared U87 cells and cells exposed to 0.55 dynes/cm? shear stress for four hours.

doi:10.1371/journal.pone.0020348.g005

(»<<0.05) (Fig. 7C-D), diminished the U87 migration by 53%
(»p<<0.005) when compared to cells transfected by the MMX
control vector (Fig. 7E). The MMP Inhibitor I was also able to
diminish U87 migratory activity by 45% when compared to
normalized controls ($<<0.005), but was not as potent as the 305
MMP-1 shRNA. Downregulation of MMP-1 expression by
shRNA gene silencing was validated by collagen zymography
(Fig. 7F). In the CNS-1 cells, MMP-2 gene expression was
downregulated by 40% (p<<0.005) after exposure to 0.55 dynes/
cm? shear stress (Fig. 84-B); correlating with the downregulation
of total MMP-2 levels. The MMP-2 shRNA silenced CNS-1
MMP-2 expression by 41% (p<<0.05) (Fig. 8(~D), and diminished
the CNS-1 migration by 53% (p<<0.005) when compared to cells
transfected by the control vector (Fig. 8E). The MMP-2 Inhibitor I
was more potent than the sShRNA and was able to inhibit CNS-1
migratory activity by 89% when compared to normalized controls
(»<<0.005). Downregulation of MMP-2 expression by shRNA gene
silencing was validated by gelatin zymography (Fig. 8F).

Discussion

The Darcy Flow experiments necessitated pre-compaction of
gels to eliminate cell distribution and gel density differences
between the control and sheared cases. The suspensions that
were exposed to flow were compacted and this altered the cell
distribution such that the flow cases had more cells near the filter
than non-compacted controls (Fig. 24). Compacted gels also
represent denser ECM that would provide greater resistance to
cell migration [39]. A similar phenomenon of compaction by
normal stress is observed during the progression of solid tumors
when the tumor periphery is exposed to solid stress [40,41]. The
mechanics of confined compaction that were present in this
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system have been examined by Girton et al [42]. To have valid
experimental controls it was necessary for the cell distribution
and collagen densities in both the flow cases and control cases to
be similar. Based on preliminary experiments it was established
that a short application (10 minutes) of flow to compact the
control cases to the same level as the flow cases would be ideal.
Such cases were designated as compacted controls and were
utilized as the experimental controls throughout the study. The
cell distribution and gel density of the pre-compacted controls
did not differ from those of the gels exposed to flow and ensured
the same baseline cell distribution before the migration period
(Fig. 2B). The methodology of compacting gels is unique to this
study; other studies have not characterized cell distribution and
compaction of cell suspensions before conducting invasion
assays.

The Darcy permeability of the gels was an order of magnitude
higher than reported i vivo, primarily due to the density of the
ECM utilized in this study being lower than that of native tumors.
However, the flow velocities, although of the same order of
magnitude as ¢ vivo, were higher, resulting in shear stress levels
applied to the cells within the physiologic range of brain tumors
(Table 1). The heterogeneous response to shear stress was
pronounced in the flow-modulated motility of the glioma cell
lines. Both U87 and CNS-1 cells exhibited time dependent
(Supplementary Fig. S3) and shear stress level dependent (Fig. 34—
B) suppression in migration stimulated by shear stress. After
exposure to a physiologically high level of interstitial fluid shear
stress (0.55 dynes/cm?), the migratory activity of the U87 cells was
essentially eliminated. CNS-1 cell line motility was suppressed as
in the U87 cells but to a lesser extent, while the same shear stress
levels appeared to have little effect on the migratory activity of the
U251 cell line (Fig. 3C).
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