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ABSTRACT

The complex nature of cancer metastasis necessitates the development of a cancer model
based on specific metastatic stages. In this dissertation, we report a polymer-nanoclay based in
vitro tumor model which recapitulates early stage of prostate cancer skeletal metastasis. A
unique cell culture system termed as ‘sequential culture’ has been applied to create a bone-
mimetic niche for colonization of prostate cancer cells. Sequentially cultured MDA PCa 2b cells
with MSCs formed self-organized multicellular tumoroids with distinct tight cellular junctions
and hypoxic core regions. Further, the sequentially cultured PC-3 cell formed multicellular
tumoroid like clusters. We performed immunocytochemical confocal microscopy, qRT-PCR,
ELISA assays, nanomechanical evaluation and SEM imaging to characterize our tumor model.
We observed that in the in vitro model that MSCs differentiated to matured osteoblasts, EMT
(epithelial to mesenchymal transition) was inhibited, MET was enhanced, and hypoxia increased
angiogenesis when prostate cancer cells were sequentially cultured with MSCs. We also studied
the effect of prostate cancer metastasis on bone microenvironment using different prostate cancer
cell lines. We found that the less metastatic MDA PCa 2b cells inhibited mineralized collagen
formation whereas, highly metastatic PC-3 cells enhanced mineralized collagen formation. All
the experimental results indicated osteoblastic bone formation by PC-3 cells and osteolytic bone
resorption by MDA PCa 2b cells.

Cancer metastasis is a complex process requiring dramatic remodeling of the cell
cytoskeleton. Bone metastasis is characterized by complex biochemical, morphological,
pathophysiological, and genetic changes to cancer cells as they colonize at remote bone sites.
These changes can be captured in sum by changes to nanomechanical properties of cancer cells

during metastasis. Using a specially designed nanoindentation apparatus, we observed significant



softening of prostate cancer cells during MET and then further softening during the disease
progression at the metastatic site. We observed a substantial reduction in elastic modulus of
prostate cancer cells during MET arising from actin reorganization and depolymerization. This is
the first study that reveals changes to nanomechanical characteristics of prostate cancer cells
with correlation to cytoskeletal changes during MET and progression of the disease at the

metastatic bone site.
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VEGFR at the surface of capillary sprouts, which are generated by endothelial cells
of blood vessel wall, gets attracted by VEGF secreted by hypoxic regions. Capillary
tubes hollow out to form new blood vessels. VEGF secreted by tumors also attracted
by VEGFR at the surface of osteoblasts which ultimately attracts capillary sprouts of
endothelial cells leading to enhanced 0StEOGENESIS. ......ccveveiieiieeriiciece e 100

3.8. Immunocytochemical analysis of VEGF. Immunofluorescence staining of nuclei
(blue, DAPI), VEGF (green, Alexa Fluor® 488) in 2D prostate cancer cells (PCa 2D)
and sequential culture of PCa cells with MSCs (MSCs+PCa SC). Fluorescent
staining for VEGF is brighter in tumoroids formed by PCa cells in MSCs+PCa SC
COMPATE 10 PCA 2D . ... 101

3.9. Osteoblastic lesion. Relative gene expression level of A) Endothelin-1; B) RANKL,;
which is normalized to GAPDH and where osteoblasts cultured on 2D
PCL/HAPClay films at day 10 served as control. MSCs: Mesenchymal stem cells;
hFOB: osteoblasts; PCa: prostate cancer cells; 3D: Cultured in scaffolds; 2D:
Cultured on films; SC: sequential culture; CC: Coculture. All the SCs and CCs were
grown on 3D scaffolds. Results are shown as a mean + standard deviation. Means
that do not share a letter are significantly different (p<0.05, n=3). C) Inhibition of
RANKL during osteoblastic prostate cancer lesion. In the osteoclastic lesion,
RANKL secreted by osteoblasts binds to RANK at the surface of osteoclast leading
to osteolysis. But in the osteoblastic lesion, the translocation of RANKL to osteoclast
is blocked by OPG which binds to RANKL leading to form RANKL-OPG complex. ...... 103
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Percentage migration of PC-3/PCa cells with or without bone mimicking scaffolds ......... 127

