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ABSTRACT

Metastatic prostate cancer spreads preferentially to the bone, causing skeletal
complications associated with significant morbidity and a poor prognosis, despite current
therapeutic approaches. Increasing evidence suggests the synergistic role of biochemical and
biophysical cues in cancer progression at metastases. However, the mechanism underlying the
crosstalk between interstitial flow-induced mechanical stimuli and prostate cancer progression in
the bone microenvironment remains poorly understood. To this end, we have developed 3D in
vitro dynamic models of prostate cancer bone metastasis using perfusion bioreactor and horizontal
flow bioreactor to delineate the role of flow-induced shear stress on prostate cancer progression
and migration, respectively at metastases. Using a perfusion bioreactor, we observed changes in
the expressions of MET biomarkers and the tumoroid morphologies of prostate cancer cells under
dynamic culture. Evaluation of cell adhesion proteins indicated that the altered cancer cell
morphologies resulted from the constant force pulling due to increased E-cadherin and FAK
proteins under shear stress.

Using a horizontal flow bioreactor, we demonstrated that the percent cell migration rate of
prostate cancer cells was increased in the presence of bone under dynamic conditions. The results
showed that interstitial fluid flow did not alter the CXCR4 level, but bone upregulated CXCR4
levels, leading to increased MMP-9 levels. In addition, both avf3 integrins and MMP-9 levels
were upregulated by fluid flow conditions, contributing to an increased migration rate under
dynamic conditions.

Breast cancer cells also tend to preferentially disseminate to bone and colonize within the
remodeling bone site to cause bone metastases. We have previously developed a 3D in vitro breast

cancer bone metastasis model using hMSCs and commercial breast cancer cells (MCF-7 and



MDAMBZ231), recapitulating late-stage breast cancer metastasis to bone. In the present study, we
have validated our model using patient-derived breast cancer cell lines- NT0O13 and NTO023,
exhibiting hormone-positive and triple-negative characteristics, respectively that showed MET and
formed tumors in the presence of bone. In addition, the results showed ET-1 (NT013) and DKK-
1 (NT023) mediated stimulation and abrogation of the osteogenesis via Wnt/p catenin pathway, in

line with our previous results with MCF-7 and MDAMB231 cell lines.
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Perfusion bioreactor setup inside an incubator at 37°C, 5% COq, and high moisture
content. (a) Bioreactor chambers at the top and media reservoir bottles at the bottom
of the incubator. (b) Schematic representation of the bioreactor chamber
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Double O-ring separator (left) top view (right) Side VIEW ........ccocvvveveeieiieneecie e

Schematic showing steps of cell seeding under static and dynamic culture
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The proliferation and osteogenic differentiation of hMSCs grown on scaffolds
under static vs. dynamic culture. (a) DNA content of static and dynamic samples
on day-10 and day-23. (b) SEM showing hMSCs morphology and distribution on
day-23. Arrows indicate the orientation of hMSCs. Scale bars: 50um (c) ALP
activity determined on day-10 and day-23. (d) Cell cycle analysis by flow
cytometry representing GO/G1, S, and G2/M phases. (e) (f) (g) RT-PCR analysis
(h) Immunostaining on day-10 and day-23. The high-intensity level shows
upregulation of proteins and vice-versa. Scale bars: 50um. "p<0.05, "p <0.01, and
™Mp<0.001 indicate a significant difference between day-0 and day-10 static
samples and between day-0 and day-10 dynamic samples. *p <0.05, **p <0.01,
and ***p <0.001 indicate a significant difference between day-10 static and day-
10 dynamic samples and between day-10 static and day-23 static samples. ®
p<0.05,%p<0.01, and %¥ p <0.001 indicate a significant difference between day-
23 static and day-23 dynamic samples. # p <0.05, # p<0.01, and #* p<0.001
indicate a significant difference between day-10 dynamic and day-23 dynamic

samples. Error bars indicate standard deviation (SD)........ccccvvvririniiiine e

Biomarkers of MDAPCa2b prostate cancer cells representing mesenchymal to
epithelial (MET) transition under static vs. dynamic culture. (a) RT-PCR analysis
for E-Cadherin. "p<0.05, "p<0.01, and "p<0.001 indicate a significant
difference between day-0 and day-10 static samples and between day-0 and day-10
dynamic samples. **p <0.01, and ***p <0.001 indicate a significant difference
between day (23+10) static and day (23+10) dynamic samples and between day
(23+10) static and day (23+20) static samples, respectively. ##p <0.001 indicates
a significant difference between day (23+10) dynamic and day (23+20) dynamic
samples. $¥%p < 0.001 indicates a significant difference between day (23+20) static
and day (23+20) dynamic samples. Error bars indicate SD. (b) Protein expressions
of E Cadherin and Vimentin were assessed by western blotting. (c-d) Quantification
of E-Cadherin and Vimentin protein levels. ®p <0.05, *p <0.01, and #**p <0.001
indicate a significant difference between day (23+20) static and day (23+20)
dynamic samples. (e) Representative immunofluorescence staining at day (23+20).
Scale bars: 40um (c) SEM micrographs of hMSCs+MDAPCa2b sequential culture.

Arrows indicate a group of cells. Scale bars: TOHM ......ccoccoviiiiiniiiiie e
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2.6.

3.1.

Biomarkers of PC3 prostate cancer cells representing mesenchymal to epithelial
(MET) transition under static vs. dynamic culture. (a-b) RT-PCR analysis for E-
cadherin and Vimentin gene expressions at day (23+10) and day (23+20). "p<0.05,
"p<0.01, and "™p < 0.001 indicate a significant difference between day-0 and day-
10 static samples and between day-0 and day-10 dynamic samples. **p <0.01
indicates a significant difference between day (23+10) static and day (23+10)
dynamic samples and between day (23+10) static and day (23+20) static samples.
#p<0.01 indicates a significant difference between day (23+10) dynamic and day
(23+20) dynamic samples. %¥p < 0.01 and %¥%p<0.001 indicate a significant
difference between day (23+20) static and day (23+20) dynamic samples. Error
bars indicate SD. (c) Protein expressions of E Cadherin and VVimentin were assessed
by western blotting. (d-e) Quantification of E-Cadherin and Vimentin protein levels
of samples normalized to B-actin after control subtraction. ®p <0.05, #°p <0.01, and
%¢p <0.001 indicate a significant difference between day (23+20) static and day
(23+20) dynamic samples (f) Representative immunofluorescence staining for
MET biomarkers E-Cadherin (Green), Vimentin (Red) and DAPI for staining
nucleus (Blue) at day (23+20). Low magnification images (top), high magnification
images (bottom). Scale bars: 30um (g) SEM micrographs of hMSCs+PC3
sequential culture at day (23+10) and (23+20) of static (left) and dynamic (right)

samples. Arrows indicate a group of cells. Scale bars: 1OUM ........cccevieiiieiiccieec,

Morphological variations of prostate cancer cells mediated via shear stress derived
forces on adhesion molecules. (a) Schematic showing cell-cell interaction via
adherens junctions and cell-extracellular matrix interaction via integrins junction.
Under fluid-derived shear stress, FAK activation (phosphorylation of pY397
domain of FAK) occurs in the cytoplasm that assembles integrins in proximity and
binds them with focal adhesion complexes. Simultaneous pulling forces by
adherens and integrins cause morphological changes. (b) Protein expression of
pY397 FAK was assessed by western blotting. (c) Quantification of p-FAK protein
expression relative to total FAK. *p <0.05 and **p <0.01 indicate a significant
difference between day (23+20) static and day (23+20) dynamic samples. %p <0.05
and %p <0.01 indicate a significant difference between day (23+20) hMSCs
dynamic and day (23+20) hMSCs+PC3 dynamic samples, and between day
(23+20) hMSCs dynamic and day (23+20) hMSCs+MDAPCa2b dynamic samples

Bioreactor design. (A) full view. (B) symmetric view. (C) 3D printed bioreactor
chamber. (D) side view. (E) top view. Arrow indicates inflow and outflow fluid
directions. (F) Schematic representation of bioreactor and their components with
flow directions. (G-H) Bioreactor assembly setup inside the incubator (37 °C, 5%
COz2, and high moisture content). (G) Bioreactor chambers (top rack) are connected
to media bottles (bottom rack) via tubing. (H) Enlarged view of bioreactor
chambers positioned inside the incubator. (I) Symmetric view of the chamber and
holder showing steps of holder insertion into bioreactor chamber (J-N) Assembly
of bioreactor chamber. (J) scaffold holder. (K) Top view of bioreactor chamber. (L)
Top view of the bioreactor chamber inserted with scaffold holder. (M) Bioreactor

chamber and vent cap. (N) Vent cap fitted bioreactor chamber .............ccccoeevevieiiieennen.
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(A) Bioreactor assembly components. (B) The sectional view of bioreactor
assembly. (C) Velocity and shear stress distribution on scaffold surface at inlet flow
of 0.2 ml/min. (D) Velocity and shear stress distribution on scaffold surface at inlet

flow of 0.05 ml/min. Arrows represent the direction of fluid flow ...............ccccoven

Cell viability was assessed on Day-4 and Day-8 using Static culture (control), 0.05
ml/min flow rate, and 0.2 ml/min flow rate. (A) DNA content. (B) live-dead assay.
Green fluorescence represents live cells and red fluorescence represents dead cells.
Scale bar 100um *p<0.05 and **p<0.0lindicates a significant difference between
the static sample and different flow rate samples at Day-4. &p<0.05 indicates a
significant difference between the static sample on Day-4 and Day-8. ##p<0.001
indicates a significant difference between the 0.05 ml/min flow rate sample on Day-
4 and Day-8. ®p<0.05 indicates a significant difference between the static sample
on Day-8 and the 0.05 ml/min flow rate sample on Day-8. @p<0.05 indicates a
significant difference between the 0.05 ml/min flow rate sample on Day-8 and the

0.2 ml/min flow rate sample 0N Day-8 ...........ccoeiiiieiieiece e

Cell apoptosis was assessed at 0.05 ml/min and 0.2 ml/min flow rates. (A-B)
Representative dot plot presenting percent live, early, and late apoptotic cells
following double staining with Annexin V and Propidium lodide on Day-4 and
Day-8. (C) The percentage of cell apoptosis was calculated on Day-4 and Day-8 by
adding the percentage of early apoptotic and late apoptotic cells under different
conditions. (D) Possible mechanism of TGF-B1 mediated tumor suppression and
tumor induction. (E) Quantitative RT-PCR data for apoptosis-related genes on Day-
8. (F) Protein expression of p-Smad2 and p-Akt was assessed by western blotting
on Day-8. ***p <(0.001 indicates a significant difference between the samples at

0.05 mli/min and 0.2 MI/MIN FIOW FateS........oovveeeeieeeeee

(A) Bioreactor assembly with transwell insert without scaffold (upper left), velocity
and shear stress distribution on transwell membrane surface at inlet flow of 0.05
ml/min (upper right). (B) Bioreactor assembly with transwell insert and scaffold
(lower left), velocity and shear stress distribution on the scaffold and transwell
membrane surface at inlet flow of 0.05 ml/min (lower right). Arrows represent the
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Transmembrane invasion assay showing migration of PC3 cancer cells through
transwell inserts with and without bone under static and dynamic culture. (A)
Migrated cells stained with crystal violet dye. (B) Percentage cell migration
determined using Alamar Blue assay. (C) Gene expression of migration-related
genes determined by RT-qPCR. (D) The proposed mechanism of CXCR4 and av[33
integrins mediated an increase in MMP-9 levels under dynamic conditions in the
presence of bone. *p<0.05, **p<0.01, and ***p<0.001 indicate a significant
difference between the static sample without bone and other conditions. #p<0.05
and #p<0.01 indicate a significant difference between the dynamic sample without
bone and other conditions. 4p<0.05 indicates a significant difference between the
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(A) Schematic showing isolation steps of breast cancer cells from the patient tissue
sample. (B) Representative immunofluorescence microscope images of NT013 and

NTO023 cells cultured in 2D culture. Scale bar: 20 fMm.........ccccovviieiveiecieieese e

(A) Schematic showing steps of sequential culture. (B) Tumor morphology was
determined by staining with EpCAM. Scale bar: 20 pm (C) Quantified gene
expressions of E-Cadherin, N-Cadherin, Wnt-5A, B-catenin and VEGF in NT013
cells under different conditions. (D) Quantified gene expressions of E-Cadherin, N-
Cadherin, Wnt-5A, B-catenin and VEGF in NT023 cells under different conditions

Breast cancer-released cytokines DKK-1 and ET-1 regulate Wnt/B-catenin
pathway. (A) Quantified serum levels of DKK-1 and (B) ET-1 measured by ELISA
***n < 0.001 indicate significant difference between MSCs+NT023 and
MSC+NTO013 Day (23 + 10). (C) Quantified gene expressions of Wnt-5a, 3-catenin,
and OCN. **p < 0.01 and ***p < 0.001 indicate significant difference between
MSCs cultured with MSC+NTO013 Day (23 + 10) conditioned media and control
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(a) Schematic showing bioreactor components and the direction of media flow

through the bioreactor chambers. (b) Bioreactor setup inside the incubator .................

(a) The schematic showing the flow direction of media through the bioreactor
accommodates four scaffold samples. (b) DAPI Stained human mesenchymal stem
cells (hMSCs) nucleus representing the distribution of cells on nano clay-based
scaffold grown under dynamic conditions on day 23. Scale: 1 mm (c) Live dead
assay represents the viability of hMSCs over 23 days under static and dynamic
conditions. Scale: 400 um (d) partial close-up view of hMSCs grown on the
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Micro-CT of the scaffold. (A-B) Top view of scaffold and partial close-up view.
(C) Side view of the scaffold. (D) Section of the scaffold from the middle. (E)
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SEM data of hMSCs + MDAPCa2b sequential culture at day (23 + 10) represents
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1. GENERAL INTRODUCTION

Prostate and breast cancers are the most common bone metastasized cancers affecting
mostly men and women, respectively. It is estimated that 248,530 cases of prostate cancer and
281,550 cases of invasive breast cancer diagnosed at the end of 2021 in the United States [1]. With
the advancement in therapy for primary staged cancers, the overall 5-year survival rate has now
improved. However, in the case of metastasis, where cancer cells migrate to distant organs, the
overall survival rate is still poor, thus defined as the major cause of morbidity in patients with
metastasized prostate and breast cancer cells. Both prostate and breast cancer cells have the
propensity to metastasize to the liver, brain, lungs, and bone, however, bone metastasis occurs in
about 80% of patients with advanced-stage prostate and breast cancers [2]. Once established in the
bone, these cancer cells majorly affect the bone remodeling process and lead to severe skeletal-
related defects such as bone fracture, spinal cord compression, hypercalcemia, and pain. Lesions
caused by these cancer cells after bone metastasis can be categorized into osteoblastic (excess bone
formation) and osteoclastic (excess bone resorption) [3].

1.1. Bone metastatic cascade

Paget’s “seed and soil” theory suggested that the propensity of cancer cells (seeds) toward
distant organs (soil) depends upon the tropism and molecular characteristics of cancer cells [4]. In
addition, Ewing in 1928 suggested the metastasis of cancer cells depends upon interconnected
vasculature between primary sites and distant organ [5]. In the case of prostate and breast cancer,
the preferential site of metastasis is the bone [6]. Bone metastasis is a complex multistep cascade
that requires metastasizing cancer cells to undergo a series of cytoskeletal and genetic variations.
Thus, metastatic tumor cells often have high incidences of genetic mutations or epigenetic

modifications.



The metastatic cascade initiates with cytoskeletal changes in cancer cells, where epithelial
cancer cells expressing high E-cadherin protein levels undergo epithelial to mesenchymal
transition (EMT) and acquire mesenchymal-like characteristics with increased expressions of
vimentin, twist, snail, and snug proteins. Subsequently, angiogenesis at the primary site of the
tumor due to increased expression of vascular endothelial growth factor (VEGF) allows motile
cancer cells to leave their site of origin and enter the blood or lymphatic circulation, the process
well-known as intravasation. Among the tumor cells that enter the bloodstream or lymphatic
circulation, only 0.001-0.02% of cells manage to evade the immune system and combat fluid shear
stress by continuous circulating fluid flows. The tumor cells that eventually survived in the
vasculature, extravasate to the distant organ, where they again adapt themselves in a new
microenvironment and create a compatible niche by initiating a reciprocal vicious cycle between
themselves and the bone microenvironment. In addition, cancer cells undergo a series of genetic
and morphological transformations and acquire epithelial characteristics by mesenchymal to
epithelial transition (MET).

1.2. Current therapies for bone metastasized prostate and breast cancer

There are no current therapies available to cure prostate and breast cancer, metastasized to
bone. The drug therapies available currently are utilized to reduce pain and improve bone stability.
The drug therapeutics include bisphosphonates and Denosumab [7]. Bisphosphonates are
inorganic pyrophosphate (PPi), a compound containing two phosphate groups linked by
esterification that are capable of inhibiting bone calcification by binding to hydroxyapatite crystals,
thus regulating bone mineralization by suppressing the bone resorption [8]. Previously,
bisphosphonates were administered for the alleviation of bone-related side effects such as pain and

treatment-related osteoporosis [7,8]. Afterward, bisphosphonates were used for late-stage breast



cancers to reduce the risk of breast cancer spreading to the bone [9,10]. However, there are some
adverse effects commonly seen in breast cancer patients administrating bisphosphonates such as
bone, joint, or muscle pain, nausea, vomiting, and diarrhea [9].

In September 2011, denosumab (Prolia) was approved by the Food and Drug
Administration (FDA) which is a human monoclonal antibody, targeting the receptor activator of
the nuclear factor-kappa-B ligand (RANKL). RANKL regulates osteoclast formation and binds
with RANK receptors to stimulate osteoclastic bone resorption. Denosumab acts by inhibiting the
differentiation and activation of osteoclasts, thus decreasing bone resorption and increasing bone
density [10].

Similarly, for metastasized prostate cancer, bone-directed therapies such as
bisphosphonates (zoledronic acid) or denosumab are the only drug therapeutics available currently.
Androgen deprivation therapy (ADT) is also sometimes useful for treating late-stage prostate
cancers. However, this treatment becomes less effective over time because of resistance developed
by prostate cancer against ADT, resulting from conversion into a more aggressive form [11]. In
addition, radiation therapy and chemotherapy are also useful as adjuvant therapies for prostate and
breast cancer treatment [11-13]. Currently used chemotherapy drugs that are used to treat prostate
cancer are Mitoxantrone, Cabazitaxel, Docetaxel, and Estramustine [14]. However, due to the lack
of effective treatments available to treat prostate cancer and breast cancer patients in their advanced
stage, there is a critical need for a better understanding of the prostate and breast cancer metastasis
process in detail to develop effective treatments.

