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1 | INTRODUCTION

Abstract

Breast cancer cells experience a range of shear stresses in the tumor microenvironment
(TME). However most current in vitro three-dimensional (3D) models fail to system-
atically probe the effects of this biophysical stimuli on cancer cell metastasis,
proliferation, and chemoresistance. To investigate the roles of shear stress within the
mammary and lung pleural effusion TME, a bioreactor capable of applying shear stress to
cells within a 3D extracellular matrix was designed and characterized. Breast cancer cells
were encapsulated within an interpenetrating network hydrogel and subjected to shear
stress of 5.4 dynes cm™2 for 72 hr. Finite element modeling assessed shear stress profiles
within the bioreactor. Cells exposed to shear stress had significantly higher cellular area
and significantly lower circularity, indicating a motile phenotype. Stimulated cells were
more proliferative than static controls and showed higher rates of chemoresistance to
the anti-neoplastic drug paclitaxel. Fluid shear stress-induced significant upregulation of
the PLAU gene and elevated urokinase activity was confirmed through zymography and
activity assay. Overall, these results indicate that pulsatile shear stress promotes breast
cancer cell proliferation, invasive potential, chemoresistance, and PLAU signaling.

KEYWORDS
3D bioreactor, breast cancer, interpenetrating hydrogel, mechanotransduction, PLAU,
shear stress

Polacheck, German, Mammoto, Ingber, & Kamm, 2014; Rijal & Li,
2016; Rizvi et al., 2015; Shieh, Rozansky, Hinz, & Swartz, 2011; Sung

In 2018, breast cancer was the second leading cause of cancer-
related death in females accounting for 30% of all new cancer
diagnosis (Siegel, Miller, & Jemal, 2018). The progression of the
disease is heavily dependent on the mammary tumor microenviron-
ment (TME) which is comprised of a variety of dynamic stimuli,
including shear, compression, tension and the surrounding three
dimensional (3D) extracellular matrix (ECM) stiffness (Butcher,
Alliston, & Weaver, 2009; DuFort, Paszek, & Weaver, 2011). To
discover effective therapeutics, numerous in vitro models have been
developed to isolate and explore the role of dynamic 3D stimuli
within the TME (Bersini et al., 2014; Hyler et al., 2018; Li et al., 2011;

et al.,, 2013; Weigelt, Ghajar, & Bissell, 2014).

Breast cancer cells have been shown to alter their expression and
behavior contingent on specialized cues originating from the
surrounding microenvironment. For instance, it has been demon-
strated that breast cancer cells show increased invasiveness when
cultured in 3D versus 2D substrates (Sung et al., 2013; Weigelt et al.,
2014) and promote motility, adhesion, and metastasis under shear
stress (Avraham-Chakim et al., 2013; Avvisato et al., 2007; Mitchell &
King, 2013a; 2013b; Swartz & Lund, 2012; Xiong et al., 2017). Cancer
cells within primary tumors, pleural effusions, secondary metastasis,

and the TME experience a wide range of shear stresses. Within the
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primary tumor, interstitial fluid shear stress may be as low as
0.1 dynes cm™2, but cancer cells exposed to vascular blood flow can
experience fluid shear stress up to 30 dynes cm™2 (Barnes, Nauseef,
& Henry, 2012; Harrell, Iritani, & Ruddell, 2007; Mitchell & King,
2013b; Shieh & Swartz, 2011; Weinbaum, Cowin, & Zeng, 1994).
Interstitial velocity flow has been shown to stimulate rheotaxis
within breast cancer cells, showing positive migration towards
areas of elevated shear stress (Munson & Shieh, 2014; Polacheck,
Charest, & Kamm, 2011; Polacheck et al., 2014). Breast cancer
rheotaxis might be one mechanism guiding malignant tumor cells to
distant metastatic sites. Fifty percent of all breast cancer patients
present pleural effusions (Patil et al., 2015). Once advanced
malignancies progress to pleural spaces, the cancer cells experience
fluid shear stress ranging from 4.7 dynes cm™2 to 18.4 dynes cm™,
with maximum shear values reaching an excess of 60 dynes cm™2
(Waters, Glucksberg, Depaola, Chang, & Grotberg, 1996). Further-
more, changes in the extracellular fiber architecture, differences in
ECM alignment, and expansion of the tumor itself alters the velocity
and path of the fluid flow across the stimulated cells (Pedersen,
Lichter, & Swartz, 2010). A rapidly changing TME both modulates and
increases interstitial fluid flow over time within a diseased micro-
environment. The continuous and elevated levels of shear stress
present in the breast and malignant TME accentuates the importance
of investigating the effects of shear forces within cancer progression
(Pedersen, Boschetti, & Swartz, 2007; Pedersen et al., 2010; Shieh &
Swartz, 2011).

Within the metastatic cascade of cancer, the urokinase plasmino-
gen activator (uPA) system has been explicitly identified as an
assistive mechanism (Mahmood, Mihalcioiu, & Rabbani, 2018). The
uPA system aids in the degradation of surrounding ECM constructs
allowing for enhanced cell migration and invasion. uPA is coded for
by the Plasminogen Activator Urokinase (PLAU) gene and activates
plasminogen via conversion to plasmin (Mahmood et al., 2018).
Association between shear stress stimulus and the uPA system
modulation has been shown for proximal tubular cells (Essig &
Friedlander, 2003), endothelial cells (Diamond, Eskin, & Mcintire,
1989; Dolan, Sim, Meng, & Kolega, 2012; Sokabe et al., 2004),
and smooth muscle cells (Papadaki et al., 1998); although PLAU
upregulation has been linked to metastatic cancers as a possible
biomarker (Bredemeier et al., 2017; Sepiashvili et al., 2012; Tang &
Han, 2013), it has yet to be directly tied to mechano-stimulus
in cancer.