Morphology of PCa SC and PC-3 SC. A. PCa and PC-3 Cells stained with a-tubulin,
F-actin (red) and DAPI (blue) using immunocytochemistry. (B) SEM micrographs of
the tumoroid and cell cluster in the PCa SC and PC-3 SC respectively. ..........cccccevveivennnne 127

A. Relative E-cadherin expression level in the PCa SC, PCa 2D, PC-3 SC, and PC-3

2D cells. B. Relative vimentin expression level in the PCa SC, PCa 2D, PC-3 SC,

and PCa 2D cells. C. Immunostained cytokeratin (green in PCa and red in PC-3),

vimentin (red in PCa and green in PC-3), and nuclei (blue) in the PCa SC, PCa 2D,
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A. Relative VEGF expression level in the PCa SC, PCa 2D, PC-3 SC, and PC-3 2D

cells. B. Relative HIF-1 expression level in the PCa SC, PCa 2D, PC-3 SC, and PC-3

2D cells. C. Immunostained VEGF (green in PCa and red in PC-3), and nuclei (blue)

in the PCa SC, PCa 2D, PC-3 SC, and PC-3 2D CellS. ......ccovvriiiiiiie e 131

Osteogenic differentiation of MSCs. A. Comparative results from ALP assay for

sequential culture (SC) and mesenchymal stem cells (MSCs). Results are shown as

mean + standard deviation. Statistical Significance is shown by a single asterisk

(p<0.05, n=3.). B. Relative gene expression level of RUNX2, which is normalized to
GAPDH and where undifferentiated cultured on 2D MSCs at day 2 served as control.

C. Immunocytochemical analysis of Runx2 (red) and nuclei (blue) stained in MSCs

cultured in 3D SCAFFOIUS. ......oiviiiiiiicee e 143

Growth and migration of prostate cancer cells. A. Comparative results from WST-1

cell viability assay for bone cells (differentiated from MSCs), PCa SC (sequential

culture of MDA PCa 2b cells with MSCs), and PC-3 SC (sequential culture of PC-3

cells with MSCs). Results are shown as mean * standard deviation. Statistical

significance is shown by ***p < 0.001, **p < 0.005, *p < 0.05, n=3.). B. Schematic
representation of migration assay set-up. The cells were allowed to migrate toward

the lower chamber (control) or bone tissue-engineered construct (MSCs cultured in

PCL/in situ HAPclay scaffolds for 23 days) in the lower chamber. C. Percentage

migration of PC-3 cells with or without bone mimicking scaffolds. Results are shown

as mean + standard deviation. Statistical Significance is shown by *p < 0.05, n=3.). ........ 146

Morphological analysis of PCa SC and PC-3 SC. A. Immunostained a-tubulin

(green), F-actin (red) and nuclei (blue) in PCa SC and PC-3 SC. Bar =50 um. B.

SEM micrographs of PCa SC and PC-3 SC showing tumoroid and cluster of cells
respectively formed in the PCL/in situ HAPclay scaffolds. Bar = 10 pm..........ccccevveenenne 147

Effect on mineralization. A. Alizarin red S stained bone cells (differentiated from

MSCs), PCa SC (sequential culture of MDA PCa 2b cells with MSCs), and PC-3 SC
(sequential culture of PC-3 cells with MSCs) samples. Bar = 100 um. B. Calculated
percentage of area stained in alizarin red S assay. Results are shown as mean +

standard deviation. Statistical significance is shown by ***p < 0.001, **p < 0.005,
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5.5.

5.6.

5.7.

6.1.

6.2.

6.3.