1.3. Bone metastatic in vitro models
The tissue engineering approach is widely used for developing bone metastatic models

because of its ease of model and convenient manipulation characteristics. In addition, natural



materials or components employed for tissue-engineered constructs may possess properties similar
to bone minerals such as hydroxyapatite, calcium, phosphorous, etc. However, natural materials
have some limitations such as weak mechanical properties and early degradation. To overcome
such limitations, synthetic materials are frequently used in combination with natural components.

Currently, monoculture/ 2D culture is widely used to grow cell populations and cell-based
assays however, 2D culture fails to recapitulate the dynamic interactions between cancer cells and
the bone microenvironment, due to a lack of realistic complexity. Hence, 3D in vitro models have
gained considerable attention, owing to their crosstalk between cells and the surrounding milieu.
There are considerable efforts have been made to recapitulate the bone metastatic behavior of
prostate and breast cancer cells using 3D in vitro disease models. However, such models were
developed using the co-culture technique. A study showed the co-culturing of osteoblasts and
prostate cancer cells in a 3D model of collagen and hydroxyapatite to mimic the late stage of
prostate cancer [15](. Another study showed encapsulation of prostate cancer cells and stromal
cells in hydrogel microspheres to create a 3D co-culture model [16]. A chitosan-alginate-based
model has also been developed to understand the interactions between lymphocytes and prostate
cancer cells [17]. Silk-based models were also developed to mimic cell invasion of prostate cancer
cells to the bone [18]. Similar models were developed for breast cancer, for instance, the 3D silk
fibroin-based model was developed by Talukdar & Kundu to understand interactions between
osteoblasts and breast cancer cells [19]. Similarly, silk fibroin scaffold models were developed to
study the efficacy of cytotoxic drugs [20]. A 3D printed approach was also utilized to develop a
co-culture model of breast cancer cells and osteoblasts to study drug resistance of cancer cells

against 5-Fluorouracil [21].



1.4. Nanoclay-based scaffolds

Previously, nanoclays have been incorporated into tissue-engineered constructs for the
enhancement of their mechanical properties [22]. Later, our research group utilized
montmorillonite (MMT) clay for the enhancement of osteoconductivity of polymer-clay
nanocomposites (PCN) by mixing hydroxyapatite (HAP) with modified MMT. Katti and the group
have also explained the reason for the improved mechanical properties of PCN scaffolds by
introducing a novel theory called “Altered Phase theory”. The theory suggests that the volume of
the polymer is significantly influenced by molecular-level interactions between the components of
PCNs that lead to an alteration in the crystallinity of the polymer in the altered zone around the
intercalated clay particles [23]. Initially, our research group modified MMT clay by intercalating
unnatural amino acids (5-amino valeric acid) between clay nanosheets, resulting in increased d-
spacing between clay sheets [24]. Further, these modifications were characterized by our research
group using X-ray diffraction (XRD) and Fourier Transform Infrared (FTIR) spectroscopy
experiments [25]. After introducing HAP in modified MMT clay, our research group has observed
that hydroxyapatite was mineralized into biomineralized apatite molecules [26]. Next, our research
group evaluated the biocompatibility of nanoclay containing scaffolds using bone marrow-derived
human mesenchymal stem cells (hMSCs) and observed that hMSCs undergo osteoblastic
differentiation in the absence of external osteogenic supplements. Our research group has
confirmed the osteogenic differentiation of hMSCs by determining the calcium to phosphorous
(Ca/P) ratio of small vesicles released by hMSCs into the extracellular matrix [27]. The results
showed that the Ca/P ratio of these vesicles was nearly equivalent to the stoichiometric ratio of
inorganic minerals of bone that indicates mature bone formation on the scaffold surface. In

addition, our research group has also observed that the Ca/P ratio of some vesicles was lower than



the stoichiometric ratio, suggesting immature or new bone formation at the same time, which
ultimately recapitulates the remodeling of bone. Later, our group examined bone-related
biomarkers (RUNX2, ALP, and OCN) to further confirm the osteogenic differentiation of hMSCs
on nanoclay-based scaffolds [28].
1.5. Role of body fluids in generating mechanical cues

Various body fluids such as blood, lymph, and interstitial fluid are attributed to the
biophysical cues. These fluid types exhibit different flow rates and flow types inside the body. For
instance, in lymph nodes, flow is mostly laminar and has low velocities due to high viscosity. In
contrast, blood has higher flow velocities and even possesses much higher density due to the
presence of blood cells and other factors. The reason is cardiac pumping which also provides
pulsative behavior to the blood flow, resulting in generating high amplitude and turbulent flow in
the arteries while in veins flow is mostly laminar. Thus, biophysical cues by body fluids may differ
based on fluid viscosity, vessel type, and organ type. It is estimated that cancer cells experience a
shear rate in the lymphatic system and large arteries equivalent to ~10/s and ~1,000/s, respectively.
A study showed velocity, shear rate, and stress values in different vessel segments [29] (Table
1.1)

Table 1.1. Body fluid parameters across different blood vessels.

Vessel segments Velocity (mm/s) Shear Rate (1/s) Shear Stress
(dyne/cm?)
Arterial vessel 1.95+0.57 1921 + 417 65.5 + 16.0
Post-arterial capillaries 1.10+0.31 1150 + 409 34.6 +£12.3
Intermediate capillaries 0.66 £ 0.18 484 + 126 142 + 4.7
Sinusoidal capillaries 0.23+0.22 119+ 114 29127

Interstitial fluid exists in the stroma of tissue, whose normal function is to carry nutrients
and oxygen into the stromal space and transport waste metabolites away from cells. In a healthy
person, the body maintains homeostasis of fluid in-flow and out-flow in the interstitial space
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however, in the cancerous stage, the amount of fluid is significantly increased and poorly drained,
resulting in increased interstitial pressure in the tumor [30]. The increased pressure generates a
steep pressure gradient between the tumor and the surrounding healthy tissue, resulting in higher
interstitial fluid flow into the healthy tissue and lymph nodes [31]. Several 2D and 3D in vitro
models have been developed to study the effect of fluid flow on cancer progression. Table 1.2
summarizes the results of some in vitro dynamic models developed for various cancer types.

Table 1.2. In vitro dynamic cancer models for studying the role of interstitial fluid flow

Cell types Flow shear Experimental Outcomes References
(dyne/cm?)/velocity  setup
(um/s) values
Epithelial ovarian 0.5-1.5 dyne/cm? Microfluidic  Fluid flow induces [32]
cancer chamber stress fibers,
resulting in
elongation of cells

Osteosarcoma cells, 12 dyne/cm? Monolayer High shear stress  [33]
oral squamous exposed to induces cell arrest
carcinoma, fluid flow
chondrosarcoma
Melanoma, Breast 0.2 um/s Tissue culture Increased cell [34]
carcinoma inserts with invasion under

radial flow fluid flow

chamber
Melanoma 0.5 um/s Tissue culture Increased cell [35]

inserts with invasion under

radial flow fluid flow

chamber
Rat astrocytoma, 0.7 um/s Tissue culture  Flow increased [36]
human glioma inserts with glioma invasion

radial flow mediated via

chamber CXCR4 activation




1.6. Organization of this dissertation

This dissertation is organized into different chapters as follows:

Chapter 1. In this chapter, we discussed a brief background of prostate and breast cancer
bone metastasis cascade and current drug treatment for bone metastatic prostate and breast cancer.
Then, we discussed the need for 3D in vitro models for understanding the late-stage bone
metastasis of prostate and breast cancer. Next, we described a brief description of the nano-clay
based 3D in vitro model developed by our group. At last, we discussed the role of fluid shear stress
and physiological values of fluid velocities and shear stresses.

Chapter 2. This chapter describes the design of the perfusion bioreactor and the role of
fluid flow in the progression of prostate cancer cells metastasis to bone.

Chapter 3. This chapter describes the design of the horizontal flow bioreactor and the role
of fluid flow in the migration of prostate cancer cells at their extravasation step

Chapter 4. This chapter describes the validation of a 3D in vitro breast cancer metastatic
model with patient-derived cells.

Chapter 5. This chapter describes the details of experimental work generated to correlate
computational fluid dynamics (CFD) results

Chapter 6. This chapter summarizes the major conclusions of the research work presented
in this dissertation.

Chapter 7. This chapter provides the future directions for the research in this field.



2. PERFUSION BIOREACTOR ENABLED FLUID-DERIVED SHEAR STRESS
CONDITIONS FOR NOVEL BONE METASTATIC PROSTATE CANCER TESTBED?
This chapter describes the role of fluid flow in the progression of prostate cancer to bone.
The contents of this chapter have been published in H Jasuja, S Kar, DR Katti, KS Katti; “Perfusion
bioreactor enabled fluid-derived shear stress conditions for novel bone metastatic prostate cancer
testbed”, Biofabrication, Volume 13, Number 3, 035004
2.1. Introduction
Prostate cancer is the second foremost cause of cancer-associated morbidity among men in
the United States, as reported by the National Cancer Institute (NCI). As per the NCI report, 90%
of the deaths result from bone metastasis of prostate cancer resulting in pathological bone fracture
or other skeletal-related cascades [37, 38]. Paget's "seed and soil" theory on cancer metastasis, first
proposed in 1889, stated that cancer cells (seeds) have a high propensity toward specific
microenvironments that act as soil for their growth [39]. It is evident that bone provides the most
suitable microenvironment for prostate cancer metastasis than other metastatic sites such as the
liver, distant lymph nodes, and the thorax [2, 3]. Current drug treatments for prostate cancer bone
metastasis include denosumab and bisphosphonates to reduce bone fragility that ultimately delays
metastasis and increase patients' survival rate [40]. However, there is no permanent curative

treatment available after the colonization of the prostate tumor into a bone niche.
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It is understood that the cause of failure of novel drugs for bone metastatic cancer treatment
is a poor understanding of the complex interactions between prostate cancer and bone
microenvironment and the unavailability of appropriate drug testing models. In recent years,
tissue-engineered three-dimensional (3D) models have gained immense interest over two-
dimensional (2D) testing models due to their ability to mimic disease phenotype in regards to cell
morphology, cell-cell, and cell-extracellular matrix (ECM) interactions [41], [42].

Several attempts have been made to develop 3D in vitro bone metastatic prostate cancer
models [18, 43-46]. Although not duplicating the accurate bone niche at the metastasis condition,
these attempts provide useful information. These studies include efforts that evaluate drug
efficacies using co-cultures of prostate cancer cells and osteoblasts [47] and the role of substrate
stiffness on cancer cells [48].

However, the studies mentioned above primarily focus on elucidating the critical role of
biochemical factors that enhance bone metastasis of prostate cancer but do not accurately
recapitulate the bone niche behavior. In our prior studies, we have developed a nanoclay based
tissue-engineered scaffold [24, 49, 50] that mimics the remodeling bone niche [25, 27] to which
cancer cells possess the propensity to migrate. We have studied the critical role of amino acid
modified-biomineralized-hydroxyapatite-nanoclays or '‘in-situ hydroxyapatite clay' (in-situ
HAPClay) onto our scaffold system that contributes potentially to enhancing the mechanical
properties of the scaffold and induces hMSCs osteogenesis [25]. Besides enabling a vesicular
delivery [27], the nanoclay-based scaffold possesses high compressible modulus (~2.5 MPa) with
high porosity (~ 86.1%), as well as different pore sizes ranging from 10-30 pm to 100-300 pum,
which are necessary for hard tissue growth. In previous studies, we have also shown that sequential

seeding of prostate cancer cells to tissue-engineered bone results in tumor formation at the bone
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site [51]. In addition, detailed gene expression analyses of the generated tumors elucidated that the
prostate cancer tumors in bone are in the mesenchymal to epithelial transition stage [52, 53].
Similar studies were also conducted for breast cancer bone metastasis [54, 55]. The bone scaffold
model can thus be used as a testbed to evaluate behaviors of phenotypically different prostate
cancer cells at the bone site [56].

Numerous tissue engineering studies suggested the critical role of biomechanical cues in
bone development and bone remodeling process [57]. Studies have also indicated the significant
role of dynamic flow in the osteoblast phenotype expression [58]. Moreover, studies of various
cancer cell types have shown modulation in cancer cell response due to shear stress. The role of
drug efficacies is also influenced by shear stresses on the cancer cells [59]. Though it is well known
that fluid-derived shear stress maintains bone homeostasis and its growth, its role in facilitating
prostate cancer metastasis to bone is largely unknown.

Hence, in the present study, we decided to implement dynamic conditions in our existing
in vitro 3D cell culturing system to investigate the influence of fluid-derived shear stress on bone
metastasis of prostate cancer. In this study, we have fabricated a perfusion bioreactor system to
understand the effect of fluid-derived shear stress on hMSCs proliferation, differentiation, and
morphological changes during the first part of the study. Later, we focused our experiments on
investigating changes in morphology and gene/protein expressions of sequentially cultured
prostate cancer cells under dynamic conditions. We have also compared our results with static
culturing of the prostate cancer bone metastasis tumoroids. Finally, our study emphasized

delineating the underlying cause of morphological changes in prostate cancer cells.
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2.2. Materials and methods

2.2.1. PCL in situ HAP scaffold fabrication

The scaffolds were fabricated according to the protocol described previously [24, 50, 60-
62]. Briefly, sodium montmorillonite (Na-MMT) clay is modified with 5-aminovaleric acid to
increase the d-spacing of Na-MMT clay. Further, hydroxyapatite (HAP), an essential component
for biomineralization, is grown on nanoclay galleries of modified clay to make in-situ HAP Clay.
Finally, polycaprolactone (PCL) is added to the 10 wt% in-situ HAP Clay to make a composite
mixture, and employing the freeze-drying method, PCL/in-situ HAP Clay scaffolds were prepared.
The dimensions of cylindrical scaffolds used during the experiments are 12 mm in diameter and 3
mm in thickness (figure 1(c)).
2.2.2. Perfusion bioreactor design

The bioreactor system consists of cylindrical chambers, separators, and chamber holders
fabricated from crosslinked Polymethyl-methacrylate (PMMA) polymer using a Formlabs Form 2
3D Printer (figure 2.1(a)). Each chamber is designed with a dimension of 17 mm in diameter and
45 mm in height that supports four independent scaffold samples separated by double O-ring
shaped separators (figure 2.1(b), 2.1(d)). During experiments, scaffolds in the bioreactor chambers
are streamed continuously from bottom to top with the culture medium at a flow rate of 0.2
mL/min. The culture medium is kept in reservoir bottles made up of borosilicate glass. These
reservoirs are coupled with chambers and a flow regulating pump (IPC Digital Peristaltic Pump,
Ismatec) via a tubing system (Peroxide-Cured Silicone, ID 1.42 mm, Ismatec). The bioreactor
chambers and culture medium reservoirs are placed inside the incubator (37°C, 5% COg, high

moisture).
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Figure 2.1. Perfusion bioreactor setup inside an incubator at 37°C, 5% COz2, and high moisture
content. (a) Bioreactor chambers at the top and media reservoir bottles at the bottom of the
incubator. (b) Schematic representation of the bioreactor chamber accommodating four scaffolds
separated by double O-ring separators. (¢) Dimensions of PCL/in situ HAP clay scaffold (left) top
view (right) side view (d) Double O-ring separator (left) top view (right) side view.
2.2.3. Fluid shear stress calculations

To estimate the fluid-induced shear stress at the wall of scaffold pores, we assumed a
cylindrical pore model approximation for the scaffold pores [63] and calculated wall shear

stress (t,,) using the equation

where p is the viscosity of media (DMEM), which is reported to be 0.78 mPa.s at 37°C [64], d is
the diameter of scaffold pores, which is estimated to be a range of 10um- 300um based on previous

studies [50], and 9 is the average fluid velocity, calculated using the following equation

Q

b= on(D/2)?2

where Q is the flow rate of medium, @ is scaffold porosity, which is estimated to be 0.86 based on

previous studies [50], and D is a scaffold diameter of 12 mm.
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Hence, the calculated average velocity is 34.3 pum/s, and wall shear stresses range between 0.7
mPa and 21.4 mPa.
2.2.4. Cells lines and media

Human mesenchymal stem cells (hMSCs) were purchased from Lonza (PT-2501) and
grown in MSCGM Bulletkit medium (Lonza, PT-3001). Human prostate cancer cell (PCa) lines
MDAPCa2b (ATCC® CRL-2422™) and PC3 (ATCC® CRL-1435™) were purchased from
American Type Culture Collection (ATCC). MDAPCa2b cells were maintained in a medium
comprised of 80% BRFF-HPC1 (AthenaES, 0403), 20% fetal bovine serum (FBS) (ATCC, 30-
2020), and 1% Penicillin-Streptomycin (Pen-Strep) antibiotic (Gibco). PC3 cells were cultured in
90% F-12K Medium (Kaighn's Modification of Ham's F-12 Medium) containing 2 mM L-
glutamine and 1500 mg/L sodium bicarbonate (ATCC, 30-2004), 10% FBS (ATCC, 30-2020),
and 1% Pen-Strep antibiotic (Gibco) solution. The cell cultures were maintained at 37°C and 5%

CO:z2 in a humidified incubator.
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Figure 2.2. Schematic showing steps of cell seeding under static and dynamic culture conditions.
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2.2.5. Cell seeding and culturing

PCL/HAP Clay scaffolds were sterilized under Ultraviolet (UV) light for 45 min and kept
in 70% ethanol for 12 hr. Further, scaffolds were washed twice with phosphate-buffered saline
(PBS) and immersed in the hMSCs culture medium for 4 hours before cell seeding. For both static
and dynamic cultures, hMSCs and PCa cells were seeded on each scaffold at a density of 5x10°
cells and 1x10° cells, respectively, in a sequential manner. A schematic describing the sequential
culturing of cells in static and dynamic culture is shown in figure 2.2. Initially, hMSCs were seeded
on each scaffold at a density of 5x10° cells and were incubated at 37°C and 5% CO2 for 24 hours.
These samples were considered as day 0. Next, we transferred half of the hMSCs seeded scaffolds
into the bioreactor followed by culturing for 23 days for osteogenic differentiation and mineralized
bone formation. After 23 days, we took scaffolds out of the bioreactor and seeded the PCa cells on
top of the osteogenically differentiated hMSCs at a density of 1x10° cells. We utilized a 1:1 ratio
of hMSCs and PCa media for sequential cultures. Similar steps were followed for seeding PCa on
static scaffolds. The media was changed every 2 days for static culture and every 3 days for
dynamic culture.
2.2.6. DNA quantification

Cell proliferation assay was performed by measuring DNA content according to the
manufacturer's protocol (AccuBlue® Broad Range dsDNA Quantitation Kits). Briefly, the cell-
seeded scaffolds were washed twice with PBS and were digested with the addition of 500 ul of
cell lysis TE buffer (10mM Tris, ImM EDTA, 0.1% Triton X-100, proteinase K) per scaffold
followed by three freeze-thaw cycles at -80°C and 37°C. Further, the supernatants were drawn off
after centrifugation at 12000x g. Finally, 10 pl of each diluted sample was mixed with 200 ul of

working solution and incubated for 30 minutes at room temperature (RT) in the dark. The
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fluorescence was measured at 350 nm excitation/ 460 nm emission using a fluorescence microplate
reader (BioTek).
2.2.7. Cell cycle analysis by flow cytometry

The cells were harvested from the scaffold by adding 500 pl of TrypLE™ Express Enzyme
(1X), phenol red, for 10 mins. The recovered cells were centrifuged at 600x g for 5 minutes ina 5
ml PBS solution to obtain a cell pellet. The cell pellet was then suspended in 500 ul of PBS, and
the suspension was added dropwise into 4.5ml of ice-cold 70% ethanol while gentle vortexing.
Next, we incubated the cell containing 70% ethanol solution at 4°C for 1 hour to fix the cells. After
that, fixed cells were washed in fresh PBS, and the cell pellet was resuspended in 500 pl of the
propidium iodide (PI) staining buffer containing RNAse (Cell Signaling, #4087). The cell
suspension was incubated in the dark at RT for 30 minutes and then analyzed by a BD Accuri C6
flow cytometer using the fluorescence emission 585/42 nm.