Several studies have investigated the effects of shear stress on
various cancer types. Previously reported responses of cancer cells
exposed to shear stress include increased chemoresistance, stem cell
markers, viability, and changes in adhesion capability (Barnes et al.,
2012; Ip et al, 2016; Zhao et al, 2014). Within breast cancer
specifically, shear stress has been shown to modulate stemness
(Triantafillu, Park, Klaassen, Raddatz, & Kim, 2017), survival (Regmi,
Fu, & Luo, 2017), metastasis (Regmi et al., 2017), adhesion (Xiong
et al, 2017; Zhao et al., 2014), pH regulation (Kawai, Kaidoh,
Yokoyama, & Ohhashi, 2013), and motility (Yang et al., 2016) though

the majority of these studies fail to account for the native 3D
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microenvironment which significantly impacts cellular responses
(Loessner et al., 2010; Weigelt et al., 2014). To more accurately
probe the effects of shear stress on breast cancer, in vitro 3D models
with shear stress stimulation are needed.

Here, we developed a bioreactor that stimulates breast cancer
cells embedded in a 3D hydrogel matrix to pulsatile fluid flow
allowing for tunable shear stress stimulation (Rotenberg, Ruvinov,
Armoza, & Cohen, 2012). We utilized this 3D bioreactor to
investigate the effects of shear stress on MDA-MB-231, MDA-MB-
468, and MCF7 breast adenocarcinoma cells in a 3D pleural
effusion TME. Through this 3D bioreactor, we identified consistent
trends in shape factor alterations, proliferative tendencies,
mechanotransduction, and chemoresistance in breast cancer cells
exposed to shear stress. These findings suggest that breast cancer
cells utilize the PLAU pathway for mechanotransduction of shear
stress stimulus. The bioreactor is easily modifiable for a range
of shear stresses, as well as, a variety of cancer cell types, making
it a feasible platform for further investigation of shear stress in a

variety of cancers.

2 | MATERIALS AND METHODS

21 |

2.1.1 | Cell culture, hydrogel polymerization, drugs,
inhibitors, and assays

Materials and suppliers

The following reagents required for cell culture were purchased from
Gibco (Cleveland, TN): Dulbecco’s Modified Eagle’s medium (DMEM)
growth medium (31-053-028), RPMI growth medium (11875119),
antibiotic/antimycotic (15240062), 0.25% trypsin-EDTA (25-200-
056), and L-Glutamine (25030081). Human breast adenocarcinoma
MCF7 cell line (HTB-22), human breast adenocarcinoma MDA-MB-
231 (HTB-26), and human breast adenocarcinoma MDA-MB-468 cell
line (HTB-132), were purchased from American Type Culture
Collection (ATCC, Manassas, VA). Agarose was obtained from Boston
Bioproducts Inc. (P73050G, Ashland, MA). Paclitaxel (T7402) was
purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA)
and type | rat collagen (3443-100-01) was purchased from R&D
Systems (Minneapolis, MN).

2.1.2 | Immunohistochemistry

The following reagents needed for immunocytochemistry were
purchased from Invitrogen (Carlsbad, CA): formalin, Goat serum,
Triton-X, bovine serum albumin), phosphate-buffered saline, ProLong
Gold Antifade Mountant. The anti-Ki-67 antibody (PA5-16785), anti-
Caspase-3 antibody (700182), and citrate buffer were purchased
from Thermo Fisher Scientific (BDB558615, Pittsburgh, PA). Vectas-
tain elite ABC-HRP kit, DAB, Hematoxylin, and Bloxall solution were

purchased from Vector laboratories (Burlingame, CA).
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2.1.3 | 3D shear bioreactor components

The following materials and equipments were purchased for 3D
shear bioreactor fabrication: polydimethylsiloxane (PDMS) elastomer
and curing agent (Sylgard 184, Dow Corning, Midland, MI),
polyethylene plugs (PEP; PE16030, SPC Technologies Ltd., Norfolk,
UK), poly(methyl methacrylate; PMMA) (11510102, Astra Products,
Copiague, NY), tubing (PharMed BPT, Saint Gobain, Akron, OH), and
peristaltic pump (FH100, Thermo Fisher Scientific). The main
bioreactor body was constructed from a 14 x 14 x 2 cm acrylic block
purchased and machined in the machine shop at the University of
Michigan Physics department. The endplates were constructed from

6 x 6 x% inch aluminum plates and machined in house.

2.2 | Cell culture

Cells were cultured in 15 cm tissue culture-treated polystyrene plates
using RPMI 1640 growth medium (MCF7 and MDA-MB-231) or DMEM
growth medium (MDA-MB-468) supplemented with 10% FBS and 1x
antibiotic/antimycotic until 80% confluency was reached. Cells were
maintained routinely in tissue culture until they were ready to be

harvested for use in the 3D bioreactor or 3D control gels.

2.3 | Construction and characterization
of hydrogels

The interpenetrating network (IPN) hydrogel comprised of two
components: agarose (3% w/v), and type | rat collagen (500 pg ml™2,
Fisher). Hydrogels were supplemented with 10% FBS. Cells were
seeded within the liquid collagen/agarose solution at a density of
10 million/ml, before transfer to the bioreactor or control plate.
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Methods for hydrogel characterization included scanning elec-
tron microscopy (SEM, Philips XL 30, SEMTech Solutions, MA),
oscillatory rheometry (ARES, TA Instruments, New Castle, DE),
and mercury porosimetry (Micromeritics Mercury Porosimeter
Autopore V).

SEM characterization was performed for structural analysis of
the network. Gels were first flash-frozen using liquid nitrogen then
lyophilized (FreeZone 4.5 plus, Labconco, Kansas City, MO) for at
least 24 hr before imaging with SEM.

Oscillatory rheometry was used to investigate the shear moduli
of the IPN hydrogel. Tests were performed using 25 mm parallel
plate geometry. Frequency sweeps were performed at 0.5% strain
with a frequency ranging from 100rads™* to 0.1rad s™%. The strain
value for these tests was determined from strain sweeps performed
at 0.3 Hz. The complex shear moduli, G*, was calculated from the
resulting storage modulus, G’, and loss modulus, G”".