Effect on mineralized collagen formation. A. Immunostained type I collagen (red),
and nuclei (blue) in the bone cells (differentiated from MSCs), PCa SC (sequential
culture of MDA PCa 2b cells with MSCs), and PC-3 SC (sequential culture of PC-3
cells with MSCs) samples. B. Relative type | collagen gene expression level at day
23+10 in the PC-3 SC and PCa SC, where bone cells (differentiated from MSCs)
served as control (relative expression=1). Results are shown as mean + standard
deviation. Statistical significance is shown by ***p < 0.001, n=3.). C. SEM images
of extracellular spaces of Bone cells, PCa SC and PC-3 SC. D. 67 nm banding
patterns in the collagen fibril structure observed in the healthy bone (adopted from
Gu et al. with permission [39]). E. FESM micrographs of mineralized type |
collagen fibrils formed in the PC-3 SC.......ocoiiiiiicccee e 151

Osteocalcin (OCN) expression. A. OCN protein secretion in bone cells, PC-3 SC,

and PCa SC measured by ELISA. Results are shown as mean + standard deviation.
Statistical significance is shown by ***p < 0.001, **p < 0.005, *p < 0.05, n=3.). B.

Relative OCN gene expression level at day 23+10 in the PC-3 SC and PCa SC,

where bone cells (differentiated from MSCs) served as control (relative

expression=1). Results are shown as mean * standard deviation. Statistical

significance is shown by ***p < 0.001, NT3.). .ooeiiiiiiiieieeee s 153

MMP-9 expression. A. MMP-9 protein secretion in bone cells, PC-3 SC, and PCa SC
measured by ELISA. Results are shown as mean + standard deviation. Statistical
significance is shown by ***p < 0.001, **p < 0.005, *p < 0.05, n=3.). B. Relative
MMP-9 gene expression level at day 23+10 in the PC-3 SC and PCa SC, where bone
cells (differentiated from MSCs) served as control (relative expression=1). Results
are shown as mean = standard deviation. Statistical significance is shown by **p <

0.005, NT3.). c1etiiteie ettt bt e bbb e bbb bbbt rnas 154
Schematic of the nanoindentation of an elastoplastic solid by a conical cone at full

[oF=To Jr= oo [V o] (o= Vo RSP PRP 174
Schematic of a load—displacement curve corresponding to the nanoindentation. ............... 176

Schematic showing cell-substrate indentations on a single cell attached to Chi-PgA-
HAP film deposited onto TCPS substrate and sectional view of an indenter...................... 182
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7.1.

7.2.

7.3.

7.4.

Tumoroid formation in the sequential culture. Prostate cancer cells (PCa) cells form
multicellular tumoroids when sequentially cultured with mesenchymal stem cells
(MSCs) mimicking the last stage of prostate cancer bone metastasis. (a) Schematic
diagram showing the multistep process of prostate cancer metastasis to bone. It
includes the sequence of phases: local invasion, intravasation, circulation,
extravasation, and colonization. (b) Schematic diagram showing the sequential
culture of PCa cells with MSCs. MSCs were cultured in osteoinductive 3D scaffolds
for 23 days. After 23 days when bone tissue is formed by MSCs, PCa cells were
seeded where they formed multicellular tumoroids. (¢) SEM micrographs showing
PCa single cells and tumoroids formed by PCa cells at day 23+5, 23+10, and day
23+20 (day 23+X means MSCs cultured for 23 days to form bone tissue and then
PCa cells cultured on bone tissue for X days). The length of the micron bar is 10 pm.

Experimental set up of nanoindentation experiment on living cells............cc.ccoceiene.

PCa cells become softer when they undergo MET and form tumoroids at the bone
microenvironment. (a) The distribution of elastic modulus, at the maximum
indentation depths 500 nm and 1000 nm shown by Tukey’s Boxplot. (b)
Representative load-displacement (L-D) curves of PCa single cells and tumoroid
cells at the maximum indentation depth 500 nm and 1000 nm. (c) The table shows
the mean value of the elastic modulus, E of PCa single cells and tumoroid cells at the
maximum indentation depths 500 nm and 1000 nm. (d) The distribution of the
maximum force required (maxF) to indent 500 nm for PCa single cells and tumoroid
cells shown by Tukey’s Boxplot. (¢) The distribution of the maximum force required
(maxF) to indent 1000 nm for PCa single cells and tumoroid cells shown by Tukey’s
Boxplot. (f) Representative L-D curves indicate maxF for PCa single cells and
Tumoroids at maximum indentation depth 500 nm. (g) Representative L-D curves
indicate maxF for PCa single cells and Tumoroids at maximum indentation depth