2.2.8. Scanning electron microscopy (SEM)

Scaffolds recovered at different time points from static and dynamic cultures were washed
twice in PBS and fixed in 2.5% glutaraldehyde overnight at 4°C. Following this, the scaffolds were
washed three times with PBS to remove the fixing reagent. Further, the samples were dehydrated
with a series of ethanol concentrations (30%, 50%, 70%, 90%, and 100%) and dried using
hexamethyldisilazane. The dried samples were coated with gold and mounted on SEM stubs to
analyze under a scanning electron microscope (JEOL JSM-6490LV).

2.2.9. Immunofluorescence staining

Scaffolds from static and dynamic cultures were washed in PBS and fixed in 4%

paraformaldehyde for 45 mins at room temperature. The samples were then PBS washed 3 times

for 5 minutes each and permeabilized with 0.2% Triton-X 100 for 5 minutes. Next, the samples
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were blocked with 0.2% fish skin gelatin blocking buffer (0.2% FSG and 0.02% Tween20 in PBS)
for 1 hour at room temperature and then incubated with the primary antibody in blocking buffer
overnight at 4°C. The details of primary antibodies and their dilutions are given in Table 2.1. All
primary antibodies were further labeled with their corresponding secondary antibodies (Alexa
Flour 488 (Green) or Alexa Flour 647 (Red)) at a dilution of 1:200 and incubated in the dark at RT
for 45 mins. Finally, cell nuclei were counterstained with 4,6- diamidino-2-phenylindole (DAPI),
and immunofluorescence images were taken under Zeiss Axio Observer Z1 LSM 700 confocal
microscope.

Table 2.1. List of primary antibodies used during immunostaining experiments.

Primary Batch number Dilution
antibody

RUNX2 ab23981 1:1000
OCN ab13421 1:100
E-Cadherin ab40772 1:500
Vimentin ab8978 1:100

2.2.10. ALP activity

The ALP activity was determined according to the manufacturer's protocol (Biovision).
Briefly, p-nitrophenyl phosphate (pNPP) standards were prepared using different concentrations
ranging from 0-20 nmol. The samples were treated with lysate buffer (Biovision) followed by three
freeze-thaw cycles. Next, 70 ul of each sample was mixed with 50 pl of pNPP solution and
incubated for 60 min at RT in the dark. Finally, the reaction was stopped using 20 pl of 3N NaOH
solution, and sample absorbance was measured at 405 nm. The data were normalized to total DNA
content.
2.2.11. Gene expression studies

RNA was isolated using TRIzol reagent and purified using the Direct-zol RNA miniprep
Kit (Zymo Research) following standard procedure. Then isolated RNA was reverse transcribed
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to cDNA using M-MLYV reverse transcriptase and random primers (Promega). SYBR Green PCR
master mix was utilized for real-time PCR by using reaction conditions of 2 min at 50°C, 10 min
at 95°C as holding stage and 40 cycles of 15 sec at 95°C and 1 min at 60°C for cycling stage. The
expressions of ALP, RUNX2, OCN, E-cadherin, and vimentin were analyzed and normalized to
the mean of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression. The
relative fold change was calculated using the 2”*-(AACT) relative comparative method. The details
of primer sequences are provided in Table 2.2.

Table 2.2. The sequence of forward and reverse primers used for the RT-PCR experiments.

Gene Forward primer Reverse primer

GAPDH 5’-CAT CTT CTT TTG CGT CGC  5’-TTA AAA GCA GCC CTG
CA-3° GTG ACC-¥

ALP 5’-TCA ACA CCA ACGTGG CTA 5’-CAC AAT GCC CAC AGA
AG -3’ TTT CC-3’

RUNX2 5’-GTCTCACTGCCTCTCACT 5-CACACATCTCCTCCCTTC
TG-3° TG-3’

OCN 5’-GTG ACG AGT TGG CTG 5’-TGG AGA GGA GCA GAA
ACC-3’ CTGG-3

E-Cadherin ~ 5’- AAGTGA CCGATGATGAT 5-CTCTGT CCATCT CAG CG-
-3’ 3

Vimentin 5’-GAG AACTTT GCC GTT GAA 5’-TCC AGC AGCTTC CTG
GC-3’ TAG GT-3’

2.2.12. Western blot

Cells were extracted from scaffolds and then harvested in RIPA buffer (Thermo Fisher) to
generate cell lysates. Following this, the total protein concentration was estimated using the
Bradford assay (Thermo Fisher). For E-cadherin and vimentin, proteins were resolved through
SDS-10 % polyacrylamide gel. For FAK protein analysis, 100 pul cell lysates were
immunoprecipitated overnight with 30 ul of G-Sepharose beads (pre-incubated with species-
specific primary antibody). Beads were washed three times with PBS and loaded on SDS-10%

polyacrylamide gel. The separated proteins were transferred to 0.2 um PVDF membrane (Thermo
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scientific) and blocked for 1 hour at RT with blocking buffer (5% bovine serum albumin (BSA),
0.05% Tween-20) (Alfa Aesar). Then, the membrane was incubated with primary antibodies at
4°C overnight. The membrane was washed with Tris-buffered saline, 0.1% Tween 20 (TBST), and
incubated for 1 hour at RT with horseradish peroxidase (HRP)-conjugated secondary antibody at
1:5000 dilution. Finally, blots were visualized using enhanced chemiluminescence, and the
densitometric analyses were carried out using Image J software (NIH, USA). First, we normalized
the proteins of interest and controls to their B-actins. Next, controls were subtracted from proteins
of interest to evaluate the actual protein levels of cancer cells. The details of primary antibodies
of E-cadherin, vimentin, FAK, and p (Y397)-FAK is given in Table 2.3.

Table 2.3. List of primary antibodies used during western blot.

Primary antibody Batch number Dilution
E-Cadherin ab40772 1:1000
Vimentin ab8978 1:5000
FAK ab131435 1:2000
p-FAK (Tyr397) ab81298 1:1000

2.2.13. Statistical analysis

Data were analyzed using ANOVA, followed by Tukey's post hoc analysis using GraphPad
Prism v7.04. Software. The data were presented as the mean value of triplicates + standard
deviation. Differences between the two groups were considered statistically significant when
probability, p<0.05.

2.3. Results

2.3.1. Increased hMSCs proliferation and morphological variations in dynamic samples due
to continuous flow perfusion

The hMSCs were cultured on scaffolds for 23 days under both static and dynamic

conditions. The DNA quantification data showed a steady increase in DNA content in both
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culturing conditions over time. However, the amount of DNA was significantly higher in dynamic
samples than in static, as shown in figure 2.3(a). The day-10 data of dynamically cultivated
samples showed an increase in DNA content, with some statistical significance (* p<0.05) w.r.t
day-10 static samples indicating the onset of shear forces effect by perfusion flow on hMSCs
proliferation. In contrast, day-23 dynamic samples exhibited a large increase in cell proliferation
at statistically significant levels ($$ p<0.01). It is to be noted that the differences in proliferation
rate are assumed to arise from differences in cell cycle distribution of cells cultured under different
culturing conditions. Thus, we evaluated the cell cycles of hMSCs on day-10 and day-23 using
flow cytometry. The results showed that hMSCs on day-23 exhibited a significant increase in
GO/G1 (*p <0.05 and $$$ p<0.001 in static and dynamic cultures, respectively) and a decrease in
G2/M phases (*?p <0.05 and $$$ p<0.001 in static and dynamic cultures, respectively) compared
to their day-10 samples. We also observed a significant change in GO/G1 (42.22 + 0.76 % in static
and 51.10 £ 1.36 % in dynamic samples ** p<0.01) and G2/M phases (18.74 £ 1.72 % in static
and 9.77 £ 1.19 %, in dynamic samples ** p<0.01) of day-23 static and dynamic cultures. In
comparison, no significant change was observed in the S phase (39.02 £ 0.45 % in static and 39.00
+ 0.22 % in dynamic samples) (figure 2.3(d)). Next, we determined the morphological variations
in hMSCs under dynamic conditions. We observed that hMSCs under static culture appeared to
form cell agglutinates, whereas dynamic samples exhibited a directional alignment of cells with
broad and flattened morphology (figure 2.3(b)).
2.3.2. Enhanced hMSCs osteogenic differentiation of dynamic samples assessed by changes
in expression levels

It is well established that the assessment of the gene expression level of osteogenic markers

such as Alkaline phosphatase (ALP), Runt-related transcription factor 2 (RUNX2), and
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Osteocalcin (OCN) is a key factor in determining the osteogenic potential of hMSCs. We have
previously reported that ALP and RUNX2 expressions are increased at day-4, day-8, and day-16
w.r.t day-1 in static culture and then downregulated over time [55]. In this study, we determined
the gene expression of early and late-stage osteogenesis markers at day-10 and day-23,
respectively w.r.t day-0 control, to evaluate the effect of static and dynamic conditions on hMSCs
differentiation rate. Various studies have suggested the critical role of RUNX2, ALP, and OCN in
hMSCs differentiation. It was shown that elevated expression levels of RUNX2 and ALP indicate
the onset of hMSCs osteogenetic differentiation. In contrast, upregulation in OCN levels and
downregulation in early-stage osteomimetic genes (RUNX2, ALP) are hallmarks of the cell
maturation [65-68]. We observed a similar trend in our studies in both culturing conditions.
However, the gene expression data in figures 2.3(e), 2.3(f), and 2.3(g) indicate that both early
phase (RUNX2, ALP) and late phase (OCN) markers were significantly affected by the continuous
flow perfusion. The hMSCs cultured under dynamic conditions exhibited elevated mRNA levels
of ALP, RUNX2, and OCN on day 10, which is significantly high (***p<0.001, **p<0.01, and *
p<0.05, respectively) compared to static samples. On day 23, we observed that the ALP mRNA
level of dynamically cultured hMSCs was significantly lower ($ p<0.05) than the static sample,
while no significant changes were observed in the RUNX2 level. On the contrary, OCN expression
was significantly higher ($$$ p<0.001) compared to the static sample.

We further validated the gene expression results with additional experiments. The ALP
enzyme expressed on the cell surface, entrapped in matrix vesicles during the early development
of the bone, promotes bone mineralization by increasing the inorganic phosphate concentration
[69]. Interestingly, ALP activity results correspond well to the gene expression results (figure

2.3(c)). Next, we performed immunostaining experiments to confirm RUNX2 and OCN protein

21



levels over time. We observed a noticeable decrease in the staining intensity of RUNX2 while a
steady increase in OCN immunostaining on day-23 in both culturing conditions compared to day-
10. On comparing dynamic and static immunostaining data of RUNX2 and OCN, we observed

that the immunostaining results are in good agreement with gene expression results (figure 2.3

(h)).
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Figure 2.3. The proliferation and osteogenic differentiation of hMSCs grown on scaffolds under static vs. dynamic
culture. (a) DNA content of static and dynamic samples on day-10 and day-23. (b) SEM showing hMSCs morphology
and distribution on day-23. Arrows indicate the orientation of hMSCs. Scale bars: 50um (c) ALP activity determined
on day-10 and day-23. (d) Cell cycle analysis by flow cytometry representing GO/G1, S, and G2/M phases. (e) (f) ()
RT-PCR analysis (h) Immunostaining on day-10 and day-23. The high-intensity level shows upregulation of proteins
and vice-versa. Scale bars: 50um. yp<0.05, yyp<0.01, and yyyp <0.001 indicate a significant difference between
day-0 and day-10 static samples and between day-0 and day-10 dynamic samples. *p<0.05, **p<0.01, and
***p < 0.001 indicate a significant difference between day-10 static and day-10 dynamic samples and between day-
10 static and day-23 static samples. $ p <0.05, $$ p <0.01, and $$$ p <0.001 indicate a significant difference between
day-23 static and day-23 dynamic samples. # p<0.05, ## p <0.01, and ### p <0.001 indicate a significant difference
between day-10 dynamic and day-23 dynamic samples. Error bars indicate standard deviation (SD).
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2.3.3. Fluid-derived shear stress promotes morphological and mRNA alterations in
MDAPCa2b and PC3 sequential cultures

In our previous studies, we endeavored to recapitulate two bone metastatic prostate tumor
models, using sequential culturing of osteogenic differentiated hMSCs with two different prostate
cancer cell lines. The MDAPCa2b and PC3 cells were grown on the bone mineralized nanoclay-
polymer scaffold to evaluate the complex metastatic cascades of androgen-dependent and
androgen-independent prostate cancer cell lines, respectively [52, 70]. It is evident that prostate
cancer metastasizes to the bone niche through the mesenchymal to epithelial (MET) transition
[71]. Studies suggest that during MET, vimentin, which is abundantly expressed in mesenchymal
cells, downregulates, while E-cadherin plays a critical role in cell-cell adhesion in epithelial cells
and upregulates [72, 73]. Our studies also confirmed the upregulation of E-cadherin and
downregulation of vimentin mRNA after sequential culturing of PCa cells at day (23+5), day
(23+10), and day (23+15) in static culture, indicating the occurrence of MET [52, 53]. However,
to investigate the role of continuous fluid flow-induced shear stress on MET markers and prostate
cancer cell morphology, we further analyzed gene/protein expressions of MET specific markers
and correlated the results with SEM data. In this study, we evaluated the growth of PCa cells for
an extended period; thus, we considered day (23+10) and day (23+20) as time points for
comparison studies. We determined the gene expression of E-cadherin and vimentin at day
(23+10) and day (23+20) of both sequential cultures (SC) under dynamic conditions and compared
our results with the static data set. It is noteworthy to mention that we considered TCPS grown
PC3 and MDAPCaz2b cells as internal controls for hMSCs+PC3 SC and hMSCs+MDAPCa 2b SC,
respectively. We noticed a significant (** p<0.01) increase in the E-cadherin expressions at day

(23+10) in dynamic samples of hMSCs+MDAPCa2b SC and hMSCs+PC3 SC compared to their
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static samples. Subsequently, on the day (23+20), we observed highly significant ($$$ p<0.001)
upregulation in E-cadherin expressions in the dynamic samples of hMSCs+MDAPCa2b SC and
hMSCs+PC3 SC in comparison to their static samples, indicating strong cell-cell interactions
overtime under dynamic conditions (figure 2.4(a), 2.5(a)). In contrast, we did not find any change
in vimentin expression in MDAPCa2b SC samples, but we observed significant changes ($$
p<0.01) in vimentin expression of the day (23+20) hMSCs+PC3 SC dynamic samples compared
to their static samples (figure 2.5 (b)). Further, we validated our observations by evaluating their
protein levels. As we observed significant changes in gene expression of E-cadherin and vimentin
at day (23+20) in both SC, we decided to investigate their protein levels w.r.t hMSCs day (23+20)
control to evaluate actual protein levels in PCa cells. We did not find any expression of E-cadherin
in control samples; however, E-cadherin levels were significantly upregulated in dynamic samples
of MDAPCa2b SC and PC3 SC compared to their static samples (¢#°p<0.01 and ¢p<0.05,
respectively) (figure 2.4(c), 2.5(d)). On the contrary, vimentin levels were insignificantly changed
in MDAPCa2b SC samples after deducting the contribution of control samples (figure 2.4(d)).
Nonetheless, vimentin levels of PC3 SC dynamic samples showed a significant (®°p<0.01)
decrease compared to static samples after subtracting from their control samples (figure 2.5(g)).
The blots and graphs with actual relative intensities of controls and SC samples normalized to -
actin. Next, we confirmed the immunostaining intensities of E-cadherin and vimentin at day
(23+20) of both SC. We observed intense staining of E-cadherin in both SC dynamic samples
compared to their static samples (figure 2.4(e), 2.5(f)). We also observed colonization of E-
cadherin stained PC3 cells in hMSCs+PC3 SC dynamic samples, while E-cadherin stained PC3

cells in their static samples were loosely aggregated (figure 2.5(f)).