Mercury porosimetry (MicroActive AutoPore V9600 Version
1.02) was utilized for pore structure and permeability analysis of the
IPN hydrogel. Both 3 and 5 cubic centimeter stem volumes were

utilized at a mercury temperature of 18.93°C.
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3D shear stress bioreactor
Description

The 3D shear bioreactor was composed of a cell culture medium
reservoir made from a modified IV bag that was fed through a
peristaltic pump leading to the inlet of the bioreactor. The outlet of
the bioreactor was connected back to the medium reservoir creating
a continuous loop within the system. The layout of the 3D shear
bioreactor flow circuit is depicted in Figure 1a. The bioreactor was
machined from an acrylic block and consisted of eight hydrogel

|. Open Face View (C)

FIGURE 1 Schematic of the 3D shear stress bioreactor. (a) The layout of the shear bioreactor. The cell culture medium is contained in IV bag,
pumped via a peristaltic pump into the bottom of the reactor, and recirculated into the cell culture medium reservoir, as indicated by the
directional arrows in the schematic. (b) Photo of the disassembled (I) and assembled (I1) bioreactor. (I) Flow plate showing radial flow chambers
connecting the inlet of media flow to the cell-laden hydrogel stacks. (II) Constructed bioreactor, composed of flow plate with PDMS seals and
steal endplates bolted together. (c) Schematic of interpenetrating (IPN) hydrogel stack composition and dimensions. Each stack was connected
via a radial flow channel to both the inlet and outlet chamber. Hydrogel stack consisted of PE plug, PMMA fluid distribution net, PE plug
sandwich surrounding cell-laden hydrogel to both hold the hydrogel in place and evenly distribute fluid flow. 3D, three-dimensional; PDMS,
polydimethylsiloxane; PE, polyethylene; PMMA, poly(methyl methacrylate) [Color figure can be viewed at wileyonlinelibrary.com]
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stacks positioned radially from an inlet flow chamber. The flow
chambers were sealed with PDMS gaskets and held in place by two
compressed aluminum plates. Images of the disassembled and
assembled 3D bioreactor are shown in Figure 1b. Continuous and
pulsatile cell culture medium flow was provided by a peristaltic pump
at a volumetric flow rate of 2.28 + 0.035 ml s™2. Cell culture medium
was pumped through the inlet flow chamber, eight hydrogel stacks,
then back out the collective exit. The hydrogel stacks were composed
of 3D cell-laden agarose-collagen IPN gels (2mm tall, 11.61 mm
diameter) in a cylindrical column bordered by 3 mm thick PEP,
0.2mm thick polymethyl methacrylate fluid distribution nets
(PMMA-FDN), and the second set of 3 mm PEP all with a diameter
of 12 mm. The smaller diameter gel allowed for a protective notch in
the wall of the bioreactor, eliminating gel compression during plug
insertion. The stack is depicted in Figure 1c. Shear stresses were
modeled using COMSOL Multiphysics 5.3. A detailed description of

the computational model is provided in Section 2.4.3.

2.4.2 | Preparation, assembly, and use

Before use, the bioreactor was washed and sterilized with a 24 hr
ethylene oxide treatment at 54.4°C. All other components were
sterilized by autoclaving, exposure to 70% ethanol, and 30 min UV
treatment. The first half of the stack (PEP, PMMA FDN, PEP) was put
in place, followed by the cell-laden hydrogel. The cells were
concentrated and spun down to 10 million cells before suspension
into the hydrogel. The cells and IPN hydrogel solution was
polymerized within the bioreactor and conformed to the shape of
the chamber (3 min, 25°C). After polymerization, the remaining
portions of the stack (PEP, PMMA-FDN, PEP) were inserted on top of
the hydrogel (Figure 1c). This was followed by placing 5 mm stainless
steel rods within the flow chambers to control the velocity profile.
PDMS gaskets (7 mm thick) were used to seal the bioreactor flow
chambers and were compressed using bolted aluminum endplates.
The inlet and outlet flow chambers were then attached to tubing,
connecting the cell culture medium reservoir and pump to the
bioreactor (Figure 1a). The bioreactor and cell culture medium
reservoir were placed into the incubator (37°C, 5% CO,) and the
pump was started at a flow rate of 1.11cm®s™? before gradually
increasing to 2.276 cm®s™ . Fluid flow was provided in a direction
running vertically from the bottom to the top of each hydrogel stack.

Experiments were performed for 72 hr of continuous applied
shear stress. Unstimulated control 3D gels, encapsulating cells were
constructed to mimic the stimulated environment as completely as
possible to ensure observed phenotypic changes were only attrib-
uted to shear stress stimulation within the bioreactor. The control
gels were housed in 15 cm plates, submerged in 20 ml of cell culture
medium and kept within equivalent incubation conditions for 72 hr
(37°C, 5% CO,). For drug experiments, paclitaxel was dissolved in the
perfusate (25 uM) before the experimental start. Paclitaxel dosage of
25uM was previously determined as an effective ICs5q in 3D cell
culture (Chen et al., 2013; Sarkar & Kumar, 2016). Each experimental
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condition was repeated a minimum of three times with up to eight
technical replicates.

2.4.3 | Computational analysis of shear stress

A numerical model was constructed of the 3D shear bioreactor using
COMSOL Multiphysics 5.3 to estimated forces experienced within
the hydrogel. Symmetry was used to simplify the model design. The
cellular medium flow throughout the flow chambers and hydrogel
stack were modeled utilizing Free and Porous Media Flow physics, as
found in COMSOL and displayed in Equations (1-4).

pU3+V)u3 = Ve[—p2] + u(Vu3+(Vu3))] + F (1)

pVeu3= 0 (2)

0= V-[—le + £ vus+ (vuay) — 24 (veu3)l
€p 3¢,

- (i + Belu3| + Qbr>u3+ F (3)
Kpr
pVeu3= Qp (4)

A second, sequential COMSOL model estimated the peak shear
stresses experienced by a given cell within the hydrogel via
laminar flow physics. The governing equations are shown below in
Equations (5) and (6).