000 1N a0 PO

Tumoroid cells become softer with the cancer progression at the metastatic bone site.
(a) The distribution of elastic modulus, E of PCa cells in the tumoroids. (b) The table
shows the mean value of the elastic modulus, E of PCa cells in the tumoroids at the
maximum indentation depths 500 nm and 1000 nm on day 23+5, day 23+10 and day
23+20. (c) Representative L-D curves obtained from indenting PCa cells in the
tumoroids at maximum indentation depth 500 nm. (d) Representative L-D curves
obtained from indenting PCa cells in the Tumoroids at maximum indentation depth
1000 nm. (e) The distribution of the maximum force required (maxF) to indent 500
nm for PCa cells in the tumoroids on day 23+5, day 23+10 and day 23+20 shown by
Tukey’s Boxplot. The median, 25th percentile and 75th percentile are indicated.
Error bars indicate 5th and 95th percentiles. Whiskers indicate outliers. ***p <
0.001, **p < 0.005. (f) The distribution of the maximum force required (maxF) to
indent 1000 nm for PCa cells in the tumoroids on day 23+5, day 23+10 and day
23+20 shown by Tukey’s Boxplot. The median, 25th percentile and 75th percentile
are indicated. Error bars indicate 5th and 95th percentiles. Whiskers indicate

OULHErS. **P < 0.005. ...uiiiieieeie ettt e e e te e ra e teeneesneenneenneenes
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7.5.

7.6.

1.7.

7.8.

7.9.

Mechanical plasticity of the PCa cells increases with disease progression at the
metastatic site. (a) The distribution of the residual indentation depth (unrecovered
deformation) for the maximum indentation depth 1000 nm obtained from indenting
PCa single cells and PCa cells in the tumoroids on day 23+5, day 23+10 and day
23+20 shown by Tukey’s Boxplot. The median, 25th percentile and 75th percentile
are indicated. Error bars indicate 5th and 95th percentiles. Whiskers indicate
outliers. ***p < 0.001. (b) The distribution of the residual indentation depth
(unrecovered deformation) for the maximum indentation depth 500 nm obtained
from indenting PCa single cells and PCa cells in the tumoroids on day 23+5, day
23+10 and day 23420 shown by Tukey’s Boxplot. The median, 25th percentile and
75th percentile are indicated. Error bars indicate 5th and 95th percentiles. (c)
Representative L-D curves obtained from indenting PCa cells in the tumoroids at
maximum indentation depth 1000 nm on day 23+5, day 23+10 and day 23+20
indicating respective residual indentation depth, hf. ... 214

Softening of PCa cells with disease progression is mediated by F-actin. (a)
Immunostained confocal micrographs of PCa single cell and PCa cell in the tumoroid
stained with Phalloidin (F-actin, red), Anti-a-tubulin (a-tubulin, green), and DAPI
(Nucleus, blue). Arrows indicate localization of F-actin at the cellular junctions in
the tumoroid. The length of the micron bar is 5 um. (b) The volume of F-actin/cell in
the PCa single cells and tumoroids. Data presented as meanzstandard deviation. ***p
<0.001. (¢) The volume of a-tubulin/cell in the PCa single cells and tumoroids. Data
presented as meanzstandard deviation. (d) 3D reconstructed immunostained confocal
micrographs of PCa single cell and PCa cell in the tumoroid stained with Phalloidin
(F-actin, red), Anti-a-tubulin (a-tubulin, green), and DAPI (Nucleus, blue). Arrows
indicate localization of F-actin at the cellular junctions in the tumoroid. The length of
the MICION DAI IS5 UM .o e et 216

Immunostained confocal micrographs of PCa cell in the tumoroids stained with
Phalloidin (F-actin, red), Anti-a-tubulin (a-tubulin, green), and DAPI (Nucleus,
blue). The length of the micron bar IS 10 M. ..o 217

Surface reconstructed images of F-actin and Nuclei in a tumoroid showing
localization of F-actin in the cell-cell junction region. ...........ccccooeiieii v 218