25



E-Cadherin

(a) 40+ (b) hMSCs hMSCs+MDAPCa2b
B Static = Day (23+20) Day (23+20)
=5
5 30{ W Dynamic . & . r-g
2s *hk § 3 § &
= 3 F & & &
=E 20 1Y s @ Q
é — _*'! T 7
% E-Cadherin
- 104 1YY
Vimentin
0. *| B-actin
Control  Day (23+10) Day (23+20)
E-Cadherin Vimentin
() (d)
. 020 oo . 025
g s ZE NS
- - | -
£3 2 %020 T
S Zoas .y
i Z 2015
2 30.10 S%
£ 3 < =2 0.10
v = e g
= B o=
§ & 009 Z 5005
¥ = w =
(- -
0.00 0.00"
Day (23+20) Day (23+20) Day (23+20) Day (23+20)
( ) hMSCs+MDAPCa2b Day (23+20) (f) hMSCs+MDAPCa2b
e

Static Dynamic Static Dynamic

Day (23+10)

E-Cadherin/ Vimentin/ DAPI

Day (23+20)

Figure 2.4. Biomarkers of MDAPCa2b prostate cancer cells representing mesenchymal to
epithelial (MET) transition under static vs. dynamic culture. (a) RT-PCR analysis for E-Cadherin.
vp<0.05, yyp <0.01, and yyyp < 0.001 indicate a significant difference between day-0 and day-10
static samples and between day-0 and day-10 dynamic samples. **p <0.01, and ***p <0.001
indicate a significant difference between day (23+10) static and day (23+10) dynamic samples and
between day (23+10) static and day (23+20) static samples, respectively. ###p <0.001 indicates a
significant difference between day (23+10) dynamic and day (23+20) dynamic samples.
$$$p <0.001 indicates a significant difference between day (23+20) static and day (23+20)
dynamic samples. Error bars indicate SD. (b) Protein expressions of E Cadherin and Vimentin
were assessed by western blotting. (c-d) Quantification of E-Cadherin and Vimentin protein levels.
op <0.05, ¢dpp <0.01, and ¢ddpp <0.001 indicate a significant difference between day (23+20)
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(23+20). Scale bars: 40um (c) SEM micrographs of hMSCs+MDAPCa2b sequential culture.
Arrows indicate a group of cells. Scale bars: 10um
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We also performed SEM analysis that showed the formation of tumoroid-like structures of
MDAPCAZ2b prostate cancer cells under both culturing conditions. We observed that MDAPCaz2b
prostate cancer cells at day (23+10) under static conditions exhibited nearly round morphology
that appeared to be fused to form a multilayered mass. On the day (23+20), we did not observe
morphological variations; however, we found that the observed tumors are larger. On the other
hand, dynamic MDAPCaz2b prostate cancer cells appeared to form a highly compact morphology
at day (23+10) that further grouped at day (23+20) into a cell mass with no distinct boundaries as
shown in figure 2.4(f). Furthermore, we observed disorganized cell aggregates of PC3 prostate
cancer cells in static culture on day (23+10) that appeared to form a complex network on the
scaffold surface on day (23+20). In contrast, PC3 cancer cells under dynamic conditions exhibited

cell colonization at day (23+10) and day (23+20), as shown in figure 2.5(Q).
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Figure 2.5. Biomarkers of PC3 prostate cancer cells representing mesenchymal to epithelial (MET) transition under
static vs. dynamic culture. (a-b) RT-PCR analysis for E-cadherin and Vimentin gene expressions at day (23+10) and
day (23+20). "p<0.05, "p<0.01, and ™p <0.001 indicate a significant difference between day-0 and day-10 static
samples and between day-0 and day-10 dynamic samples. **p <0.01 indicates a significant difference between day
(23+10) static and day (23+10) dynamic samples and between day (23+10) static and day (23+20) static samples.
#p<0.01 indicates a significant difference between day (23+10) dynamic and day (23+20) dynamic samples. %¥p <
0.01 and %%%p < 0.001 indicate a significant difference between day (23+20) static and day (23+20) dynamic samples.
Error bars indicate SD. (c) Protein expressions of E Cadherin and Vimentin were assessed by western blotting. (d-e)
Quantification of E-Cadherin and Vimentin protein levels of samples normalized to B-actin after control subtraction.
%p <0.05, *p <0.01, and ***p <0.001 indicate a significant difference between day (23+20) static and day (23+20)
dynamic samples (f) Representative immunofluorescence staining for MET biomarkers E-Cadherin (Green), Vimentin
(Red) and DAPI for staining nucleus (Blue) at day (23+20). Low magnification images (top), high magnification
images (bottom). Scale bars: 30um (g) SEM micrographs of hMSCs+PC3 sequential culture at day (23+10) and
(23+20) of static (left) and dynamic (right) samples. Arrows indicate a group of cells. Scale bars: 10um.
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2.3.4. FAK/E-cadherin crosstalk influences cancer cell morphology

Previously, we observed an increase in E-cadherin expression over time in both
MDAPCa2b SC and PC3 SC, indicating increased cell-cell interaction. It is well-documented that
integrins play a critical role in cell-matrix interaction and regulates via several focal adhesion (FA)
proteins such as Focal Adhesion Kinase (FAK), vinculin, paxillin, p130 Cas, EImo-DOCK
complexes, and Rac proteins [74]. These focal adhesion proteins also regulate cell-cytoskeleton
integrity via crosslinking with actin filaments. The other end of these cytoskeleton filaments is
linked to adherent junctions [75]. Thus, it can be noted that established crosstalk exists between
integrin-based focal adhesions and adherent junctions that maintain cell morphology. We
hypothesized that under continuous fluid-derived shear stress, both adherent junction and integrins
junction simultaneously experienced a force at their ends that triggers intracellular tension in the
cytoskeleton filaments. To minimize such tension or to maintain tensional homeostasis, cells
would undergo a change in their morphologies. To evaluate whether focal adhesion kinase was
activated in dynamic conditions, we determined the expression of activated focal adhesion kinase
relative to total focal adhesion kinase proteins of MDAPCa2b SC and PC3 SC at day (23+20) of
both culturing conditions. Typically, activation of FAK is mediated via Y397 tyrosine-protein
autophosphorylation that triggers the assembly of FA proteins around integrins to form focal
adhesion complexes [76]. We observed an increase in protein expression of activated FAK protein
(Y397) in both dynamic MDAPCa2b SC and PC3 SC samples compared to their static cultures

(figure 2.6(b), 2.6(c)).
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Figure 2.6. Morphological variations of prostate cancer cells mediated via shear stress derived
forces on adhesion molecules. (a) Schematic showing cell-cell interaction via adherens junctions
and cell-extracellular matrix interaction via integrins junction. Under fluid-derived shear stress,
FAK activation (phosphorylation of pY397 domain of FAK) occurs in the cytoplasm that
assembles integrins in proximity and binds them with focal adhesion complexes. Simultaneous
pulling forces by adherens and integrins cause morphological changes. (b) Protein expression of
pY397 FAK was assessed by western blotting. (c) Quantification of p-FAK protein expression
relative to total FAK. *p<0.05 and **p<0.01 indicate a significant difference between day
(23+20) static and day (23+20) dynamic samples. ®p <0.05 and ¢*p <0.01 indicate a significant
difference between day (23+20) hMSCs dynamic and day (23+20) hMSCs+PC3 dynamic samples,
and between day (23+20) hMSCs dynamic and day (23+20) hMSCs+MDAPCa2b dynamic
samples.
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2.4. Discussion

Perfusion bioreactors have extensively been used for bone tissue engineering applications
for more than a decade [77]. Recently, some researchers have employed the bioreactors in 3D in
vitro cancer models [59, 78-81]. The major goal of a bioreactor is to provide a biochemical and
biomechanical environment that improves mass transfer and induces shear stress to the cells. It is
evident that fluid-derived shear stress affects cellular orientation and functions [82]. Previously,
various custom-designed bioreactors have been reported that utilized expensive biocompatible
materials for their designs [83]. Here, we employed a cost-effective and reproducible 3D printing
technique to fabricate bioreactor chambers and their components.

The flow rate of media is always a critical parameter responsible for the extent of perfusion
and the magnitude of fluid-induced shear stress. Moreover, it is a deciding factor for cell
attachment and their growth on engineered constructs under dynamic culture. Some studies
indicate increased extracellular matrix generation at a high flow rate [84], while others suggest a
large number of cell detachment from the scaffold surface at the same flow rate [85]. Thus, the
optimization of flow rate is necessary to provide the magnitude of shear stress relevant to cell
adherence and their response. In our experiments, we selected a flow rate of 0.2 ml/min based on
our preliminary studies and calculated an average velocity of 34.3 um/s of the medium through
the scaffold. Then we estimated wall shear stress (WSS) generated by the fluid flow considering
scaffold pore size range of 10 um to 300 pum. The resulting wall shear stresses ranged between 0.7
mPa and 21.4 mPa, similar to the magnitude calculated in other dynamic studies related to bone
differentiation, covering a range of 5 mPa-100 mPa [86-90]. It is possible that WSS larger than
21.4 mPa causes a portion of cells to detach from the scaffold surface, and WSS smaller than 0.7

mPa does not induce the necessary physiological response in our scaffold system. Recently, a study
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showed wall shear stress across different blood vessel types using a two-photon imaging approach
that reduced in magnitude as target cell approached sinusoidal capillaries near bone marrow, which
is 2.9 £ 2.7 dyne/cm?[29]. Thus, it could be assumed that the wall shear stress of interstitial fluid
is likely less than 290 mPa.

Some studies have considered fluid-derived stress by the interstitial fluid as a critical factor
for maintaining bone remodeling and bone growth [91]. In a healthy bone, remodeling homeostasis
is always maintained between bone resorption and bone formation processes by osteoblast and
osteoclast cells, respectively. However, cancer metastasis to the bone causes an imbalance in this
process resulting in bone lesions [92]. Bone is considered the most preferred site for prostate cancer
metastasis; however, it is still unclear what factors drive cancer cells towards the bone niche
specifically. Various hypotheses have been made that suggest the involvement of chemokine
signaling pathways such as CXCL12/CXCR?7 in cancer cells homing to the bone [93]. However,
the critical role of fluid-derived stress in prostate cancer progression at the metastatic site remains
unclear. Keeping these facts in mind, we designed the experiments to shed light on the complex
interactions between prostate cancer and bone cells at the metastatic stage and to examine the
effect of shear stress on hMSCs and prostate cancer growth patterns under dynamic conditions.
We have previously determined the effect of bone niche on prostate cancer progression; however,
in this study, we elucidate specifically the effect of biophysical cues on prostate cancer bone
metastasis.

We designed and fabricated a perfusion bioreactor integrated with 3D in vitro nanoclay
based scaffolds to investigate the alteration of cell proliferation and differentiation rate of hMSCs
gene and protein expressions, and cell morphologies of tissue-engineered bone and prostate cancer

cells under dynamic conditions. First, we examined the role of shear stress on hMSCs proliferation
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and osteogenic differentiation and compared the results with static culturing conditions. We
observed that the DNA content of hMSCs cultured under dynamic conditions is almost doubled
on day-23 compared to static results. Previous findings also reported improved hMSCs
proliferation rate under dynamic culture and suggest the critical role of shear stress in increasing
proliferation rate [94, 95]. It is well-understood that the functional role of interstitial fluid across
bone is to transport nutrients to cells and carry their waste materials while stimulating cell signaling
via the shear stress [91]. A perfusion bioreactor also provides a dynamic environment that delivers
an increased amount of nutrients to the cells and persuades cells through fluid-driven shear stress.
Thus, increased DNA content of dynamic samples can also be associated with improved nutrient
supply. We also observed that hMSCs under dynamic conditions were uniformly dispersed all over
the scaffold and oriented along the flow direction in contrast to static culture samples that were
non-homogeneously distributed, indicating a positive response of fluid shear stress on dynamic
samples. Other studies have also reported a uniform and directional dispersal of MC3T3 pre-
osteoblasts at day-21 under bidirectional perfusion at 0.1ml/min [96]. Some studies also reported
that due to the limited flow of nutrient media throughout the scaffold in static culture, a nutrient
gradient is generated that may cause a non-homogeneous distribution of osteoblast cells [58].
However, to understand the critical role of fluid shear stress on hMSCs orientation, we evaluated
p-FAK/FAK protein levels in hMSCs and observed that protein levels were significantly (*p<
0.05) increased in dynamic samples (figure 6 (c)). It is evident that p-FAK activation plays a
critical role in maintaining elongated hMSCs morphology [97] (figure 6 (c)).

Next, we determined the cell cycle of hMSCs by flow cytometry under both culturing
conditions to compare the growth phase change of hMSCs. We observed a significantly increased

percentage of GO/G1 phases in both culturing conditions on day 23 compared to their day-10
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samples indicating maturation of hMSCs to osteoblasts. Interestingly, on day-23, we also noticed
a significant decrease in the percentage of G2/M phases in dynamic samples compared to day-23
static samples which can arise because a large number of hMSCs are likely to have already matured
into osteoblasts resulting in a slowdown of the G2/M phase. A decrease in the G2/M phase during
hMSCs differentiation has also been reported by others [98]. We further confirmed the osteogenic
differentiation of hMSCs by evaluating expressions of three crucial factors, such as RUNX2, ALP,
and OCN. We observed relatively more downregulation in gene expressions of early-stage
biomarkers RUNX2 and ALP and upregulation of OCN, a late-stage marker of osteogenic
differentiation in dynamic samples over time, indicating early maturation of hMSCs.

In the second part of the study, we evaluated the effect of dynamic culturing on significant
biomarkers of mesenchymal to epithelial transition (MET). MET is a critical step of cancer
progression during the metastatic stage that corresponds to a change in the phenotypic behavior of
cells from mesenchymal to epithelial. Altered phenotypic behavior at the metastatic site gives
cancer cells an ability to increase their survival and proliferation, further relying on two rate-
limiting steps: metastatic milieu and shear-stress by interstitial fluid [99]. Previously, we have
shown that complex MET cascade occurs in the nanoclay based scaffold models due to prostate
cancer homing to hMSCs differentiated bone niche [53]. In the present study, we evaluate the
additional effect of fluid-derived shear stress on MET biomarkers E-cadherin and vimentin. E-
cadherin expresses on the epithelial cell surface that forms tight junctions with adjacent cells. A
loss of E-cadherin expression results in epithelial to mesenchymal transition that is likely to re-
express at the metastatic site [73, 100]. An upregulation in E-cadherin expression with low to
nearly absent vimentin expression during co-culture of prostate cancer cells with hepatocytes was

reported earlier under dynamic conditions [72]. We observed significantly higher E-cadherin
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expression in dynamic samples of MDAPCa2b SC and PC3 SC. In contrast, lower or no change
in vimentin expression was observed in PC3 SC and MDAPCa2b SC over time compared to their
static samples. Immunostaining and SEM results indicated high cell-cell interactions in
MDAPCAZ2b cells and large cell aggregates in PC3 cells and confirmed the upregulation of E-
cadherin under dynamic conditions.

Thus, it is clear from our results that fluid-derived shear stress influences cell morphology,
yet it is unclear why such alteration happens. Therefore, to delineate the underlying cause of
change in morphology, we decided to determine the variations in cell adhesion proteins, which
play an essential role in maintaining cell shape integrity underflow. Notably, intercellular and cell-
ECM interactions are mediated by adherens junctions and integrins junctions, respectively. Several
studies imply crosstalk between these junctions [101-103]. It is also understood that E-cadherin-
based intercellular interactions are essential for the reorganization of cell-ECM forces to the
periphery of epithelial cell clusters [75]. On the other hand, the importance of integrin-mediated
adhesions in modulating intercellular adhesions is also known [104, 105]. Moreover, other studies
also establish a connection between E-cadherin regulation via focal adhesion kinase (FAK)
signaling in various cancer cells [106, 107]. However, it is still unclear how these adhesion
proteins-mediated interactions alter multicellular morphogenesis during fluid-derived shear stress.

In the present study, we have shown that E-cadherin expression increases under fluid flow
in both MDAPCa2b and PC3 SC. In addition, we demonstrated variations in phosphorylated focal
adhesion kinase (FAK) expression. FAK is a non-receptor tyrosine kinase located in the cytoplasm
that regulates several cellular signaling, including cell adhesion, colonization, invasion, and cell
proliferation [108-114]. Herein, we demonstrate focal adhesion kinase (FAK) activation in

assembling integrin molecules in proximity via a focal adhesion complex. We hypothesized that
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under fluid-driven shear stress, both adherent junctions (cell-cell interaction) and integrin junctions
(cell-matrix interaction) experience a constant pulling force, which might cause morphological
changes (Figure 2.6 (a)). In our study, at the bone metastatic site, we report a significant increase
in phosphorylated (Y397) FAK expression relative to their total FAK proteins in both sequential
cultures under flow conditions (figure 2.6 (b)). Consistent with our observation of increased p-
FAK expressions at low shear stress magnitude, numerous studies have reported increased p-FAK
levels in cancer cells at low-level shear-stress. Recent studies of liver cancer stem cells and triple-
negative breast cancer cells showed an increased FAK phosphorylation at low-level shear stress
magnitude of 2 dynes/cm? [115] and 1dyne/cm? [116], respectively. However, at high shear stress
levels of 12 dynes/cm? phospho-FAK protein levels were downregulated in triple-negative breast
cancer cells [116].
2.5. Conclusion

We have successfully developed a 3D in vitro dynamic model to recapitulate bone
metastatic prostate cancer behavior under dynamic conditions. We have explored the critical role
of fluid-derived shear stress on modulations in cell response. Overall, our results indicate that shear
stress promotes hMSCs proliferation, differentiation, and morphological variations. We report that
fluid-derived shear stress has a massive impact on hMSC cell morphology. The hMSCs under
static culture form cell agglutinates, whereas, under dynamic culture, the cells exhibited a
directional alignment with broad and flattened morphology. The fluid flow enabled shear stress
significantly influences MET biomarkers (E-cadherin and vimentin) and the cell shape of prostate
cancer cells at the metastatic bone site. Our prior studies suggest variation in morphologies
between two prostate cancer cell lines under static conditions, with MDAPCaz2b cells forming tight

dense tumoroids and PC3 cells forming loose aggregates [56]. In comparison, the application of
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shear stress in the dynamic experiments largely impacted prostate cancer cell morphology. The
dynamic MDAPCa2b prostate cancer cells formed highly compact morphology as early as a day
(23+10), and the PC3, unlike the loose aggregates under static conditions, exhibited cell
colonization at day (23+10).

Using the 3D metastasis testbed, we demonstrate FAK activation in assembling integrin
molecules in proximity via a focal adhesion complex. Evaluation of cell adhesion proteins
indicated that the cause of variation in cancer cell morphology under shear stresses arises from the
constant force pulling due to increased E-cadherin and phosphorylated Focal adhesion kinase
(FAK) proteins under the fluid flow enabled shear stress. Further investigations utilizing
computational fluid dynamics will provide an enhanced view into establishing a correlation

between fluid shear stress and metastasis progression.
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3. HORIZONTAL FLOW BIOREACTOR FOR EVALUATING MIGRATION OF
PROSTATE CANCER CELLS AT A LATER STAGE?

This chapter describes the significant role of fluid flow in the migration rate of prostate
cancer cells at their extravasation stage. The contents of this chapter have been submitted for
publication.

3.1. Introduction

Prostate cancer is the most frequently diagnosed cancer in men that tends to metastasize
preferentially to the skeleton, leading to malignant bone lesions. Metastatic prostate cancer cells
dysregulate the normal bone remodeling process by distressing bone tissue homeostasis. The 5-
year survival rate for localized prostate cancer patients is significantly higher than the patients with
prostate cancer disseminated to a distant organ [1]. To colonize the bone site, tumor cells invade
the extracellular matrix (ECM) of the growing tumor at their primary site, intravasate into the
blood circulation, and then extravasate from the blood vasculature to the bone ECM. In vitro
models have been proved beneficial for studying cancer cell progression and developing novel
anticancer drugs. In particular, 3D in vitro disease models mimic more closely the
pathophysiological microenvironment due to close interaction between different cell types and
release of factors responsible for the generation of ECM in a precise system [117, 118]. 3D in vitro
models bridge the gap between 2D monoculture models, which do not possess in vivo structural

complexity, and expensive in vivo models, often fail to recapitulate the late stage of cancers.