PV = V-[—pl + u(Vu + (VU] + F (5)

oVu=0 (6)

Equations (1) and (2) describe the Navier-Stokes equations for
free-flowing medium and Equations (3) and (4) describe the Brinkman
equation for porous media flow. Equations (5) and (6) describe the
Navier-Stokes equation for freely moving fluid. The equation terms
are defined as: p density, u velocity field, p pressure, | identity matrix,
w1 dynamic viscosity, T temperature, F external forces (e.g. gravity), ¢,
porosity, Ky permeability, S¢ Forchheimer drag, and Qy, volumetric
flow rate.

Values for the respective material properties were determined
experimentally and included under Porous Matrix Properties. A
hydrostatic water column was used to determine porosity values of
PE and PMMA materials using Darcy’s law of permeability (Hwang
et al., 2010). Porosity was calculated from SEM images of the PE and
hydrogel and light microscope images of the PMMA FDN on ImageJ.
For accurate estimation of these values, measurements were
repeated six or more times each for permeability and a minimum
of three images were quantified for porosity estimations. The
permeability of the hydrogel was estimated via mercury porosimeter
studies. Material characteristic values are listed in Figure 2c.

Boundary layers were placed along all edges of the models to
capture accurate fluid interfaces within the 3D bioreactor. A mesh

analysis was performed to confirm the results were independent of
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Viscoelastic modulus
G* (Pascals)

0.01 0.1 1 10 100 1000
Frequency (rad/s)

()

Sample Porosity (%) Permeability (m?)
PE Plug 60.3+0.8 9.26*1012
PMMA Fluid

*40-11
Distribution Net 81.8+19 2.33110
IPN Hydrogel 77.6+1.8 7.35%1012

FIGURE 2 Material characterization of interpenetrating (IPN)
hydrogel stack components. (a) SEM images of collagen/agarose IPN
hydrogels in order of increasing magnification, where a reticulated
network of collagen fibers was observed within a global agarose
construct. (b) Graphical representation of a frequency sweep from
rheometric testing of collagen/agarose IPN hydrogels. Four trials
were utilized to determine the viscoelastic modulus of the IPN
hydrogel, averaging 10358 + 81.56 Pa. (c) Table of material
properties for each component of the hydrogel stack. Values were
determined by experimental measure through SEM analysis, ImageJ
quantification, hydrostatic water column flow rate, and mercury
porosimetry. SEM, scanning electron microscopy [Color figure can be
viewed at wileyonlinelibrary.com]

mesh size (Figure S1). Model results are depicted in Figure 3. The
primary model (Figure 3a-d) determines the average fluid velocity
through the hydrogel. This value was subsequently used as input for
the secondary model, simulating fluid flow around an idealized cell
(Figure 3e). The resultant viscous shear stress was then recorded
along the perimeter of the cell, where a maximum incident shear
stress value was determined (Figure 3f; Ip et al., 2016).

In addition, hypoxic conditions within the gels were investigated
within a COMSOL model. Neither the 3D control nor the 3D shear

stress IPN hydrogels demonstrated hypoxic conditions (Figure S2).
Further details on the hypoxic COMSOL modeling conditions can be
found in Supporting Information.

2.5 | Cell morphometry analysis

Slides were stained for Hematoxylin and Eosin (H&E) and imaged
under a light microscope at 40x magnification for morphometry and
shape factor analysis. These images were analyzed using ImageJ to
quantify cellular area and circularity. A minimum of three biological
replicates were analyzed each containing eight technical replicates. A
minimum of 160 cells were quantified for each condition.

2.6 | Immunohistochemistry analysis

Cell laden hydrogels, once removed from the 3D shear bioreactor or
control conditions were placed in 4% neutral buffered formalin, paraffin-
embedded, and sectioned (perpendicular to the flow direction) in
preparation for immunohistochemistry analysis. Briefly, slides were
deparaffinized and boiled in citrate buffer for 20 min. Bloxall was used to
quench endogenous peroxidase activity for 10 min before the application
of blocking serum for 20 min. The primary antibody solution was
incubated for 30 min followed by washing and secondary antibody
incubation for 30 min. After washing, the ABC reagent was applied
(30 min), slides were washed, and DAB was applied for approximately
1min while slides were viewed under a digital inverted EVOS
microscope to ensure adequate color contrast. Slides were then rinsed
and counterstained with hematoxylin. Images were taken on an inverted
Nikon E800 microscope and quantification of the resulting images
was performed in Image) (Image) winé4). Positive Ki67 or caspase 3
cells were counted and normalized to total cell counts within the image.
Caspase 3 results were then normalized to nondrug treated controls for
the respective cell line. A minimum of five images were taken per sample
with a minimum of three experimental replicates analyzed per condition.

Drug treated experimental results were normalized to control averages.

2.7 | Upregulation of gene expression in cells under
shear stress

Total RNA was extracted from gels using an RNeasy Mini Kit (Qiagen,
Valencia, CA). An additional buffer RPE wash step was amended to
the manufacturer’s protocol for enhanced purity. The RNA quality
and quantification were assessed using a NanoDrop 1000 spectro-
photometer (NanoDrop, Wilmington, DE). All samples used for
guantitative polymerase chain reaction (QPCR) analysis passed RNA
purity (260/280 and 260/230) with a ratio of 2.0 or better. Gene
expression analysis was performed in 96 well plates using quantita-
tive reverse transcription-PCR (qRT-PCR) on a 7900HT system; 96
well plates also included gPCR controls, a reverse transcription
control, and a human genomic DNA contamination control. Fold
change in gene expression between control and shear stress
stimulated cells was determined using the 2722¢% method (Livak &