Actin regulatory genes downregulate with the cancer progression at the metastatic

site. (a) The schematic diagram shows the role of different proteins in actin

dynamics. (b) Relative gene expression levels of N-WASp, Arp2/3, thymosin (34,

CDC42, and cortactin for PCa tumoroid cells on day 23+5, day 23+10 and day

23+20. Expression levels are normalized to GAPDH, and PCa single cells served as a
control. Results are shown as a mean + standard deviation. *p < 0.05. .........cccceevveiieiinnnns 219
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7.10. Alteration in nucleus and cell size. Nucleus and cell size distribution of the single
cells and the tumoroid cells at day 23+5, day 23+10, and day 23+20 shown by
Tukey’s Boxplot. The median, 25th percentile and 75th percentile are indicated.
Error bars indicate 5th and 95th percentiles. Whiskers indicate outliers. ***p <
0.001, **p < 0.005, *p < 0.05. Size of the nucleus in the single cells is significantly
higher as compared to tumoroid cells (P-value=1.81E-26). The difference of the
median cell size in the tumoroids between day 23+10 and day 23+20 are is not
statistically significant. F-actin stained confocal micrographs were used for
measuring the cellular size, and DAPI stained micrographs were used to measure the
00Tl [=TU ] USRS 221

7.11. Top view and orthogonal view of the single cells and the tumoroid cells stained
with F-actin (red), a-tubulin and nuclei (blue). Bar is 10 um. Orthogonal view of the
cells indicates height of the tumoroid and single cells are almost same (~10 um). ............ 222

9.1. The incorporation of more cellular features and dynamic fluid flow in 3D tumor
model might help to increase our understanding of the dynamic interactions between
metastasized prostate cancer and bone miCroenviroNMeNt. ..........c.cccevveveieeie e s e 242
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CHAPTER 1. INTRODUCTION

1.1. Prostate cancer background

According to the National Cancer Institute (NCI), cancer is a complex disease in which
cells in the body begin to divide and grow uncontrollably and are able to invade to surrounding
tissues. Cells in nearly any part of the body can become cancerous and are capable of spreading
to the other parts of the body. The basic unit of body, cells, grow by dividing in a controlled way,
and apoptosis or cell death occurs when cells are old and damaged. Sometimes the regular cell
cycle may be affected by the genetic mutation, and after a certain period of time, instead of
dying, cells form new cells. In this way, an extra mass of tissues, called tumor is formed. Cancer
cells are capable of invading, migrating through and colonizing on a distant organ [1]. The
cancer cells which spread away from their place of origin are known as metastatic cancer and the
process through which cancer cells invade a distant organ is known as metastasis. Further, 90%
of the cancer-associated deaths are attributed to metastasis, yet in cancer pathogenesis, the
mechanism of cancer metastasis remains obscure [1, 2].

Prostate cancer (PCa) starts when cells in the prostate gland begin to grow without
control. The prostate is a gland which is found only in males. It makes the fluid which is part of
semen. The seminal vesicles, a gland just behind the prostate, make the most of the fluid for
semen. The urethra, carrier of urine and semen out of the body through the penis, goes through
the center of the prostate. The gland prostate is in front of the rectum and below the bladder.
With age, the size of the prostate gland changes. A newborn has a prostate size of ~1.4 mL and

the average size of the prostate of an 80-92 years old male is ~37 mL [3].



Prostate cancers are primarily adenocarcinomas. Almost all prostate cancers are
adenocarcinomas, a type of tumors that formed from glandular structures in epithelial tissue. But
it also could be sarcoma (originates from connective tissue), small cell carcinoma,
neuroendocrine tumors or transitional cell carcinoma. It is very rare to have these other types of
prostate cancer. Prostate cancer grows slowly, but in some instances can grow and spread
quickly as well. [4]. Carcinogenesis in the prostate is thought to progress over the course of years
from an initial deleterious event in the DNA of prostate epithelial cells. Various factors can
contribute to prostate cancer evolution have been identified including age, race, diet,
inflammation, and genetics [5]. It has been reported that various genetic changes can introduce
prostate cancer development in various in vivo models [6, 7]. Although many human gene
homologs manipulated in animal models are found to be disturbed in human cancers, there is
often an unclear relationship between the role of genetic changes in animal models and the
connection to human prostate carcinogenesis.