2This chapter was co-authored by Haneesh Jasuja, Sharad Jaswandkar, D.R. Katti, and K.S. Katti. Haneesh Jasuja had
the primary responsibility for preparing samples, conducting all tests, and drafting this chapter. Kalpana Katti and
Dinesh Katti directed the research orientation and revised this chapter.
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Previously, we have developed 3D in vitro disease models of prostate [119, 120] and breast
cancer [28, 55] bone metastasis using polymer-nanoclay based scaffolds that exhibit high porosity
of 86.1% with pore sizes ranging between 10-30 um to 100-300 um and possess a compressive
modulus of 2.495 MPa [60], required for hard tissue growth. We have also investigated the role of
interstitial fluid in prostate cancer progression to the bone using a novel customized dynamic 3D
in vitro model, a perfusion bioreactor [121]. However, understanding the metastatic cascade of
cancer cells is essential to pave the way to discovering novel drugs for metastatic cancers. In
particular, the extravasation stage, which is a critical process for cancer cells’ invasion to the
secondary site and subsequent development of metastatic tumors. Extravasation comprises various
stages, including slowly rolling, adherence to the sinusoidal capillaries, and transmigration across
the capillary’s endothelium [29]. Recently, several groups have developed microfluidic platforms
to recapitulate the extravasation microenvironment that majorly focuses on the effects of
biomechanical cues on the tumor cell motility [122-125]. In addition, Boyden chamber-Transwell
assays deliver a relatively simple and high throughput system for quantifying the percentage cell
migration [126], yet do not fully recapitulate extravasation and migration behavior under
physiological fluid flow conditions. While these models have provided useful insight into the
migration behavior of cancer cells at their distant sites, they did not adequately address the effect
of interstitial fluid flow on cancer cells’ migration rate and their molecular mechanisms.

In the present study, we hypothesized that interstitial fluid flow acts as a driving force for
cancer cell migration in the vicinity of cancer cells proximate to the capillary pores; thus, we
developed a novel 3D in vitro dynamic model integrated with transwell inserts that fully
recapitulates in vivo microenvironment representing the migration of cancer cells under interstitial

fluid flow. Here, we demonstrate the migration of PC3 prostate cancer cells through transwell
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insert under both dynamic and static culture conditions. Later, we investigated the molecular
mechanism responsible for the migration of cancer cells under different culture conditions. This
work suggests that av3 integrins play distinct roles in response to mechanical cues and act as
mechanosensory that transduce mechanical signals via avp3-MMP 9 signaling axis to promote
flow-induced motility of prostate cancer cells.
3.2. Materials and methods

3.2.1. Scaffold preparation

PCL-in situ HAP clay scaffolds were prepared as per the protocol described previously
[24, 50, 60-62]. In brief, we modified sodium montmorillonite (Na-MMT) clay with an amino acid
modifier (5-aminovaleric acid) to increase the d-spacing between the clay sheets. Further, we
mixed HAP and modified clay to biomineralize HAP into intercalated nano-clay sheets galleries.
Then, we dissolved PCL and 10% in situ HAP Clay in 1, 4-dioxane and subjected the resultant
solution to freeze-drying extraction to obtain PCL/in-situ HAP Clay scaffolds. We utilized
cylindrical scaffolds with dimensions of 12 mm diameter and 3 mm thickness during experiments.
3.2.2. Horizontal flow bioreactor design

The horizontal bioreactor chambers are designed with computer-aided design (CAD)
software (SolidWorks v.2018, Dassault Systems) and fabricated using crosslinked Polymethyl-
methacrylate (PMMA) polymer by a Formlabs Form 2 3D Printer. The dimensions of the
rectangular culture chamber are 50 mm x 30 mm x 32 mm, and each culture chamber supports one
scaffold sample (Figure 3.1 A-E). A scaffold holder is designed to put the scaffolds deep into the
culture chambers without flipping (Figure 3.1 I-L). Inlet and outlet of bioreactor chambers are
connected to tubing (Peroxide-Cured Silicone, ID 1.42 mm, Ismatec) for continuous inflow and

outflow of cell culture medium, respectively (Figure 3.1 F-H). Media containing borosilicate
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bottles and flow regulating pump are coupled with bioreactor chambers via these tubing.
Experiments were carried out at two different flow rates- 0.2 ml/min and 0.05 ml/min. A vent cap
with a 0.2 um gas permeable membrane is placed on the top of the chamber to cover the opening
that facilitates gas exchange within the culture chamber and maintains a sterile environment

(Figure 3.1 M-N). The whole assembly is placed inside the incubator (Figure 3.1 G-H).

(A) (8)

(F) Vent cap with 0.2um
membrane filter

Connector Connector
\ r-1 7
Media inlet —> ﬂ(}—}m&ﬁ:‘x_ ~— Media outlet

Scaffold
t

Bioreactor
chamber

) (K)
m-m

Figure 3.1. Bioreactor design. (A) full view. (B) symmetric view. (C) 3D printed bioreactor
chamber. (D) side view. (E) top view. Arrow indicates inflow and outflow fluid directions. (F)
Schematic representation of bioreactor and their components with flow directions. (G-H)
Bioreactor assembly setup inside the incubator (37 °C, 5% CO2, and high moisture content). (G)
Bioreactor chambers (top rack) connected to media bottles (bottom rack) via tubing. (H) Enlarged
view of bioreactor chambers positioned inside the incubator. (1) Symmetric view of the chamber
and holder showing steps of holder insertion into bioreactor chamber (J-N) Assembly of bioreactor
chamber. (J) scaffold holder. (K) Top view of bioreactor chamber. (L) Top view of the bioreactor
chamber inserted with scaffold holder. (M) Bioreactor chamber and vent cap. (N) Vent cap fitted
bioreactor chamber.

m
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3.2.3. Computational fluid dynamics (CFD) analysis

The bioreactor model and the transwell insert were designed using computer-aided design
(CAD) software (SolidWorks v.2018, Dassault Systems). The theoretical analysis of the
hydrodynamic performance of the bioreactor was conducted by computational fluid dynamics
(CFD), using a SolidWorks flow simulation package. The SolidWorks Flow Simulation is a CAD-
integrated Computational Fluid Dynamics (CFD) simulation software fully integrated with the part
design environment [127]. It is based on a Cartesian meshing approach integrated directly into the
native CAD system [127]. The software uses a discrete numerical technique based on the Finite
Volume Method (FVM) to integrate with CFD solvers. The fluid medium in the bioreactor was
assumed to be an incompressible fluid with a dynamic viscosity of 6.9 x 10~ Pa-s and a density
of 993.3 kg/m® (dynamic viscosity and density of water at 37°C). The scaffold geometry was
considered solid with dimensions of 12 mm diameter and 3 mm thickness and assigned total
porosity of 86.1%, determined experimentally [60]. The inlet flow rates of 0.05 ml/min and 0.2
ml/min were applied to the bioreactor model based on experiments performed. The other
parameters used for the system are described in Table 3.1.

Table 3.1. CFD parameters and approximations applied for the bioreactor system.

Parameters Approximations

Temperature (°C) 37

Pressure (Pa) 101325

Gravitational constant (m/s?) -9.81

Fluid Water

Flow type Laminar and Turbulent

Wall thermal condition Adiabatic

Boundary conditions Inlet and Outlet at a uniform flow rate

Mesh Global mesh refinement: 4 Local mesh refinement: 5
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3.2.4. Cell lines and cell culture

Human mesenchymal stem cells (hMSCs) (PT-2501) (Lonza) were maintained in a
complete growth medium (MSCGM Bulletkit medium (Lonza, PT-3001)). Human prostate cancer
cells- PC3 (ATCC® CRL-1435™) were purchased from American Type Culture Collection
(ATCC) and maintained in a complete growth medium (Kaighn’s Modification of Ham’s F-12
Medium-ATCC, 30-2004, 10% Fetal Bovine Serum (ATCC, 30-2020), and 1% Pen-Strep
antibiotic (Gibco)). The cell cultures were maintained at 37 °C and 5% CO: in a humidified
incubator.
3.2.5. Cell seeding

We first sterilized the scaffolds under ultraviolet (UV) light for about 1 hour and then
immersed the scaffolds into 70% ethanol solution for 12 hours. Further, we washed the scaffolds
twice with 1X phosphate buffer saline (PBS). We seeded 1 x 10° PC3 cells on each scaffold for
viability-related experiments and seeded 5 x 10° hMSCs on each scaffold for migration-related
experiments. We cultured hMSCs on scaffolds for 23 days for their osteogenic differentiation and
mineralized bone formation as described previously [28, 128], before employing them for
migration experiments. We refreshed the media for the bioreactor samples every two days and
static samples every other day.
3.2.6. DNA guantification

DNA quantification assay was performed to assess the proliferation rate of PC3 cells by
measuring their DNA content using a kit (AccuBlue® Broad Range dsDNA Quantitation Kits).
Standard solutions were prepared as per the manufacturer’s protocol. For sample preparation, we
followed the procedure described somewhere else [121]. Briefly, 10 pl of each standard and diluted

sample was mixed with 200 pl of working solution and incubated for 30 min at room temperature

43



in the dark. The fluorescence was measured at Ex350 nm/ Em460 nm using a fluorescence
microplate reader (BioTek).
3.2.7. Live dead assay

A live-dead assay was performed to evaluate the viability of PC3 cells under static and
flow conditions. The scaffolds seeded with PC3 cells were introduced with both live (Calcein AM)
and dead (Ethidium Homodimer I11- EthD-I111) stains at different time points (Day-4 and Day-8)
using a standard protocol (Biotium, 30002-T). Briefly, the scaffolds were rinsed twice with PBS
and were incubated in 2 uM calcein AM and 4 uM EthD-II1 in PBS for 30 minutes at room
temperature. Next, the scaffolds were imaged under Zeiss Axio Observer Z1 LSM 700 confocal
microscope using Ex/Em wavelengths described in the manufacturer’s protocol.
3.2.8. Cell apoptosis by flow cytometry

The apoptosis analysis was carried out using the Propidium lodide (PI)-AnnexinV double
staining method as per the standard procedure (Biolegend). Briefly, samples were retrieved from
different conditions on Day 4 and Day 8 and washed thoroughly with cold PBS. Cancer cells were
harvested from each scaffold by treating them with 500 pl of TrypLE™ Express enzyme. Next,
cancer cells were resuspended in Annexin binding buffer to a concentration of 1 x 108 cells/ml.
Further, 100ul of cell suspension of each condition was treated with 5ul of Fluorescein
isothiocyanate (FITC) conjugated Annexin V and 10ul of PI stains and incubated in the dark for
15 minutes at room temperature. The cell suspension of each sample was further diluted with 400
ul of Annexin binding buffer and analyzed using BD Accuri C6 Flow cytometer.
3.2.9. Gene expression by RT-qPCR

Scaffold samples containing PC3 cells were retrieved from different culture conditions on

Day 8 to assess their apoptosis-related gene expressions. RNA was isolated using TRIzol reagent
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and purified using Direct-zol RNA MiniPrep kit (Zymo Research). For migration-related gene
expressions, PC3 cells were treated with TRIzol reagent after 24 hours of the migration experiment
for their RNA isolation. Next, RNA was reverse transcribed to cDNA using random primers and
M-MLYV reverse transcriptase (Promega), and the mRNA expressions were quantified using SYBR
green master mix. The gPCR reaction conditions used during each run include holding stage -
95°C, 5 minutes followed by cycling stage - 40 cycles of 95°C, 30 seconds and 60°C, 1 min. The
expressions of various genes related to apoptosis and migration- TGF3-1, Caspase-9, Bcl-2, p53,
av, B3, MMP-9, and CXCR4 were analyzed and normalized to the mean of 3 actin. The details of

the primers are given in Table 3.2. The relative fold change was calculated using the 2*(-AACt)

comparative method.

Table 3.2. The primer sequence used in the RT-PCR experiment.

Gene Forward primer Reverse primer

B actin 5’- GGC ATC GTG ATG GAC 5’- GCT GGA AGG TGG ACA
TCC-3° GCG-3°

TGFB-1 5’- AAG TTG GCA TGG TAG 5’- CCC TGG ACA CCA ACT
CCCTT-3’ ATT GC-3’

Caspase 9 5’- GAG GGA AGC CCA AGC 5’- GCC ACC TCA AAG CCA
TGT TC-3’ TGG T-3°

p53 5- CGG GAT CCATGG AGG 5-CCGCTCGAGTTT CTG
AGC CGC AGT CAG AT-3' GGA AGG GAC AGA AGA-3’

Bcl-2 5’-GGC TGG GATGCC TTT 5’- CAG CCA GGA GAA ATC
GTG-3 AAA CAG A-3’

av 5’- GAA AAG AAT GAC ACG 5’- AGT GAT GAG ATG GTC
GTT GC -3’ CCGCT-3

B3 5’- ACT GCC TGT GTGACT CCG 5’-CGC GTG GTACAGTTG
ACT -3 CAG TAG-3

MMP-9 5’-TGG GCT ACG TGA CCT ATG 5’-GCC CAGCC ACCTCCACT
ACAT-3 CCTC-¥»

CXCR4 5’- GAT CAG CATCGACTCCTT 5’-GGC TCC AAG GAA AGC

CA-»

ATA GA-3’
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3.2.10. Transwell migration assay

For the transwell migration assay, we have customized the bioreactor assembly to fit better
the transwell insert and accommodation of bone mimetic scaffold underneath the transwell insert.
A total of 4x10* PC3 cancer cells were seeded into each Transwell insert (Corning, Inc., Corning,
NY, USA) of 8.0 um pore size in 100ul PC3 media containing 2% FBS and allowed to adhere to
the surface for 3 hours. Next, the media was replaced with 100ul serum (FBS) free media, and the
inserts were moved into the bioreactor. The cells were allowed to migrate towards the lower
chamber containing complete PC3 media (F-12 K with 10% FBS) and towards tissue-engineered
bone with complete PC3 media (F-12 K with 10% FBS). After 24 hours of incubation, cells that
remained on top of the filter were gently removed using cotton swabs. The percentage of cells
migrated through the filter was measured using the Alamar Blue reagent assay (Invitrogen)
following the manufacturer’s protocol. The fluorescence intensity was measured using excitation
570 nm and emission 600 nm. PC3 cells seeded in the wells without inserts were considered
positive control, and fluorescence emitted only by Alamar blue reagent was considered negative

control or background signal. The percentage migration was calculated by using the formula.

Fluorescence of migrated cells—background signal

Percentage migration = X 100

Fluorescence of total cells without insert—background signal
3.2.11. Western blot analysis

PC3 cells were harvested from transwell inserts and protein was extracted using RIPA lysis
buffer. Next, total protein was estimated using the Bradford assay (Thermofisher). The proteins
were separated using 10% (v/v) SDS-PAGE gels and transferred to a 0.2 um PVDF membrane.
The membrane was blocked for 1 hour at RT with a blocking buffer (5% bovine serum albumin,
0.05% Tween-20 -Alfa Aesar). Next, the membrane was incubated with a primary antibody

overnight at 4°C. The primary antibodies used for the analysis were p-Smad2 (Cell signaling
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#3108, 1:1000 dilution), Smad2 (Cell signaling #3102, 1:1000 dilution), p-Aktl (Cell signaling
#9271, 1:1000 dilution), and Akt (Cell signaling #9272, 1:1000 dilution). Further, the membrane
was incubated for 1 hour at room temperature with a horseradish peroxidase-conjugated secondary
antibody at 1:5000 dilution. The blots were scanned under a Chemiluminescence imaging system
(Applied Biosystems).
3.2.12. Statistical analysis

GraphPad Prism v7.04 software was used to perform statistical analysis. The data were
presented as mean + standard deviation (SD). Data were analyzed using one-way, or two-way
ANOVA followed by Tukey’s post hoc analysis. The difference between the two groups was
considered statistically significant for p <0.05.

3.3. Results

3.3.1. Optimization of interstitial flow velocities and shear stress for optimum cell growth

The reported interstitial fluid velocities range in vivo is 0.1-4 um/s [123, 124]. Here, we
analyzed two different inlet flow rates- 0.05 ml/min (low flow rate) and 0.2 ml/min (high flow
rate)- to attain physiological interstitial fluid velocity range and understand the correlation between
fluid shear stress and cellular response. The simulated fluid flow on the scaffold surface analyzed
by CFD -displayed heterogeneous fluid velocity and shear stress magnitudes. The velocity range
attained at different flow rates was 5.0 um/s (velmin) and 50 um/s (velmax), and 0.5 um/s (velmin)
and 5.0 um/s (velmax) corresponding to 0.2 ml/min and 0.05 mL/min, respectively. The fluid shear
stress estimated for 0.2 ml/min ranged between 0.5 mPa and 3 mPa, while 0.05 mL/min ranged
between 0.02 and 2 mPa. The color gradient indicates faster flow in the scaffold’s center than the
stagnant fluid layer near the wall (Figure 3.2 A-D). From CFD results, we concluded that the

physiological velocity was achieved at a 0.05 ml/min flow rate. However, to understand the effect
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of high flow rate on cellular response and to optimize flow rate experimentally, we performed a

cell viability assay using both flow rates.
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Figure 3.2. (A) Bioreactor assembly components. (B) The sectional view of bioreactor assembly.
(C) Velocity and shear stress distribution on scaffold surface at inlet flow of 0.2 ml/min. (D)
Velocity and shear stress distribution on scaffold surface at inlet flow of 0.05 ml/min. Arrows
represent the direction of fluid flow.