Schmittgen, 2001). Gene expression analysis was performed on three
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FIGURE 3 Finite element analysis of the 3D shear bioreactor quantifies shear stress. (a) Open face bioreactor with a dotted line denoting
modeled section. (b) 3D COMSOL schematic of modeled section. IPN hydrogel highlighted in blue. (c) Flow velocity of the modeled section in ms™2.
Velocity ranges from O to 0.3 m s™* along the surface of y-z plane. (d) Flow velocity in x-z plane of midline cross-section of the hydrogel in mms™2. (e)
Secondary model of shear stress field experienced by a single cell within the IPN hydrogel. Average fluid velocity within the hydrogel, determined
from the primary model (3C) was applied over an idealized spherical cell and resulting shear stress on the surface was determined. (f) Resulting shear
stress around perimeter of cell within the flow field demonstrated in (). Shear stress experienced by the cell is reported as the maximum value of
5.41 dyne cm™2. 3D, three-dimensional; IPN, interpenetrating network [Color figure can be viewed at wileyonlinelibrary.com]

replicates within each cell type. Primer pairs utilized for gPCR PLAU
expression were as follows: forward 5-GGGAATGGTCACTTTTACC
GAG-3/, reverse 5-GGGCATGGTACGTTTGCTG-3.

2.8 | Urokinase activity assay and zymography

To quantify the level of urokinase-type plasminogen activator
(urokinase, uPA) produced in the shear stressed experiments, a
Chemicon uPA activity assay kit was performed on collected

phenol-free DMEM medium. All results were well within the
sensitivity range of the uPA activity assay kit (0.05-50 units
of uPA activity). In brief, the medium was collected from both
shear stress and control gel experiments passed through a
0.22 um PES sterilized filter, aliquoted, and stored in an -80°C
freezer; 160yl of sample was then added to a 96 well plate
and incubated for 2hr in combination with a pNA grouped
tripeptide chromogenic substrate (determination of incubation

period can be seen in Figure S3). Results were then quantified



NOVAK ET AL

= v

DIOENGINEERIN
using a microplate reader (BioTEK Synergy HT) at an absorbance
reading of 405 nm.

Urokinase activity was additionally evaluated through zymo-
graphy. Experimental media was concentrated 66.7-fold through
30 kDa centricon tubes (EMD Millipore, UFC703008) and was run
at 100V at room temperature. Zymography resolving gels were
fabricated from DI water (9.575 ml), acrylamide (N,N’-Methylene-
bisacrylamide, 29:1) solution (5.025 ml), Tris buffer (1.5M, pH 8.8,
5ml), 8% milk solution (1.74 ml), and plasminogen (118.4pg)
combined with SDS (10% w/v, 200 ul), ammonium persulfate
(10%, 200 ul), and TEMED (8 ul). Gels were then rinsed three
times in triton-100 rinsing buffer (2.5% Triton X-100, 50 mM Tris-
HCL pH 7.5, 0.05% NaN3) for 10 min each. They were then
incubated overnight in a renaturing buffer (0.1 M Glycine pH 8.0
adjusted with NaOH). Gels were rinsed in water three times for 5-
min intervals, dyed with Simply Blue safestain for 1 hr, and rinsed
in the water again. Destaining was then performed with methanol
(30%), acetic acid (10%), and H,O until band contrast was
acceptable. Gel imaging was performed on the ChemiDoc™ Touch
(BioRad, 732BR0111).

2.9 | Statistical analysis

All statistical analysis and graphical plots were derived in GraphPad
Prism 6.0 (www.graphpad.com, San Diego, CA). All morphological
data were calculated on ImageJ, and expressed as mean+SEM.
All reported data are mean+SEM, derived from a minimum of
three independent biological replicated experiments. Statistical
comparison was performed using a one-way ANOVA for all data
except the urokinase activity assay and zymography analysis where a
two-tailed t test with Welch’s correction was used.

3 | RESULTS

3.1 |
model

Hydrogel characterization and finite element

To ensure physiological representation of the pleural effusion TME,
investigation of the hydrogel and bioreactor shear stress was
performed. The biophysical characteristics of the collagen-agarose
IPN hydrogel, showcasing fiber morphology, shear modulus, and
porosity are illustrated in Figure 2. The reticulated network of
collagen fibers within the agarose hydrogel is depicted in Figure 2a.
The viscoelastic modulus of the IPN hydrogel was determined to be
10.36 + 0.08 kPa (Figure 2b), was used in conjunction with Equation

(7) to determine Young's modulus.
E=2G(1+v) (7)

where, E is Young’'s modulus, G is viscoelastic modulus, and v is
Poisson’s ratio. Poisson’s ratio was estimated at 0.5, which is common
for polymers such as equilibrium hydrated agarose hydrogels
(Ahearne, Yang, Haj, Then, & Liu, 2005).

utilized for COMSOL Multiphysics
modeling were as follows (porosity, permeability): PE plug
(60.3+£0.8, 9.26x1072 m?; PMMA fluid distribution net
(81.8+1.9, 2.33x 107 m?); IPN hydrogel (77.6+ 1.8, 7.35x 10712
m?; Figure 2c). These values were then input into a finite element
model using COMSOL Multiphysics (Figure 3).

Flow velocity within the simulated 3D hydrogel was output by
the primary COMSOL model. Fluid flow velocity distribution at the
center of the hydrogel is depicted in Figure 3d. The velocity of the

Modeling parameters

cell culture medium in the x-z plane decreases in the IPN gel as
the distance from the flow channel increases, however, flow velocity
within the y-direction was uniform (Figure Sic). Fluid velocity within
the entirety of the hydrogel was averaged and estimated as
3.83mms L. This value was then used as the input velocity of the
secondary model to estimate the shear stress experienced by cells
embedded within the hydrogel. An average cell size of 8um in
diameter, as measured from the H&E stains, and spherical initial
shape of the cell was assumed. From the model, the resulting
maximum shear stress experienced by the cell surface was observed

to be 5.41 dynes cm™2

3.2 | Shear stimulation significantly alters cellular
morphology of breast cancer cells

Metastatic potential and invasive capability of cancer cells are
often indicated through cellular morphology, thus shape factor
analysis was performed. Cellular morphology of the shear
stimulated cells were compared to 3D cultured controls. All cell
types experiencing shear stress exhibited morphological changes
including an increase in area and an elongated morphology
(Figure 4a). These changes were quantified through Image)
analysis and resulted in a significant increase in cellular area
(MDA-MB-231: 1.2 fold, MDA-MB-468: 1.4 fold, MCF7: 1.8 fold)
and a significant decrease in roundness (MDA-MB-231: 0.84 fold,
MDA-MB-468: 0.90 fold, MCF7: 0.71 fold; Figure 4b,c). Perimeter
and aspect ratio values were also determined to be significantly
increased in all shear stressed breast cancer cells, whereas a
significant decrease in circularity was found for MDA-MB-231
and MCF7 cell types (Figure S4).