According to the National Cancer Institute (NCI), in 2018 the estimated new cases of
prostate cancer is 164,690, and the estimated number of deaths is 29,430 [8]. Based on 2011-
2015 cases and deaths, the number of new cases and deaths of prostate cancer was 112.6, and
19.5 per 100,000 men per year respectively [8]. Based on 2013-2015 data, approximately 11.2%
of men will be diagnosed with prostate cancer at some point during their lifetime [8]. In the
United States alone, an estimated 3,120,176 men were living with prostate cancer in 2015 [8].
According to the NCI, the percentage of prostate cancer deaths is highest among men aged
between 75-84 and black men have the highest incidence of prostate cancer. Considerable
diaparity exists in the incidence and cure of prostate cancer among various populations [8]. The

5-year survival for localized and regional prostate cancer is 100.0%, but for the distant stage, it is



only 30.0% [8]. According to a report by Negoita et al., the incidence of distant-stage discase
increased from 2010 to 2014 [9]. However, they have also reported that overall prostate cancer

incidence rates declined approximately 6.5% per year from 2007 [9].

1.2. Current state in therapeutic-treatment for prostate cancer

The general course of treatment for the patients, who are diagnosed with the initial stage
prostate cancer, is radiation treatment, surgical resection or cryotherapy. These treatments are
often effective in inhibiting the cancer progression and are usually used one at a time. However,
in some cases they could be combined to treat prostate cancer patients. Typically, men older than
75 years do not undergo surgery or radiation and men younger than 65 years are most likely to be
treated with radical prostatectomy with or without radiotherapy [10]. The most common type of
surgery for prostate cancer is a radical prostatectomy. In a radical prostatectomy, the entire
prostate gland plus some of the tissue around it, including the seminal vesicles are removed from
the patients’ body [11]. High energy wavess or particles are used to kill cancer cells in radiation
therapy. In cryotherapy which is also known as cryosurgery or cryoablation, freezing
temperatures are used to destroy prostate cancer cells. Active supervision rather than immediate
treatment is commonly recommended for older men or men who have less aggressive tumors. If
the prostate cancer metastasizes or progresses beyond the initial stage, chemotherapy, hormone
therapy, bone-directed therapy (such as zoledronic acid or denosumab), radiation, vaccine
treatment, CAR-T cell therapy or a combination of these treatments are used [12-14]. At the
distant stage prostate cancer is a very aggressive disease and effective therapeutic treatments are
only palliative. Hormone therapy which is also known as androgen deprivation therapy (ADT) or

androgen suppression therapy, is used to reduce the level androgens in the body or to stop them



from affecting prostate cancer cells [15]. However, it is useful for only androgen-dependent
prostate cancer cells. Anti-cancer drugs are injected into a vein or given by mouth in
chemotherapy. Chemotherapy is used for advanced stages of prostate cancer when androgen
deprivation therapy (ADT) does not work. Recent studies have also shown that chemo is helpful
if given along with androgen deprivation therapy [16]. Some of the chemo drugs that are used to
treat prostate cancer patients include Docetaxel, Cabazitaxel, Mitoxantrone, and Estramustine.
Some vaccines are used to treat prostate cancer patients. These vaccines boost the immune
system to attack the prostate cancer cells unlike traditional vaccines, which mainly play a
preventive role [17]. However, there is no evidence to date that this techniques to treat advanced-
stage prostate cancer contributes to reduced mortality [18]. The lack of effective therapeutic
techniques for the treatment of prostate cancer patients is a severe issue in the current clinical
regimen, and therefore, there is a critical need for better understanding of prostate cancer

metastasis and more appropriate therapeutic strategies.