3.3.2. High flow rate inhibits cell growth and induces apoptosis

To assess the viability of PC3 cells under static and different flow conditions, we measured
their DNA content. We observed that the DNA content of PC3 cells on Day-4 was significantly
higher under both 0.2 ml/min (*p<0.05) and 0.05 mi/min (**p<0.01) flow conditions compared to
static culture. Similarly, on Day-8, we observed significantly higher DNA content of PC3 under
0.05 ml/min (®<p<0.05) compared to their static culture. However, the DNA content of PC3 cells
under 0.2 ml/min flow rate was significantly decreased (@p<0.05) compared to 0.05 ml/min flow

rate conditions (Figure 3.3A). Live-dead staining assay revealed similar outcomes, representing a

48



reduced population of live cells under high flow rate conditions on Day-8 compared to low flow

rate conditions (Figure 3.3B).
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Figure 3.3. Cell viability was assessed on Day-4 and Day-8 using Static culture (control), 0.05
ml/min flow rate, and 0.2 ml/min flow rate. (A) DNA content. (B) live-dead assay. Green
fluorescence represents live cells and red fluorescence represents dead cells. Scale bar 100um
*p<0.05 and **p<0.01lindicates a significant difference between the static sample and different
flow rate samples on Day-4. 4p<0.05 indicates a significant difference between the static sample
on Day-4 and Day-8. ##p<0.001 indicates a significant difference between the 0.05 ml/min flow
rate sample on Day-4 and Day-8. $p<0.05 indicates a significant difference between the static
sample on Day-8 and the 0.05 ml/min flow rate sample on Day-8. ©p<0.05 indicates a significant
difference between the 0.05 ml/min flow rate sample on Day-8 and the 0.2 ml/min flow rate sample
on Day-8.

3.3.3. TGF-B1 induces apoptosis under a high flow rate

To investigate the possible reason for decreased cell growth of PC3 cells under high flow
rate, we performed a cell apoptosis assay by flow cytometry. We did not observe significant
changes in the apoptosis rate on Day-4 between 0.2 ml/min and 0.05 ml/min flow rates; however,
on Day-8, we observed a significantly higher percentage of apoptotic cells (22.60 + 0.55 %)
cultured under a high flow rate compared to low flow rate conditions (11.01 + 0.50 %), indicating

0.2 ml/min flow rate is not suitable for PC3 cells growth for a prolonged period (Figure 3.4 A-C).
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Next, to investigate the molecular mechanism responsible for apoptotic induction of PC3
cells at Day-8 under a high flow rate, we examined apoptosis-related genes. We observed that
MRNA levels of tumor suppressor gene, p53 (***p<0.01) and apoptotic gene, caspase-9
(**p<0.01) were significantly upregulated in PC3 cells under high flow rate while expressions of
antiapoptotic gene, Bcl-2 (***p<0.01) were downregulated, suggesting apoptotic induction in PC3
cells under high flow rate. We also examined mRNA levels of TGF-f1, which is highly
accountable for apoptotic induction in tumor cells [129]. We observed a significant upregulation
in TGF-p1 mRNA levels (***p<0.001) under high flow rate compared to low flow rate conditions.
It is also reported that TGF-B1 acts as both a tumor suppressor and tumor inducer, promoting cell
apoptosis via the Smad-dependent pathway while suppressing apoptosis or enhancing cell survival
via Smad independent-PI13K/Akt pathway [130]. Thus, we decided to investigate the feasibility of
these two signaling pathways to understand the possibility of an increase in TFG-B1 mRNA levels
at high flow rate conditions. We observed significantly high protein expression of p-Smad2 under
high flow rate conditions compared to low flow rate conditions, indicating the tumor suppressor
effect of TGF-B1 under high flow conditions. In addition, we observed a thick band of p-Akt under
low flow conditions while a very thin p-Akt band under high flow rate conditions, suggesting that

the survival of PC3 cells was decreased under high flow conditions (Figure 3.4 D-F).
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Figure 3.4. Cell apoptosis was assessed at 0.05 ml/min and 0.2 ml/min flow rates. (A-B)
Representative dot plot presenting percent live, early, and late apoptotic cells following double
staining with Annexin V and Propidium lodide on Day-4 and Day-8. (C) The percentage of cell
apoptosis was calculated on Day-4 and Day-8 by adding the percentage of early apoptotic and late
apoptotic cells under different conditions. (D) Possible mechanism of TGF-f1 mediated tumor
suppression and tumor induction. (E) Quantitative RT-PCR data for apoptosis-related genes on
Day-8. (F) Protein expression of p-Smad2 and p-Akt was assessed by western blotting on Day-8.
*#%p < 0.001 indicates a significant difference between the samples at 0.05 ml/min and 0.2 ml/min

flow rates.

3.3.4. Physiological interstitial fluid velocity induces a high migration rate of prostate cancer
cells

To evaluate the migration of PC3 cells through transwell insert under flow conditions, we
employed a 0.05 ml/min flow rate based on our CFD (Figure 3.2) and viability (Figure 3.3) results.

From CFD analysis using transwell insert without scaffold (Figure 3.5 A-B), we demonstrated that
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shear stress attained at the membrane of transwell insert ranged between 0.005 mPa and 0.08 mPa,
which was nearly equivalent to the shear stress range (0.005 mPa - 0.1 mPa) at the membrane of
transwell insert in the presence of scaffold, indicating that similar fluid derived shear stress acting

on PC3 cells in the presence or absence of tissue-engineered bone.
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Figure 3.5. (A) Bioreactor assembly with transwell insert without scaffold (upper left), velocity
and shear stress distribution on transwell membrane surface at inlet flow of 0.05 ml/min (upper
right). (B) Bioreactor assembly with transwell insert and scaffold (lower left), velocity and shear
stress distribution on the scaffold and transwell membrane surface at inlet flow of 0.05 ml/min
(lower right). Arrows represent the direction of fluid flow.
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First, we evaluated the migration rate of PC3 cells under static and dynamic conditions
without placing a bone-containing scaffold underneath the transwell insert to understand the effect

of continuous fluid flow on migration rate. After 24 hours of incubation, we observed that the

52




percentage migration of PC3 cells under fluid flow was increased by ~ 2-fold (28.64+5.61%)
compared to cells under static condition (13.51+2.47%), indicating the effect of fluid flow on the
migration rate of PC3 cells. Next, we evaluated the effect of flow conditions on cell migration rate
in the presence of bone. We observed that overall percentage migration through the transwell insert
was increased in the presence of tissue-engineered bone under both culturing conditions; however,
under dynamic conditions, the percentage of cell migration (73.24+1.05%) was significantly
higher (4p<0.01) than static culture (52.95+4.08%) (Figure 3.6 A-B). Thus, to investigate the
molecular mechanism responsible for the observed change in percentage cell migration under flow
conditions and in the presence of bone, we examined migration-related gene expressions under
different culture conditions.
3.3.5. avB3 integrins activation via fluid flow promotes percentage cell migration

Fluid shear stress activates avp3 integrins that convert mechanical stimulation into
chemical signals inside the cells and activate downstream signals [33, 131-133]. We observed that
the mRNA levels of av (***p<0.001) and B3 (***p<0.001) integrins in PC3 cells were
significantly upregulated under dynamic conditions compared to static conditions. Next, we
investigated MMP-9 gene expressions and observed that mMRNA levels of MMP-9 were also
significantly upregulated under dynamic conditions (*p<0.05) compared to static conditions in the
absence of bone, indicating the effect of fluid shear stress on cancer cells migration. We also
demonstrated mRNA levels of av, p3, and MMP-9 in PC3 cells in the presence of tissue-
engineered bone under both dynamic and static culture conditions. The results showed that MRNA
levels of av and B3 in PC3 cells in the presence of bone were not significantly different from
without bone samples. However, expression levels of MMP-9 in PC3 cells in the presence of bone

were significantly higher than in the absence of bone under dynamic conditions, indicating the role
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of other factors in the overall increase in cell migration (Figure 3.6 C). Thus, to understand the
reason behind upregulation in MMP-9 levels in the presence of bone, we planned to investigate

other genes related to migration.
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Figure 3.6. Transmembrane invasion assay showing migration of PC3 cancer cells through
transwell inserts with and without bone under static and dynamic culture. (A) Migrated cells
stained with crystal violet dye. (B) Percentage cell migration determined using Alamar Blue assay.
(C) Gene expression of migration-related genes determined by RT-gPCR. (D) The proposed
mechanism of CXCR4 and avf3 integrins mediated the increase in MMP-9 levels under dynamic
conditions in the presence of bone. *p<0.05, **p<0.01, and ***p <0.001 indicate a significant
difference between the static sample without bone and other conditions. #p<0.05 and #p<0.01
indicate a significant difference between the dynamic sample without bone and other conditions.
&p<0.05 indicates a significant difference between the static sample with bone and dynamic sample
with bone.
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3.3.6. CXCR4/CXCL12 interaction leads to increased percent cell migration in the presence
of bone

CXCRA4 is a crucial regulator of prostate cancer invasiveness and metastasis development
[134, 135]. High CXCR4 expression in prostate cancer cells is associated with their propensity to
metastasize to the bone, a tissue that expresses a high level of the chemokine CXCL12 [135, 136].
As our results showed upregulation in MMP-9 levels in the presence of bone, we hypothesized
that CXCR4 activation led to an increase in MMP-9 levels. Thus, we investigated CXCR4 mRNA
levels of PC3 cells in the presence and absence of bone under both conditions. We observed a
significant increase in CXCR4 levels in the presence of bone under both conditions compared to
the without bone scaffolds. We also noticed that CXCR4 mRNA levels were not significantly
changed in the presence of bone under static and dynamic conditions, indicating that CXCR4
activation in PC3 cells is not influenced by flow conditions but by the bone (Figure 3.6 C).
However, significant upregulation in MMP-9 levels in the presence of bone under dynamic
conditions suggesting us a synergistic effect of CXCR4 and av33 integrins in increased migration
rate (Figure 3.6 D).

3.4. Discussion

This study aims to investigate the role of interstitial fluid flow in prostate cancer cell
migration and the underlying mechanism. Our previous study showed that interstitial fluid flow
has a critical impact on the progression of prostate cancer cells at the bone site [121]. We observed
that continuous interstitial fluid flow altered the morphology of prostate tumors and their gene
levels. However, to understand the role of interstitial fluid flow on the migration of prostate cancer
cells at their extravasation stage, we have designed a new bioreactor model. Extravasation is a

critical step of cancer metastasis where cancer cells transmigrate from capillaries to a distant organ
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[29]. Some recent studies have shown the crucial role of interstitial fluid flow in cancer cell
motility at a distant organ, using microfluidic chip models [124, 125]. However, in the present
study, we studied the role of interstitial fluid flow in promoting the migration of prostate cancer
cells through transwell inserts. To recapitulate this scenario, we designed a bioreactor system that
accommaodates both- transwell inserts and tissue-engineered bone, allowing cancer cells to migrate
towards bone under interstitial fluid flow. However, before performing this experiment, we
optimized the flow rate for cell growth by evaluating their cell viability at different flow rates. We
observed a decrease in DNA content of PC3 cells under high flow rate (0.2 ml/min) compared to
low flow rate (0.05 ml/min) conditions over time, suggesting that high flow rate induces cell
apoptosis (Figure 3.3 A). TGF-A1 has been well explored for its role in inducing cell apoptosis
[129, 130, 137]. It is generally suggested that TGF-£1 induces cell apoptosis via canonical Smad
signaling (Figure 3.4 D) where TGF-BRI and TGF-gRII form complex in the presence of TGF-51
and activate Smad2 and Smad3, which in turn activates Smad4 and thereby mediating programmed
cell death via activating pro-apoptotic genes such as caspase 9 [138]. TGF-A1 also promotes
apoptosis by inhibiting expressions of the antiapoptotic gene, Bcl-2 [139]. We also explored the
gene expression of TGF-f1 and other apoptosis-related genes. We observed that levels of Bcl2
were downregulated while levels of caspase 9 and p53 were upregulated under high flow rate
conditions compared to static culture (Figure 3.4 E). PI3K/Akt signaling pathway is an essential
pro-survival pathway that protects cells against apoptosis-inducing effects of TGF-$1[140, 141].
Thus, a shift in the balance between two different signaling pathways decides the fate of cells. In
the present study, we observed upregulation in TGF-A1 in high flow rate conditions compared to

low flow rates. We also demonstrated hyperactivation of Smad2 under high flow rate compared to
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low flow conditions while a decrease in p-Akt levels, suggesting that a shift in balance occurs at
high flow rate conditions, leading to cell apoptosis (Figure 3.4 F).

Based on these results, we decided to carry out migration studies at low flow rate
conditions. avf3 integrins play a critical role in prostate cancer metastasis to bone. Several studies
have confirmed avP3 integrins mediated adhesion and migration of cancer cells that activate
downstream PI3K/Akt signaling, leading to increased cell migration [133, 142, 143]. In the present
study, we evaluated the effect of fluid shear stress on avp3 integrins and MMP-9 levels. We
observed that mMRNA levels of MMP-9 and avf33 integrins were upregulated under flow conditions,
suggesting the role of fluid shear stress on PC3 cell migration (Figure 3.4 C). However, we also
noticed that the overall migration rates and MMP-9 levels of PC3 cells were higher in the presence
of tissue-engineered bone, thus we investigated CXCR4 gene expressions (Figure 3.4 B-C). In
addition, MMP-9 levels were higher under dynamic conditions compared to static conditions in
the presence of bone.

CXCRd4 is highly expressed in several malignant tumors, including prostate cancer, which
confers a more aggressive behavior of cancer cells [144]. CXCL12 (SDF-1)/CXCR4 interactions
play an essential role in prostate cancer migration and invasion to the bone by activating Aktl and
MMP-9 expressions [134, 135]. Previously, it was also reported that interstitial fluid flow
increased glioma [36] and Hepatocellular Carcinoma Cell (HCC) [145] invasion via CXCR4
dependent signaling by increasing CXCR4 levels. However, we did not observe any significant
change in CXCR4 levels in the presence of bone under static and dynamic conditions (Figure 3.4
C). Thus, our results conclude that a significant increase in percent cell migration rate and MMP-
9 levels in the presence of bone under dynamic conditions is not solely regulated by CXCR4 but

also results from the synergistic effect of avp3 integrins activation (Figure 3.4 D). Overall, our
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results suggest that mechanical cues by fluid flow play a significant role in the migration of prostate
cancer cells.
3.5. Conclusion

Our findings suggest that interstitial flow-induced shear stress could be a critical factor in
regulating the migration of prostate cancer cells at their extravasation stage. In the present study,
we observed that the fluid flow rate corresponding to the physiological velocity of the interstitial
fluid is optimum for better cell growth compared to a high flow rate, where we observed
suppression in the growth rate of PC3 cells due to induction in apoptosis. Thus, we investigated
the effect of physiological fluid velocity on the migration rate of PC3 cells and demonstrated that
fluid shear stress contributed to an increased migration rate of PC3 cells via increased expression
of avpB3 integrins that further activate downstream signaling leading to an increase in MMP-9
levels. It is well accepted that fluid flow-derived shear stress is a fundamental determinant of cell
behavior regulating tumor biology. Thus, our results could be considered in controlling tumor
progression and developing new inhibitors. The novel bioreactor we developed could be utilized

for understanding the growth and migration of different cancer types in the future.
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4. VALIDATION OF NANOCLAY-BASED NOVEL 3D IN VITRO BONE METASTATIC
MODEL OF BREAST CANCER WITH PATIENT-DERIVED BREAST CANCER CELL
LINES®

This chapter describes the validation of the 3D in vitro bone metastatic model using patient-
derived breast cancer cell lines-NT013 and NT023. The contents of this chapter have been
submitted for publication.

4.1. Introduction

Breast cancer is a leading cause of cancer-related deaths in women worldwide [1], causing
fatal skeletal failure at their advanced stage [146]. Due to complex cellular heterogeneity within
cancer cells [147] and the low success rate of novel drugs for metastasized breast cancer in clinical
trials [148], effective treatment for advanced-stage breast cancer remains a challenge for
researchers. While some preclinical models, such as two-dimensional (2D) monolayer cell culture
models and in vivo mice models, have been utilized by researchers for pre-clinical cancer research,
these models possess some limitations. 2D models poorly recapitulate in vivo complexity due to a
lack of cell- microenvironment interactions, while in vivo models often failed to develop into
metastatic disease [149]. Thus, there is a need to create new predictive preclinical models that
better recapitulate human tumor biology at their advanced stage and can be used for high-
throughput drug screening. Increasing evidence showed that three-dimensional (3D) disease
models derived from patients’ healthy and tumor tissue could better predict pathogenesis of cancer

cells and provide a more accurate measurement of potential drugs than existing models because

3This chapter was co-authored by Haneesh Jasuja, Farid Solaymani Mohammadi, Jiha Kim, Anu Gaba, D.R. Katti,
and K.S. Katti. Haneesh Jasuja had the primary responsibility for preparing samples, conducting all tests, and drafting
this chapter. Kalpana Katti, Dinesh Katti, and Jiha Kim directed the research orientation and revised this chapter. Farid
Solaymani Mohammadi isolated the cancer cells from the patient sample.
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these models retain characteristic features of cancer cells derived from individual patient’s cells
[150]. Despite classifying breast cancer cells into three categories based on their cell surface
receptors and their growth behavior, breast cancer patients within each category can have markedly
different disease outcomes and therapeutic responses [151]. Thus, models derived from patients’
cancer cells could help researchers better predict therapeutic responses.

3D spheroid models display tumor heterogeneity in vitro and can be used for drug
screening studies [152]; however, to account for the effect of extracellular matrix (ECM) on tumor
growth, there is a need for a novel model that could provide a platform for ECM formation by the
cells. Thus, to address this issue, we developed a novel 3D in vitro bone metastatic scaffold-based
model using a tissue-engineered approach, providing a platform for bone marrow-derived
mesenchymal stem cell differentiation to bone cells and generating their ECM for breast cancer
dissemination to better mimic breast cancer bone metastasis [55, 153]. Bone metastatic scaffolds
possess high porosity (86.1%) with a pore size range between 100-300 um and exhibit a high
compressive modulus of 2.495 MPa, essential for hard tissue growth [60]. Previously, we utilized
commercial human breast cancer cells- MCF-7 and MDAMBZ231 to develop this 3D in vitro breast
cancer bone metastasis model [55] and investigated the role of the Wnt/B-catenin pathway in
osteogenic differentiation of hMSCs on scaffold surface during breast cancer bone metastasis [28].