3.3 | Breast cancer cellular proliferation increases
with shear stress

To quantify the effect of shear stress on the proliferation of breast
cancer cells, sections of the IPN hydrogel were immunohistochem-
istry (IHC) stained for Ki67 expression (hematoxylin counter-
stained) and quantified (Figure 5). Figure 5a shows representative
images of control and shear stressed cells expressing Ki67. These
results are graphically depicted in Figure 5b showing the fraction
of proliferating cells more than doubling under shear stress for
each cell type (MDA-MB-231: 2.5 fold, MDA-MB-468: 2.5 fold,
MCF7: 5.0 fold).
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FIGURE 4 Shear stress increases area and decreases roundness in breast cancer cells. (a) Representative H&E images of shear and control
studies for each cell type. Noticeable cellular elongation and increased cellular area are seen in all shear samples. All scale bars are 50 um.
(b) Graph of cellular area quantification comparing control and sheared cells. Shear stress exposure shows a significant increase in cellular area
for all cell types (one-way analysis of variance [ANOVA] ****p <.0001, n > 3). (c) Quantification of cell roundness comparing control and sheared
cells. Shear stress exposure shows a significant decrease in cell roundness for all cell types (one-way ANOVA ****p <.0001, n > 3). H&E,
hematoxylin and eosin [Color figure can be viewed at wileyonlinelibrary.com]

3.4 | Breast cancer cells show chemoresistance
while under shear stress stimulus

Given that mechanotransduction can modulate cellular responses
to anti-neoplastic agents (Ip et al., 2016; McGrail, Kieu, & Dawson,
2014; McGrail, Kieu, landoli, & Dawson, 2015), breast cancer
cells were treated with 25 uM paclitaxel for 72 hr. Chemotherapy
treatment was administered at the previously determined ICsq
concentration of 25 uM (Chen et al., 2013; Sarkar & Kumar, 2016).
This concentration was sufficient to significantly increase cell
death for all drug-treated controls when compared to nondrug
treated controls (MDA-MB-231: 3.8 fold, MDA-MB-468: 1.5 fold,
MCF7: 2.2 fold; Figure S5) as determined through IHC caspase 3
quantification. Under paclitaxel treatment, shear stressed cells
remained more viable than their drug-treated control counter-
parts demonstrated as a significant reduction in cell death
(Figure 6a,b).

In addition, proliferation analysis via Ki67 staining was performed
on chemoresistance investigations. Proliferation remained signifi-
cantly increased in drug-treated shear experiments when compared
to drug-treated controls. Paclitaxel treatment seemed to have
little effect on proliferation values as drug-treated shear experiments
were significantly more proliferative than nondrug treated controls
(Figure S5).

3.5 | Shear stimulation significantly upregulates
PLAU gene expression

Changes in gene regulation due to shear stress stimulation were
investigated for the identification of potential mechanotransduction
pathways. Change in the gene expression of breast cancer cells, after
stimulation with shear stress for 72 hr, was quantified using qRTPCR.
The PLAU gene was found to have a greater than 2-fold increase in
RNA expression under shear stimulation when compared to controls
for both MDA-MB-231 and MDA-MB-468 cell types. MDA-MB-231
cells increased PLAU expression 3.33 + 0.89-fold, MDA-MB-468 cells
increased PLAU 3.567 £ 0.64-fold, and MCF7 cells increased PLAU
1.08 £ 0.37-fold (Figure 7a). All experimental runs are normalized to
their respective controls, as such all control conditions result in a
fold upregulation of 1.

3.6 | Protein expression confirms the enzymatic
activity of urokinase

The PLAU gene encodes for the enzymatic protein urokinase which
functions to degrade plasminogen into plasmin. It is a secreted
protein present in all cells where it aids in the degradation of
surrounding ECM to assist in cell migration/invasion. To investigate
the protein expression of urokinase, both a commercially available
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FIGURE 5 Shear stress increases breast cancer proliferation.
(a) Representative images of Ki67 IHC counterstained with
hematoxylin. Deep brown coloring indicates a proliferating cell and
was quantified manually. Counts were normalized to total cell count
within each image. Scale bars are 200 pm in the main images and
20 um in the corner frames for MCF7 cells. (b) Graphical
representation of the fraction of proliferating cells for each cell type
under control and shear conditions (****p <.0001, n > 3). All cell types
show a significantly increased proliferation tendency under shear
stress stimulus. IHC, immunohistochemistry [Color figure can be
viewed at wileyonlinelibrary.com]

enzymatic activity assay and a plasminogen zymography test was
performed. The experimental medium was collected after the
completion of three 72-hr MDA-MB-468 experiments for use in
protein/enzyme analysis. Shear stressed cells were discovered to
have a significantly higher enzymatic activity of urokinase than the
unstimulated controls (2.5 fold; Figure 7b). As a means for
independent verification, zymography was performed on plasmino-
gen acrylamide gels. After the conclusion of the trial, the experi-
mental medium was concentrated and run in the zymography gel. The

resulting band intensity was normalized to its respective control.
Shear stimulated MDA-MB-468 cells significantly increased secretion
of uPA (1.4 fold; Figure 7c,d).