1.3. Cancer metastasis

Cancer cells are capable of invading, migrating through and colonizing on a distant organ
[2]. The cancer cells which spread away from its place of origin are known as metastatic cancer,
and the process through which cancer cells invade a distant organ is known as metastasis. 90% of
the cancer-associated deaths are attributed to metastasis, yet in cancer pathogenesis, the
mechanism of it remains obscure [1, 19, 20].

A complex metastatic cascade is involved in the dissemination of cancer cells to the
distant organ. It includes the sequence of phases: local invasion, intravasation, circulation, arrest

and extravasation, proliferation and angiogenesis [21, 22].
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Figure 1.1. Multistep process of prostate cancer metastasis. It includes the sequence of phases:
local invasion, intravasation, circulation, extravasation, and colonization. Initially, single cells or
clumps of cancer cells leave the primary tumor to invade the local stroma and ECM
(extracellular matrix). At this time cancer cells undergo a unique phenotypic change called
epithelial to mesenchymal transition (EMT). On the second step of metastatic cascade, cancer
cells intravasate either into blood vessels or lymphatic system. They translocate through the
bloodstream to the microvessels of a distant site, extravasate from the bloodstream, and the
survived cells are arrested at a remote tissue and acclimate to the foreign microenvironment
resulting in metastatic colonization.

A schematic description of the multistep process of prostate cancer metastasis is given in
figure 1.1. Initially single or clumps of cancer cells leave the primary tumor to invade the local
stroma and ECM (extracellular matrix). On the second step of metastatic cascade, cancer cells
intravasate either into blood vessels or lymphatic system. They translocate in a raucous
environment through the bloodstream to the microvessels of a distant site, extravasate from the
bloodstream and survived cells become arrested at a distant tissue [23]. On the new site cancer
cells must acclimate to the foreign microenvironment to prevail. In metastatic colonization step
cancer cells proliferate to form micrometastases which hereafter disrupt the vessel wall [24].

Through the angiogenesis process, a network of blood vessel penetrates into this cancerous

growth to supply nutrients and oxygen and to remove waste products [22]. The efficient



completion of all these stages would result in metastasis and the formation of a lesion at a distant
site which is known as a secondary tumor. Metastasis is paradoxically considered to be an
inefficient process since it has been estimated that less than 0.01% intravaseted cancer cells can

efficiently form secondary tumor at a distant site [25].

1.4. Epithelial to mesenchymal transition (EMT) and mesenchymal to epithelial transition
(MET)

Two very significant events take place during the complex cascade of metastasis
including epithelial to mesenchymal transition (EMT) and mesenchymal to epithelial transition
(MET) where cell phenotype changes between epithelial to mesenchymal state and vice-versa
[21]. The epithelium exist in a vertebrate from the very beginning by itself, whereas
mesenchyme as the second tissue type that evolved and developed from preexisting epithelia
through a phenotypic conversion known as epithelial-mesenchymal transition (EMT). EMT was
first depicted as a distinct morphological process in 1982 by Greenburg et al. [26]. EMT is a
process when epithelial cells lose many of their epithelial features and simultaneously acquire
the typical traits of mesenchymal cells in response to a specific set of extracellular stimuli.
During EMT several molecular and structural alteration occurs in epithelial cells including
change in cell-cell contacts, loss of apical-basal polarity, loss of cell-cell tight junctions,
cytoskeletal reorganization, dissolution of the basement membrane, elongated cell shape with
filopodia on basal sites, and invasion through the basement membrane. Contrarily, mesenchymal
cells are also capable of converting to epithelial cells under certain prospects through a process
known as mesenchymal to epithelial transition (MET), which is a reverse process of EMT.

Contrarily, mesenchymal cells are also capable of converting to epithelial cells under certain