In the present study, we have validated our 3D in vitro bone metastatic model using patient-
derived breast cancer cell lines. First, we demonstrated the role of bone cells and bone extracellular
matrix (ECM) on the progression of patient-derived breast cancer cells to bone. Next, we
investigated the role of cytokines released by different breast cancer cell types on the osteogenic

differentiation of mesenchymal stem cells using the Wnt/p-catenin pathway.
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4.2. Materials and methods

4.2.1. Preparation of polycaprolactone (PCL)-in situ hydroxyapatite (HAP) clay scaffolds

PCL-in situ HAPclay scaffolds were prepared as per the procedure described previously
[24, 50, 60-62]. Briefly, PCL-in situ HAPclay scaffolds were prepared using the freeze-drying
method by mixing 10% in situ HAPclay with PCL. HAP was biomineralized into intercalated
nanosheets of montmorillonite (MMT) clay due to increased d-spacing between sheets by 5-
aminovaleric acid modifiers, resulting in modification of Na-MMT clay to in situ HAPclay.
Finally, 12mm diameter and 3mm thick cylindrical scaffolds were used for the experiments.
4.2.2. Cell lines and cell culture

Human mesenchymal stem cells (hMSCs) were purchased from Lonza (PT-2501) and
cultured in MSCGM Bulletkit medium (Lonza, PT3001). Human breast cancer cell lines NT013
and NT023 were derived from the patient tissue samples obtained from Sanford Roger Maris
Cancer Center, Fargo. The ethical committee approved the study, and before surgery, all patients
provided written informed consent to allow any excess tissue to be used for research. Samples
were transported to the research lab using a transportation medium containing DMEM, 1% of
pen/strep mix (100x), gentamicin (10 mg/ml) and amphotericin B (250 pg/ml). Breast cancer cells
were isolated using a cell isolation kit (Miltenyi biotec) following the manufacturer’s protocol and
co-cultured with irradiated 3T3-J2 feeder cells (Kerafast) (Figure 1 (A)). Finally, cells were
maintained at 37°C and 5% CO, in high glucose DMEM containing 5 pg/ml insulin, 250 ng/ml
amphotericin B, 10 pg/ml gentamicin, 0.1 nM cholera toxin, 0.125 ng/ml epidermal growth factor
(EGF), 25 ng/ml hydrocortisone, ROCK inhibitor Y-27632 10 uM, 10% (v/v) FBS, 100 U/mL

penicillin and 100 ug/mL streptomycin.
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4.2.3. Cell seeding

Scaffolds were sterilized in 70% ethanol for 24 hours, further sterilized under UV light for
45 min, washed twice in phosphate-buffered saline (PBS), and finally immersed in a culture
medium and incubated for 24 hours in a humidified 5% COz2 incubator at 37 °C. hMSCs were
seeded at a density of 1 x 10° cells per scaffold and cultured for 23 days to obtain bone ECM on
the scaffold surface. Next, patient-derived breast cancer cells were seeded at a density of 1 x 10°
cells per scaffold on the tissue-engineered bone and maintained in the breast cancer cells medium
(Figure 2(A)). The media was changed every two days during both hMSCs and sequential culture
of breast cancer cells on the scaffold surface.
4.2.4. Immunofluorescence staining

Both 8-well chambers (Thermo scientific) seeded, and scaffold seeded cells were washed
twice in PBS and fixed in 4% paraformaldehyde (PFA) for 30 min. Next, cells were permeabilized
with 0.2% TritonX-100 in PBS for 5 min, followed by blocking with blocking buffer (0.2% fish
skin gelatin (FSG) with 0.02% Tween20) for 1 hour. Further, the cells were incubated with the
primary antibody overnight at 4 °C. The primary antibodies were diluted in the blocking buffer
using dilutions given in Table 4.1. Finally, cells were incubated with conjugated secondary
antibodies corresponding to the species of used primary antibodies at 1:200 dilutions and incubated
for 45 minutes at room temperature (RT). The nuclei were counterstained with 4,6- diamidino-2-
phenylindole (DAPI), and immunofluorescence images were taken under a confocal microscope

(Zeiss Axio Observer Z1 LSM 700).
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Table 4.1. The details of primary antibodies used for immunofluorescence staining.

Primary Company Catalog number Dilutions
Antibodies

Progesterone Cell signaling 8757S 1:800
Estrogen Cell signaling 13258S 1:100
HER2 Cell signaling 2165S 1:100
E-Cadherin Cell signaling 3195S 1:200
Vimentin Abcam ab8978 1:500
CK19 Abcam ab52625 1:100
EpCAM Abcam ab71916 1:200

4.2.5. Gene expression by RT-gPCR

RNA was isolated from cells grown on TCPS (2D) and scaffolds using a Direct-zol RNA
MiniPrep kit (Zymo Research) following the protocol described elsewhere [121]. Briefly, 1000 ng
of RNA was reversed transcribed to cDNA using random primers and M-MLV reverse
transcriptase (Promega) in a thermal cycler using a thermal profile- 70 °C for 5 minutes (Applied
Biosystems). Next, the qPCR experiment was performed using a 7500 Fast Real-Time PCR
instrument (Applied Biosystems) using a thermal profile with a holding stage (5 min at 95 °C) and
a cycling stage (40 cycles of 30 s at 95 °C, and 1 min at 55 °C). The mRNA expressions of genes
listed in Table 4.2 were quantified using their respective primers and normalized to the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Finally, fold change

in target gene expressions was calculated using the comparative Ct method (2724,
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Table 4.2. The primer sequence used for the gRT-PCR experiment.

Gene Forward Primer Reverse Primer

GAPDH 5>-CATCTTCTTTTGCGTCGC 5-TTA AAA GCA GCCCTGGTG
CA-3 ACC -3’

E-Cadherin  5°-AAG TGA CCG ATG ATG AT- 5’-CTC TGT CCA TCT CAG CG-
3 3’

N-Cadherin  5°-AGG GTG GAC GTC ATT GTA 5’-CTG TTG GGG TCT GTC AGG
GC-3’ AT-3’

Wnt-5A 5'-TCT CAG CCC AAG CAACAA 5-GCC AGC ATCACATCACAA
GG-3’ CAC-3’

[-catenin 5'-GGC AGC AAC AGTCTT 5'-TCC ACA TCC TCT TCC TCA-
ACC-3’ 3’

VEGF 5’-GAC AAG AAA ATC CCT 5’-AAC GCG AGT CTG TGT TTT
GTG GGC -3’ TTG C -3’

OCN 5'-GTG ACG AGT TGG CTG 5'-TGG AGA GGA GCA GAA

ACC-3'

CTG G-3'

4.2.6. ELISA assays

Released DKK1 and ET-1 cytokines concentration was measured in serum-free cell culture
media using high sensitivity ELISA kits of DKK1 (RayBiotech) and ET-1 (RayBiotech) according
to the manufacturer’s protocol. The cell-seeded scaffolds were kept in a serum-free medium for
48 hours before collecting the medium for sample preparation. Next, the medium was centrifuged

at 350 x g for 10 minutes at 4 °C to remove cell debris, and supernatants were stored at —20 °C

until analysis.

4.2.7. Statistical analysis

Data were presented as the mean value + standard deviation. Statistical significance
between two groups was determined by an unpaired Student's t-test or by one-way or two-way

ANOVA followed by Tukey's post-test using GraphPad Prism v7.04 software. The level of

significance was set at p < 0.05.
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4.3. Results

4.3.1. Isolated patient-derived cancer cells retained their idiosyncratic characteristics

To identify that breast cancer cells isolated from patient tissue samples retained their
tumor-associated features, we explored their characteristic proteins by immunostaining. Breast
cancer cells are broadly classified into three categories- Hormone positive, triple-negative, and
HER?2 positive based on the expression of hormone receptors-estrogen (ER) and progesterone (PR)
and human epidermal growth factor receptor 2 (HER2) [151]. After characterizing NT013 patient-
derived cells, we observed that NTO13 retained their hormone-positive characteristics by
expressing ER. Interestingly, we also observed positive HER2 expression. However, other studies
on NTO013 patient tissue showed reduced HER2 levels (data not shown), suggesting that NT013
cells can be categorized into hormone-positive breast cancer cells. Next, we evaluated similar
protein expression in NT023 cells and observed that NT023 cells do not express ER, PR, and
HER?2 receptors, retaining the triple-negative cells' characteristics.

Cytokeratin-19 (CK19) is also a suitable marker for identifying breast cancer cells [154,
155]. CK19 is an epithelial cell marker, and its expression was seen in more than 90% of breast
cancer cases. It is also reported that luminal type hormonal positive cells exhibit higher positive
rates of CK19 than triple-negative cells [155, 156]. We observed protein expression of CK19 in
both cell lines; however, the expression was more intense in NTO13 cells compared to NT023
cells. Next, we analyzed Epithelial to Mesenchymal transition (EMT) markers for NT013 and
NTO023 cells to identify their invasive nature. Epithelial cells can be identified by expressing the
epithelial protein E-Cadherin on their cell surface. In contrast, mesenchymal cells can be identified
by various protein expressions such as N-Cadherin, vimentin, and twist [42]. We observed that

NTO13 cells expressed both E-Cadherin and Vimentin protein expressions, while NT023 cells
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mostly expressed high Vimentin levels, indicating that NT023 cells are more mesenchymal in

nature compared to NT013 cells (Figure 4.1).
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Figure 4.1. (A) Schematic showing isolation steps of breast cancer cells from the patient tissue
sample. (B) Representative immunofluorescence microscope images of NT013 and NT023 cells
cultured in 2D culture. Scale bar: 20 um.

4.3.2. Bone microenvironment induced MET in breast cancer cells

EMT/MET processes represent the invasiveness of cancer cells where cancer cells leave
their primary site and acquire migratory phenotype during EMT while MET potentiates cancer
cells to regain their epithelial characteristics and adapt to the new environment at their secondary
site [71, 120, 157]. To investigate the effect of the bone microenvironment on patient-derived
breast cancer cells’ invasiveness, we analyzed their mRNA levels related to EMT/MET biomarkers
such as E-Cadherin and N-Cadherin and compared our results with cells grown on a 2D surface.
E-cadherin 1s a cell surface protein that participates in forming homotypic junctions across

epithelial cells [158]. The loss of E-cadherin, while the gain in N-cadherin levels is associated with
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the EMT process of cancer cells [42] and vice-versa, is valid for the MET process [120].
Previously, we observed that the commercial breast cells - MCF-7 and MDAMB231 undergo
mesenchymal to epithelial transition due to upregulation of E-Cadherin, and downregulation of
vimentin and twist levels in the presence of bone. Likewise, we observed increased E-cadherin
levels in NT013 (~ 2-fold) and NTO023 (~ 4-fold) breast cancer cells grown in a bone
microenvironment compared to their respective 2D cell cultures. We also observed
downregulation in N-cadherin levels in NT013 cells while the insignificant change in N-cadherin
levels in NT023 cells, indicating that both NT013 and NT023 cells acquired more epithelial
characteristics in the bone microenvironment (Figure 4.2).
4.3.3. Bone microenvironment induces aggressiveness and angiogenesis in patient-derived
cells

Whnt5a is an important member of the Wnt pathway and acts as either tumor-suppressive
or tumor-promoting in different cancer types [159]. Lower levels of Wnt-5A expression are
significantly associated with poor prognosis and more aggressive behavior of triple-negative breast
cancer [160, 161]. Similarly, B-catenin is highly expressed in breast cancer patients [162] and is
significantly associated with a poor clinical outcome in the invasive breast cancer [163]. To
evaluate the aggressive behavior of breast cancer cells in the presence of bone, we quantified their
Whnt-5A and B-catenin levels. Our results showed significant downregulation in Wnt-5A levels in
NTO023 growing on the bone compared to 2D culture while we didn’t observe any significant
change in Wnt-5A in NT013 cells. However, we observed significant upregulation in f-catenin
levels in both NT023 and NT013 cells, indicating increased aggressiveness in the presence of bone.

VEGF is a well-known marker of angiogenesis, highly expressed in many solid tumors

resulting in a poor prognosis of the disease [164] We observed upregulation in the VEGF mRNA
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levels in both NT013 and NT023 cells grown on bone compared to their 2D cultures, respectively,

indicating increased angiogenesis in both cell types in the presence of bone (Figure 4.2).
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Figure 4.2. (A) Schematic showing steps of sequential culture. (B) Tumor morphology was
determined by staining with EpCAM. Scale bar: 20 um (C) Quantified gene expressions of E-
Cadherin, N-Cadherin, Wnt-5A, B-catenin, and VEGF in NT013 cells under different conditions.
(D) Quantified gene expressions of E-Cadherin, N-Cadherin, Wnt-5A, B-catenin, and VEGF in
NTO023 cells under different conditions.

4.3.4. Tumor formation by patient-derived cell lines on bone niche

To investigate the morphology of cancer cells on bone mimetic scaffolds after MET, we
stained the cells with cancer-specific protein, EpCAM, and compared our results with cells grown
on 2D surfaces. EpCAM is a transmembrane protein, overexpressed significantly in breast cancer

tissues [165]. We observed that both NT013 and NT023 cell lines formed tumors on bone-mimetic
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scaffolds. In contrast, cancer cells in their monoculture did not form any tumors. We also noticed
that NTO13 cells formed compact tumors on the bone microenvironment, exhibiting
distinguishable cellular boundaries with strong cell-cell interactions, while NT023 cancer cells
grouped into clusters instead of making compact tumors. Previously, we observed that hormone-
positive MCF-7 cells formed dense tumoroids on bone scaffolds like NTO13 breast cancer cells.
In contrast, triple-negative MDA-MB 231 cells formed loose aggregates different from NT023
cells, indicating that inherent characteristic differences among two different triple-negative cells
could alter their tumor-forming ability after interacting with the bone microenvironment.
4.3.5. DKK-1 and ET-1 factors released by breast cancer cells regulate the osteogenic Wnt/f3-
Catenin pathway

ET-1 and DKK1 are ideal markers to predict bone metastasis in breast cancer patients that
induce osteoblastic or osteolytic lesions, respectively, resulting in the poor mechanical stability of
the bone [166, 167]. It is reported that serum DKKZ1 levels were higher in patients with breast
cancer metastasized to the bone than in other metastatic sites [168]. Previously, we observed that
MCF-7 cells grown on bone, released high levels of ET-1 in serum-free media whereas
MDAMB231 cells released high levels of DKK- 1, leading to stimulation and inhibition of
osteogenesis, respectively, via the Wnt/p-catenin pathway. To investigate the effect of NT013 and
NTO023 released cytokines on bone health via Wnt signaling, we first quantified ET-1 and DKK-1
levels in the sequential culture of NT013 and NT023 and observed that NTO13 cells released high
levels of ET-1 while NTO023 cells released high DKK-1 levels in-line with MCF-7 and
MDAMB231 cells, respectively. Next, to determine that ET-1 and DKK-1 released by patient-
derived cells are involved in the regulation of the Wnt/B-catenin signaling mediated bone

osteogenesis, we analyzed the expressions of Wnt-related genes of MSCs on Day (23+10)
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maintained under different mediums. We observed upregulation in both Wnt 5a and B-catenin
expressions in hMSCs cultured with conditioned media of sequentially cultured NT013 cells
containing high ET-1 levels. In contrast, h(MSCs cultured with conditioned media of sequentially
cultured NT023 cells containing high DKK-1 levels showed downregulation of Wnt 5a and B-
catenin levels compared to control MSCs samples. We also assessed the expression of a late-stage
osteogenic marker, OCN in hMSCs cultured under different conditioned media w.r.t to control
sample. We noticed an increase in mRNA levels of OCN in hMSCs cultured with conditioned
media of sequentially cultured NT013 cells while downregulation in OCN levels in hMSCs
cultured with CM of sequentially cultured NT023 cells. Overall, the results suggested that NT013
cells stimulate Wnt/ B-catenin signaling in hMSCs while NT023 cells abrogate the Wnt/ 3-catenin

pathway, promoting and inhibiting osteogenesis, respectively (Figure 4.3).
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Figure 4.3. Breast cancer-released cytokines DKK-1 and ET-1 regulate Wnt/B-catenin pathway. (A) Quantified serum
levels of DKK-1 and (B) ET-1 measured by ELISA ***p < 0.001 indicate significant difference between
MSCs+NT023 and MSC+NTO013 Day (23 + 10). (C) Quantified gene expressions of Whnt-5a, B-catenin, and OCN.
**p < 0.01 and ***p < 0.001 indicate significant difference between MSCs cultured with MSC+NTO013 Day (23 + 10)
conditioned media and control MSCs Day-33. ##p < 0.001 indicate significant difference between MSCs cultured
with MSC+NT023 Day (23 + 10) conditioned media and control MSCs Day-33.
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4.4. Discussion

In the past decade, hundreds of 3D in vitro models have been developed to recapitulate the
breast cancer bone metastasis disease conditions [117]. However, existing breast cancer bone
metastatic models mimicked late-stage breast cancer by co-culturing breast cancer cells with
osteoblast that do not resemble the ideal conditions of breast cancer metastasis to bone in-vivo [19,
169, 170]. In contrast, our 3D in vitro breast cancer bone metastatic model is an accurate picture
of the late stage of breast cancer metastasis to the bone where hMSCs differentiated on nano clay-
based scaffold along with calcium deposition [128] and collagen formation [60] to generate bone-
like ECM to create a remodeling bone microenvironment for breast cancer metastasis. Previously,
we have successfully developed a 3D in vitro bone metastatic model using commercial breast
cancer cell lines-MCF-7 and MDAMB231[55]. Our results showed that MCF-7 and MDAMB231
breast cancer cells underwent MET and formed tumors in the bone microenvironment. Moreover,
their interaction with bone cells induces the release of cytokines that further influence bone growth
via the Wnt/p catenin pathway [153]. In the present study, we have validated our 3D in vitro breast
cancer bone metastatic model using patient-derived breast cancer cells. NT013 breast cancer cells
were characterized as hormone-positive cell lines while NT023 breast cancer cells were triple-
negative. In line with our previous results, we observed the occurrence of MET in both patient-
derived breast cell lines in the presence of bone due to upregulation in E-Cadherin while
downregulation in N-cadherin levels. However, we also noticed a difference in fold change E-
Cadherin levels in NT013 and NT023 breast cancer cells grown in the bone microenvironment.
The possible reason for an extreme difference in fold change of E-Cadherin levels can be attributed
to inherent low levels of E-Cadherin expression in NT023 that upregulated substantially in the

presence of bone microenvironment. In contrast, NT013 cells inherently exhibit a high E-cadherin
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expression; thus, fold change was not so high. MDAMB231 cells also express low E-Cadherin
levels inherently [171]. Previously we observed that MDAMB231 cells formed loose aggregates
on the bone microenvironment because fold change in upregulated E-cadherin levels was not so
high [153] while NT023 cells formed clustered tumors on the bone microenvironment, suggesting
that due to the extreme increase in E-cadherin levels in NT023 cells on the bone stimulate them to
form tumors due to strong cell-cell interactions.

Wnt/B catenin pathway has been well-known for regulating bone formation in vivo and
osteoblast differentiation in vitro [172, 173]. Our results showed that excessive release of ET-1 by
NTO013 cells and DKK-1 release by NT023 cells stimulated and abrogated the Wnt/p catenin
pathway, respectively. Our results are in good agreement with our previous studies [153] and
reported literature [166, 167]. We have also demonstrated upregulation in OCN levels in the
presence of ET-1, resulting in osteoblastic metastases by NTO13 cells while downregulation in
OCN levels due to the inhibitory effect of DKK-1 on osteoblast differentiation, in line with our
results with commercial cell line [153] and reported studies on bone formation in vivo [167, 174-
176].