4 | DISCUSSION

Both cancer and nonmalignant cells experience shear stress in many
microenvironments (Jain, Martin, & Stylianopoulos, 2014; Mitchell &
King, 2013b; Shieh & Swartz, 2011). The inflammatory environment
surrounding the tumor, as well as the structure of the TME, act to
increase interstitial flow, thus increasing the shear stress experi-
enced by cancer cells (Harrell et al., 2007; Mitchell & King, 2013b;
Pedersen et al., 2010). This mechanical stimulus aids in cellular
invasion while hindering chemotherapy delivery to the center of the
tumor, resulting in chemoresistance and a flow gradient outwards
from the tumor (lp et al., 2016; Lunt, Fyles, Hill, & Milosevic, 2008;
Netti, Berk, Swartz, Grodzinsky, & Jain, 2000; Wirtz, Konstantopou-
los, & Searson, 2011). These findings emphasize the importance of
mechanotransduction by shear stress within the TME.

A variety of methods to apply and study the effects of shear stress
on cells have already been devised. However, many of these methods
study the application of force on a monolayer culture (Avraham-
Chakim et al., 2013; Blackman, Garcia-Cardefa, & Gimbrone Jr, 2002;
Mitchell & King, 2013a; Zhao et al., 2014). Though 2D systems can
apply uniform stimulation, these methods lack the physiologic 3D
shear stress found within the TME. The 3D shear models currently in
existence incorporate microfluidic design or single-cell analysis, which
replicate the in vivo shear stress experienced by CTCs (Barnes et al.,
2012; Ip et al,, 2016). The constructs that investigate interstitial shear
stress effects often only investigate migratory behaviors (Haessler,
Teo, Foretay, Renaud, & Swartz, 2012) through microfluidics (Pola-
check et al, 2011) and the use of Boyden chambers (Qazi, Shi, &
Tarbell, 2011). While this type of device is advantageous for
observation of small number of cells, it provides a hurdle for further
downstream analysis such as western blot or gRTPCR. In this report,
we advance the existing shear bioreactor designs (Rotenberg et al.,
2012) by: (a) incorporating a 3D IPN hydrogel that matches the
morphology and modulus of the pleural effusion TME ECM, (b)
embedding breast cancer cells within a 3D IPN hydrogel and providing
variable pulsatile flow to the cells, (c) constructing a numerical model
for a more accurate portrayal of fluid flow and shear stresses
experienced by the breast cancer cells within the 3D bioreactor, and
(d) increased vyield of cells for molecular biology assays after
experimental completion (not typical with microfluidic devices).

The agarose IPN hydrogel was chosen to provide a 3D
microenvironment capable of easy stiffness modulation, encapsula-
tion of cells, and blank background free of excess growth factor
stimulation as to avoid excess signaling cues to the cells (Ulrich, Jain,
Tanner, MacKay, & Kumar, 2010; Ulrich, Lee, Shon, Moon, & Kumar,
2011). The collagen type | component was included to provide a
minimal and easily controlled adhesive signal for the cells within the
network to sense the shear stress stimulation and due to its key role
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FIGURE 6 Shear stress-induced chemoresistance to paclitaxel treatment. (a) Representative images of caspase 3 IHC staining for MDA-MB-231
cells. Arrows indicate examples of cells positively expressing caspase 3. (b) Cells were treated with paclitaxel chemotherapy (25 uM) in either control
or shear conditions and cellular death was quantified using caspase 3 IHC staining, counterstained with hematoxylin. Results were manually
quantified and compared to total cell number within the image. The fraction of proliferating cells was then normalized to the nonstimulated control
average of the respective cell type. All cell types showed significantly decreased death under sheared conditions (*p <.1, n = 3). Three or more
images were quantified for each experiment and a minimum of three biological replicates were performed for each condition. (c) Representative
images of Ki67 IHC staining for MDA-MB-468 cells. Arrows indicate examples of cells positively expressing Ki67. (d) Cellular proliferation was
analyzed using Ki67 IHC staining on paclitaxel treated experiments. Results were manually quantified, and each cell type showed significantly
enhanced proliferation in sheared samples (**p <.01, n = 3). IHC, immunohistochemistry [Color figure can be viewed at wileyonlinelibrary.com]

within the breast cancer ECM (Ulrich et al, 2010, 2011). This
hydrogel design has been previously utilized and investigated
(Afrimzon et al,, 2016; Lake, Hald, & Barocas, 2011; Ulrich et al.,,
2010, 2011). With this combination of IPN gel, cells could be
encapsulated in situ within the bioreactor wells under highly
regulated stiffness and adherence conditions. Normal breast tissue
has been reported to have Young's modulus of approximately
3.25 kPa whereas breast tumors range from 6.41 to 42.52kPa in
stiffness depending on disease progression (Bae et al., 2018; Samani,
Zubovits, & Plewes, 2007). The stiffness of the IPN agarose-collagen
hydrogel fell well within this range attaining Young’s modulus value
of 31.08 kPa. At this stiffness, the IPN hydrogels most closely
replicated intermediate to high grade infiltrating ductal carcinoma
(Samani et al., 2007) and could be easily adjusted to suit alternate
TME biophysical properties.

We developed a two-Step COMSOL model that enables greater
accuracy when calculating estimated shear force experienced by cells
captured within the 3D microenvironment. The first model uses a 3D
rendering of the shear bioreactor to determine the fluid velocity and
velocity distribution within the hydrogel. Subsequently, the esti-
mated velocity is input as the inlet velocity for the secondary
COMSOL model that applies the input flow over an ideal spherical
cell. Due to the complicated IPN network, specific adhesive sites for
the cell are not included, rather the shear velocity along the surface

is calculated and the maximum shear stress is reported. This two-step
system is more comprehensive than previous models for similar
bioreactors (Rotenberg et al., 2012) due to the inclusion of the entire
continuous flow path within the bioreactor, as well as, all components
of the hydrogel stack, which were found to be relevant in model
results. While the majority of cells experience the same maximum
shear value regardless of their vertical positioning within the
hydrogel, there is some variation in flow velocity in the x-z plane.
This is due to the location of the inlet flow chamber lateral to the
hydrogel stack and respective flow distribution components. From
these models, advanced estimates of cellular stimulation can be
predicted with spatial accuracy within the hydrogel. The average
shear stress values experienced by cells were determined to be 5.41
dynes cm™2.

When exposed to shear stimulation in 2D, epithelial ovarian
cancer cells have been shown to elongate and increase formation of
stress fibers (Avraham-Chakim et al., 2013), whereas endothelial cells
align in the direction of the shear force and elongate (Avraham-
Chakim et al., 2013; Blackman et al., 2002). The cell morphological
data from our breast cancer cell lines under shear stress are con-
sistent with these outcomes. Similarly, several studies demonstrate
alterations in gene expression related to proliferation when exposed
to shear stress (Avraham-Chakim et al., 2013; Ip et al., 2016; Mitchell
& King, 2013a; Yao, Rabodzey, & Dewey, 2007). The results of this
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FIGURE 7 Activity assay and zymography confirm enhanced urokinase activity under shear stimulation. (a) gPCR analysis on PLAU
expression showed significant upregulation for MDA-MB-231 (*p <.1, n 2 3) and MDA-MB-468 (**p < .01, n = 3). MCF7 cells showed an increase
in PLAU expression but were not significant (n = 3). (b) Confirmation of PLAU upregulation was performed using a urokinase activity assay on
MDA-MB-468 experimental medium. Results showed a significant increase in enzymatic activity for shear samples normalized to controls.
(c) Additional confirmation of urokinase protein activity was performed via plasminogen zymography. Band intensity for three MDA-MB-468
experimental sets is shown (32 kDa low molecular weight form uPA). (d) Quantification of the zymography band intensity was normalized
to their respective controls and statistically analyzed with a two-tailed t test. MDA-MB-468 sheared samples showed a significant increase
in band brightness, indicating increased urokinase enzyme activity. qPCR, quantitative polymerase chain reaction

study demonstrate that shear stress increases the proliferative
ability of the breast cancer cells, whereas normal vascular endothelial
cells have been found to inhibit proliferation in the presence of shear
stress (Akimoto, Mitsumata, Sasaguri, & Yoshida, 2000).

Gene expression analysis showed a significant enhancement of
PLAU under shear stimulation. The PLAU gene codes for uPA, a
secreted protein initially found in its inactive form that is then
cleaved for activation (Mahmood et al., 2018). This enzyme primarily
activates plasminogen (proenzyme) to plasmin (multiple substrate
cleaving enzyme; Rao, 2003). Plasmin then aids in the migratory
cascade through degradation of ECM components, activation of
MMPs, the release of growth factors, and functions as a feed-forward
mechanism on the uPA-uPAR complex by activating pro-uPA to
active uPA (Duffy, 2003; Duffy, McGowan, Harbeck, Thomssen, &
Schmitt, 2014). Recently, uPA and its interactome have become a
point of interest in cancer research due to its role in metastasis,
proliferation, angiogenesis, its frequent aberrant expression within a
variety of cancers, and its potential role as a diagnostic biomarker
and therapeutic target (Duffy et al., 2014; Mahmood et al., 2018).
Many alternative studies have tied the uPA system with cancer
progression such as Huang and colleagues who found a significant
decrease in tumor metastasis with uPA knockdown in MDA-MB-231
cells (Huang et al., 2010). In addition, shear stress has been identified

as a driver of PLAU expression (Dolan et al, 2012; Essig &

Friedlander, 2003; Sokabe et al., 2004). However, to our knowledge,
this is the first time the PLAU excess has been tied directly to shear
stress stimulus in cancer. The enhancement of uPA expression found
under shear stress stimulation suggests support of the metastatic
cascade via mechanotransduction mechanisms. This result is further
supported by the enhanced uPA enzyme activity produced by the
shear stress stimulated cells and morphological changes indicating
enhanced invasive potential, emphasizing the importance of mechan-
otransduction to the metastatic cascade.

Finally, we investigated whether breast cancer cells under shear
stress show greater resistance to chemotherapy. Cells stimulated
with shear stress were more resistant to paclitaxel treatment
compared to unstimulated controls emphasizing the necessity to
consider shear stress stimulus in treatment investigations. These
findings are consistent with Ip et al. (2016) who tested paclitaxel
treatment of ovarian cancer spheroids under shear stress finding
enhanced drug resistance. When cellular proliferation was investi-
gated simultaneously with drug treatment, little effect was found on
the proliferating population despite paclitaxel's mechanism of action
on cell division (Weaver, 2014). Overall, these findings reinforce the
importance of recapitulating the in vivo mechanical microenviron-
ments for fundamental and translational approaches.

The design of this shear bioreactor enables simultaneous 3D cell

culture along with tunable shear stress that provides a physiologic
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mechanical microenvironment for cancer biology investigations.
Under these conditions more accurate results for in vitro modeling,
drug screening, and therapeutic investigation for breast cancer can
be realized. The versatility of this model provides a platform that can
be applied to a multitude of cancer cell types and drug screening,
enabling a better understanding of disease states and their
responses.

5 | CONCLUSION

In conclusion, an improved 3D bioreactor capable of applying tunable
shear stress to breast cancer cells within an IPN hydrogel matrix was
designed and constructed. With the application of shear stress,
morphological changes were observed in the breast cancer cells,
including increased cellular area and decreased roundness. Shear
stress stimulation also increased cellular proliferation and enhanced
PLAU expression. Cells exposed to shear stress demonstrated higher
resistance to chemotherapy treatment with paclitaxel, and the
proliferation in this condition was unaffected. These findings
demonstrate that breast cancer cells under shear stress stimulus
adopt enhanced proliferation, invasion, and chemoresistant pheno-
types, emphasizing the importance of shear stimulus in a 3D setting.
This data reveals the role of PLAU in modulating shear stress-induced
mechanotransduction in breast cancer cells and provide researchers
with a new 3D platform for understanding the fundamentals of shear
stress-induced mechanotransduction and evaluating prospective

chemotherapeutics effectively and efficiently.
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