Taken together, our result from the present study complies well with our previous studies
thus, validating our 3D in vitro bone metastatic model. This novel 3D in vitro disease model of
breast cancer provides a unique microenvironment for the physiological cell-cell and cell-ECM
interactions, thus, useful for better predicting the pathogenesis of cancer cells and more accurate
measurement of potential drugs.

4.5. Conclusion
A better understanding of complex interactions between breast cancer cells and the bone

microenvironment is of paramount importance for improving the outcome of late-stage breast
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cancer patients. One of the utmost challenges associated with poor prognosis is the lack of reliable
models for studying breast cancer at its advanced stage. The present study validated our 3D in vitro
bone metastatic model using patient-derived breast cancer cell lines, previously developed using
commercial cell lines. We demonstrated that patient-derived breast cancer cells retained their
idiosyncratic characteristics after isolating using the most efficient method for cancer cell isolation
from solid tumors. The model was able to mimic the MET process of breast cancer metastasis and
revealed mixed bone lesions with breast cancer cell lines of different characteristics, mimicking
bone lesions observed in breast cancer patients in their late stages. The developed 3D in vitro breast
cancer models using patient-derived cells could recapitulate the metastatic ability of breast cancer
cells to bone, thus could be utilized as a viable tool for future breast cancer studies and novel drug

screening.
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5. VALIDATING THE EFFECT OF FLUID-DERIVED SHEAR STRESS ON CELLULAR
RESPONSE IN PERFUSION BIOREACTOR BY COMPUTATIONAL FLUID
DYNAMICS (CFD) ANALYSIS*

This chapter describes the correlation between experiments conducted in the perfusion
bioreactor and computational fluid dynamics. The contents of this chapter have been submitted for
publication.

5.1. Introduction

Prostate cancer is the most common cancer in men with a high malignancy rate. The
American cancer society has estimated 191,930 new cases of prostate cancer and 33,330 deaths
due to prostate cancer in 2020 [37]. Among them, about 80 percent of advanced prostate cancer
patients are believed to develop bone metastases. The metastasized prostate cancer cells mainly
spread to the axial skeleton, such as the spine and pelvic bones, leading to skeletal-related defects
[92]. Previous studies suggest a strong connection between mechanical cues generated by
interstitial fluid flow around the bone with alteration in the bone remodeling process and increased
migration of cancer cells [91].

Various studies have been reported to determine fluid-derived shear stress and its responses
in vitro. For instance, recent studies have demonstrated enhanced extracellular matrix generation
by osteoblast cells with an increased flow rate from 0.3 ml/min to 3 ml/min on fiber mesh titanium
scaffolds [89]. In another study, researchers observed substantial cell death of MC3T3-E1
osteoblast-like cells at a flow rate of 1.0 ml/min that was grown on decellularized trabecular bone

scaffolds.

“This chapter was co-authored by Haneesh Jasuja, Lahcen Akerkouch, D.R. Katti, K.S. Katti and Trung Bao Le.
Haneesh Jasuja had the primary responsibility for preparing samples, conducting all tests and drafting this chapter.
Trung Bao Le, Kalpana Katti, and Dinesh Katti directed the research orientation and revised this chapter. Lahcen
Akerkouch performed the CFD analysis
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On the contrary, cell viability was observed to increase at a lower flow rate [177]. Thus, it is
apparent that there are some other critical factors (such as scaffold pore size, and interconnectivity)
rather than flow rate alone that may influence the rate of shear stress. Here, computational fluid
dynamics (CFD) may act as a beneficial tool to gain a better insight into the influence of
mechanical forces generated by the fluid flow on the cellular response.

In the present study, we aimed to predict the rate of shear stress generated by fluid flow at
different regions of a scaffold using CFD analysis that influences human mesenchymal stem cells
and prostate cancer response in terms of growth rate and orientation compared to static culture.

5.2. Materials and methods
5.2.1. Preparation of the PCL/in-situ HAP clay scaffolds

The scaffolds were prepared as per the protocol described in our prior studies. Briefly,
sodium montmorillonite (Na-MMT) clay was modified with 5-aminovaleric acid modifiers to
increase the d-spacing between clay sheets. Next, hydroxyapatite (HAP) was intercalated into the
galleries of modified clay to form in situ, HAP Clay. The scaffolds were prepared using the freeze-
drying method by mixing polycaprolactone (PCL) polymer and 10 wt% in-situ HAP Clay. The
scaffold dimensions used during experiments were 12 mm in diameter and 3 mm in thickness.
5.2.2. Bioreactor setup

The bioreactor chambers and their components were designed using Solid Works software
and fabricated using Formlabs Form 2, 3D Printer, described in detail in our previous work [121].
Briefly, the chambers were connected to the flow-regulated pump and media bottles by silicone
tubing (Peroxide-Cured Silicone, ID 1.42 mm, Ismatec). The flow rate was maintained at 0.2

mL/min during the experiments. The bioreactor chambers and media bottles were placed inside
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the incubator to maintain optimum conditions for cell survival (37 C, 5% CO,, high moisture)

(Figure 5.1).
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Figure 5.1. (a) Schematic showing bioreactor components and the direction of media flow through
the bioreactor chambers. (b) Bioreactor setup inside the incubator.

5.2.3. Cell culture and seeding

Human mesenchymal stem cells (hMSCs) (Lonza, PT-2501) were cultured in an MSCGM
Bullet kit medium (Lonza, PT-3001). 5x10° hMSCs were seeded on each scaffold and maintained
under static and dynamic conditions for a period of 23 days. Media was changed every 2 days for
static cultures and every 3 days for dynamic cultures. Human prostate cancer (PCa) cell line
MDAPCa2b (ATCC® CRL-2422TM) was cultured in media comprised of 80% BRFF-HPCI
(AthenaES, 0403), 20% fetal bovine serum (FBS) (ATCC, 30-2020), and 1% Penicillin—
Streptomycin (Gibco). After 23 days, 1x 10° PCa cells were seeded on each tissue-engineered bone
scaffold and maintained under static and dynamic conditions. hMSCs and PCa media were utilized
in a 1:1 ratio after the PCa cells seeding step.
5.2.4. Live-dead assay and DAPI staining

The viability of hMSCs was examined by live/dead staining (Biotium, 30002-T). The

scaffolds containing hMSCs at different time points (Day-0, Day-10, and Day-23) under both
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conditions were rinsed twice with PBS. Next, the scaffolds were incubated in a solution containing
2 uM calcein AM and 4 puM Ethidium Homodimer III (EthD-111) in PBS for 30 min at room
temperature for staining live cells and dead cells, respectively as per the manufacturer’s protocol.
The scaffolds were imaged under Zeiss Axio Observer Z1 LSM 700 confocal microscope using
Ex/Em wavelengths described in the manufacturer’s protocol.

To assess the distribution of hMSCs on the scaffold surface, all four scaffold samples were
retrieved from the bioreactor chamber and the cells were fixed using a 4% paraformaldehyde
solution. Next, the cells were counterstained with 4,6- diamidino-2-phenylindole (DAPI), and
images were taken under a Zeiss Axio Observer Z1 LSM 700 confocal microscope.

5.2.5. Micro-CT sample preparation and imaging

Scaffold samples were scanned for micro-CT imaging under for micro-CT scanner (GE
Phoenix vitomel xs X-ray computed tomography system) with an 80 kV X-ray energy source and
350 pA current intensity with a molybdenum target. Scans were performed at multiple detector
exposure times of 200 ms, 500 ms, 1000 ms, and 2000 ms, and the final image was reconstructed
using a 500 ms detector timing. Sample magnification was carried out with a voxel size of 15.51
um. The volume of interest selected for the scaffold was 12 mm in diameter and 3 mm in thickness.
5.2.6. Scanning electron microscopy (SEM)

The samples containing hMSCs and sequentially cultured PCa cells were retrieved from
both culturing conditions on day 23 and day (23+10), respectively, and washed twice with PBS.
Further, the cells on scaffolds were fixed with 2.5% glutaraldehyde overnight at 4°C. Next, the
cells were dehydrated with ethanol series (30%, 50%, 70%, 90%, and 100%), and scaffolds were
dried using hexamethyldisilazane. The dried scaffolds were sputter-coated with gold and mounted

on SEM stubs for scanning under a scanning electron microscope (JEOL JSM-6490LV).
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5.3. Results
5.3.1. Uniform cell distribution in all four scaffolds under flow conditions
To evaluate the orientation and viability of hMSCs under dynamic and static conditions,
we stained the cells with live-dead staining and observed that almost all the cells were alive over
a period of 23 days. In addition, we observed that hMSCs under dynamic conditions gained some
directional orientation compared to hMSCs under a static culture where cells were randomly
distributed on the scaffold surface (Figure 5.2 (c-d)). Next, to evaluate the distribution of cells on
all four scaffolds in the perfusion bioreactor, we stained the nuclei of hMSCs with DAPI and
observed that hMSCs were uniformly dispersed in all four scaffolds (Figure 5.2 (a-b)). Based on
these results, we decided to choose one scaffold for CFD analysis.
(b)‘ ‘ ‘
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(@)

©

Figure 5.2. (@) The schematic showing the flow direction of media through a bioreactor
accommodates four scaffold samples. (b) DAPI Stained human mesenchymal stem cells (hMSCs)
nucleus representing the distribution of cells on nano clay-based scaffold grown under dynamic
conditions on day 23. Scale: 1 mm (c) Live dead assay represents the viability of hMSCs over 23
days under static and dynamic conditions. Scale: 400 um. (d) partial close-up view of hMSCs
grown on the scaffold on day-23.
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Next, we scanned the scaffold to obtain its micro-CT image. The micro-CT image of the
scaffold in Figure 5.3 showed that the scaffold possesses interconnected porosities necessary for
fluid flow through scaffolds. Previously, our research group also calculated scaffold’s porosity and

found that nanoclay-based scaffolds are highly porous in nature (86.1%).
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Figure 5.3. Micro-CT of the scaffold. (A-B) Top view of scaffold and partial close-up view. (C)
Side view of the scaffold. (D) Section of the scaffold from the middle. (E) Cross-section of a top
layer of the scaffold.

5.4. Discussion

Previously, we developed a 3D in vitro dynamic model using a 3D printing technique,

where the cancer cells were seeded on the bone mimetic scaffolds in the perfusion bioreactor to

recapitulate late stage of prostate cancer progression at the bone site under interstitial fluid flows.
We observed a significant change in the growth, orientation, and gene expression of both
mesenchymal stem cells and prostate cancer cells cultured under fluid flow conditions compared
to static culture (Figures 5.4 & 5.5). However, to understand the correlation between velocity
distribution of the fluid flow inside the scaffold and to evaluate the magnitude of fluid derived

shear stress affecting characteristic changes in cell orientation and gene expression, we performed
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a series of CFD simulations using a full-scale 3D surface mesh of the realistic scaffold using its

micro-CT scans.

Figure 5.4. (a) SEM data represents the random distribution of hMSCs under static culture on day
23. (b) SEM data represents the directional alignment of hMSCs under dynamic culture on day 23.

ji Yoy : ¢ ) T 8 a B |
; : | \ ’,' ~} s f (b) \(;‘"" % & f' :\ A p

KV /| X2,000 10pm

Figure 5.5. SEM data of hMSCs + MDAPCaz2b sequential culture at day (23 + 10) represents
morphological variations of prostate cancer cells. (a) under static culture. (b) under dynamic
culture. Arrow indicates the location of tumor cells in the micrograph.

5.5. Conclusion

In the present study, we have investigated the shear stress distribution and its magnitude
within scaffold in the perfusion bioreactor using CFD analysis that influences cellular response. It

is collaborative work, so we have presented the experimental part performed by our group.
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6. SUMMARY AND CONCLUSIONS

In this dissertation, we have reported the successful development of two different 3D in
vitro dynamic models to recapitulate bone metastatic prostate cancer behavior under dynamic
conditions. First, we developed a perfusion bioreactor to investigate the critical role of fluid-
derived shear stress on the growth and differentiation of hMSCs and prostate cancer progression
to bone. Overall, our results indicate that shear stress promotes hMSCs proliferation,
differentiation, and morphological variations. We report that fluid-derived shear stress has a
massive impact on hMSC cell morphology. The hMSCs under static culture form cell agglutinates,
whereas, under dynamic culture, the cells exhibited a directional alignment with broad and
flattened morphology. The fluid flow enabled shear stress significantly influences MET
biomarkers (E-cadherin and vimentin) and the cell shape of prostate cancer cells at the metastatic
bone site. Our prior studies suggest variation in morphologies between two prostate cancer cell
lines under static conditions, with MDAPCaz2b cells forming tight dense tumoroids and PC3 cells
forming loose aggregates [56]. In comparison, the application of shear stress in the dynamic
experiments largely impacted prostate cancer cell morphology. The dynamic MDAPCaZ2b prostate
cancer cells formed highly compact morphology as early as a day (23+10), and the PC3, unlike
the loose aggregates under static conditions, exhibited cell colonization at day (23+10). Using the
3D metastasis testbed, we demonstrate FAK activation in assembling integrin molecules in
proximity via a focal adhesion complex. Evaluation of cell adhesion proteins indicated that the
cause of variation in cancer cell morphology under shear stresses arises from the constant force
pulling due to increased E-cadherin and phosphorylated Focal adhesion kinase (FAK) proteins

under the fluid flow enabled shear stress.
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To better understand the migration behavior of prostate cancer at their extravasation stage
and the critical role of fluid shear stress influencing migration rate we developed a horizontal
bioreactor integrated with a transwell insert. Our findings suggest that interstitial flow-induced
shear stress could be a critical factor in regulating the migration of prostate cancer cells at their
extravasation stage. In the present study, we observed that the fluid flow rate corresponding to the
physiological velocity of the interstitial fluid is optimum for better cell growth compared to a high
flow rate, where we observed suppression in the growth rate of PC3 cells due to induction in
apoptosis. Thus, we investigated the effect of physiological fluid velocity on the migration rate of
PC3 cells and demonstrated that fluid shear stress contributed to an increased migration rate of
PC3 cells via increased expression of avf3 integrins that further activate downstream signaling
leading to an increase in MMP-9 levels. It is well accepted that fluid flow-derived shear stress is a
fundamental determinant of cell behavior regulating tumor biology. Thus, our results could be
considered in controlling tumor progression and developing new inhibitors. The novel bioreactors
we developed could be utilized for understanding the growth and migration of different cancer
types in the future.

In this dissertation, we also validated our 3D in vitro bone metastatic breast cancer model
with patient-derived cells to better understand complex interactions between breast cancer cells
and the bone microenvironment for improving the outcome of late-stage breast cancer patients.
We demonstrated that patient-derived breast cancer cells retained their idiosyncratic characteristics
after isolating using the most efficient method for cancer cell isolation from solid tumors. The
model was able to mimic the MET process of breast cancer metastasis and revealed mixed bone
lesions with breast cancer cell lines of different characteristics, mimicking bone lesions observed

in breast cancer patients in their late stages. The developed 3D in vitro breast cancer models using
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patient-derived cells could recapitulate the metastatic ability of breast cancer cells to bone, thus
could be utilized as a viable tool for future breast cancer studies and novel drug screening.

In this dissertation, we also investigated the role of shear stress in perfusion bioreactor
using utilizing computational fluid dynamics (CFD) to establish a correlation between fluid shear
stress and metastasis progression. The CFD analysis was performed by our collaborator group
however, for understanding the better correlation between experiments and CFD, we performed

some experiments using a perfusion bioreactor.
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7. FUTURE DIRECTION

This dissertation has reported the advancement in prostate and breast cancer bone

metastatic 3D models developed by our research group using a tissue-engineering approach that

recapitulates metastasis of prostate and breast cancer to bone at their advanced stages. This 3D in

vitro cancer testbed serves as a platform for better crosstalk between bone and metastasized cancer.

In this dissertation, we have introduced a dynamic condition for cells by developing a bioreactor

system that allows continuous media flow that closely resembles interstitial fluid flow in vivo.

Thus, we advance our model into a complex system where cells experience fluid shear stress by

continuous fluid flow.

In Chapters 2 and 3, we have reported the development of two bioreactor models to
understand the effect of fluid shear stress on the progression of prostate cancer at the
bone site. These studies helped us understand the role of fluid shear stress on the
phenotypic switch of prostate cancer cells and their enhanced migration rate.
Mimicking the initial stages of prostate cancer growth by co-culturing normal prostate
cells and prostate cancer cells onto a 3D testbed and connecting the initial stage with
the metastatic stage via bioreactor might further help us understand the cascade of
prostate cancer metastasis, including the complex EMT-MET process.

Circulating tumor cells (CTCs) are also well-known for their role in the progression of
all cancers. It is suggested that patients with a persistent increase in CTCs in their blood
exhibited less overall survival. Thus, CTCs are also known as the gold standard for
monitoring disease progression and act as a predictor for poor outcomes. In this
dissertation, we have reported a novel design of bioreactor called ‘“horizontal

bioreactor,” and bridging primary and secondary sites via bioreactor will also help us
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understand the role of fluid shear stress on the behavioral changes in CTCs. CTCs can
be isolated from the continuously circulating media in this novel bioreactor system.
Evaluating CTCs RNA by qPCR under dynamic conditions might help us understand
the possible reason behind their polarity towards secondary sites.

Real-time monitoring is an advanced approach to monitoring cancer growth over a
more extended period by quantifying the cytokines released during their progression.
Previously, we evaluated the levels of released cytokines by cancer cells in the media
under static conditions using ELISA. However, released cytokines by cancer cells also
start circulating in the media under dynamic conditions. Thus, sampling out media
every day and gquantifying the cytokine levels might help us monitor the cancer growth
resembling in vivo tumor growth monitoring from blood tests. At the same time, testing
different drugs during real-time monitoring might also help us predict possible
therapeutics to treat cancer during its progression.

This dissertation has reported mimicking the last stage of prostate and breast cancer
bone metastasis using sequential culturing of mesenchymal stem cells and cancer cells
in a 3D testbed under dynamic culture. Though our system exhibits sufficient
complexity that closely resembles the in vivo system, complexity can be further
increased by introducing critical components that play crucial roles in regulating
metastatic progressions, such as immunological, hematopoietic, and vascular
components.

In this dissertation, we have reported the isolation of breast cancer cells from the patient
tissue and evaluated their phenotypic switch in the presence of mesenchymal stem cells

obtained from the Lonza company. However, incorporating patient-derived bone cells
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in this 3D testbed would create a metastatic bone site that closely mimics the patient’s
bone. This might help us better understand the critical interaction between bone cells

and breast cancer cells specific to the patient and predict possible outcomes.
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