prospects through a process known as mesenchymal to epithelial transition (MET), which is a
reverse process of EMT. During MET, mesenchymal cells lose their mesenchymal features
followed by gaining of epithelial traits [27]. Mesenchymal cells undergo a series of events during
MET, including gaining of apical-basal polarity, an aggregation of previously disbanded
mesenchymal cells, reorganization of cytoskeletal features, deposition of basement membrane
[28]. EMT at the primary tumor location and MET at the site of a secondary tumor during the
initial stage of colonization have generated a lot of interest as both have the potential of an
effective drug target [29]. Considering the critical roles they play in metastasis, understanding
the molecular mechanism of EMT and MET offers new hope for inhibiting tumor formation and
developing anti-cancer therapeutics. EMT is viewed as an essential early step in tumor metastasis
[30]. Transcription factors like Snaill, Twistl, vimentin is greatly associated with EMT process
which prompted to use them as EMT biomarkers [31-33]. E-Cadherin has a crucial role both in
EMT and MET. Silencing or switching of E-Cadherin to N-cadherin during EMT and significant
expression of E-Cadherin during MET are two significant features that have been revealed about
EMT and MET respectively [34]. Expression of transcriptional factors like Snail, Twist, and
Vimentin are other major hallmarks for EMT [35]. Another area of intense focus is angiogenesis
or new blood vessel formation during colonization of disseminated cancer cells on the site of
metastases [36]. Proangiogenic factors like VEGF, IL-8, and HIF-1 encourage the growth and

colonization of prostate cancer cells on bone microenvironment to aid skeletal dissemination.

1.5. Bone metastasis of prostate cancer
Cancer metastasis is a complex multistage process which consists of a series of

sequential, interrelated steps. The intrinsic properties of cancer cells and the response of the host



both influence the fate of the metastasized cancer cells [37]. It has been long accepted that each
type of malignant cancer cells exhibit a characteristic preference for an organ-specific pattern of
metastasis. For example, prostate cancer cells preferentially metastasize to bone, and colon
cancer cells metastasize to liver and lung but rarely to the bone. This specific development of
secondary tumors at distant organ requires the effective completion of a number of steps by
metastasizing tumor cells. Now the question is why and how some tumor cells exhibit an organ-
specific predilection for metastasis. A number of hypotheses have been proposed for the organ
selectivity of cancer metastases, including secretion of organ derived chemoattractant [38],
tumor cell surface characteristics [39], response to specific host tissue growth factors [40], and
adhesion between tumor cells and the distant organ components [41]. The current concept that
tumor cells metastasize to those organs of which microenvironment is advantageous for their
growth is not new. In 1889, Stephen Paget, the English surgeon, answered the question, “What is
it that decides what organs shall suffer in a case of disseminated cancer?” in his report titled
“Distribution of secondary growths in cancer of the breast” [42]. He examined the autopsy
reports of 735 breast cancer patients and was surprised by the inconsistency between the relative
blood supply and the recurrence of metastasis in some organs. Proposing the everlasting “seed
and soil” principle Paget commented that “remote organs cannot be altogether passive or
indifferent regarding embolism,” and “When a plant goes to seed, its seeds are carried in all
directions; but they can only live and grow if they fall on congenial soil.” Paget's so-called seed
and soil theory suggest that the organ-specific metastasis of tumor cells does not happen
accidentally, but it depends on the attraction of cancer cells (the seeds) for the target organ (the
soil). This means that the metastasis is developed due to a specific cancer cell tropism towards a

distant organ, and the fate of which depends on the molecular characteristics of cancer cells. The



study of the “soil” could be paramount to understand the mechanisms of the “seed” inducing
cancer metastasis of a specific remote site.

Later, Paget’s seed and soil theory were challenged by Ewing (1928), proposing that
organ-specific metastasis occurs due to the vascular system’s anatomy [43]. Ewing hypothesized
that the preferential sites of metastasis are those organs that are sprayed and contains
interconnected blood vessels to the primary site. In addition, the anatomic adjacency to a primary
tumor site is also another factor influencing cancer metastasis. The two theories proposed by
Paget and Ewing are not in contradictory but entirely correlative to each other.

The preferred site for prostate cancer metastasis is bone, with an incidence up to 90 %
[34]. Other cancers, such as colon cancer and breast cancer also have been known to metastasis
to bone. Bone metastasis leads to high morbidity caused by pain, pathologic fractures,
hypercalcemia, and spinal cord compression as well as nerve root compression. Metastasized
prostate cancer cells primarily target cancellous bones. Highly vascular structure of cancellous
bone provides easy access to oxygen and nutrients for metastasized prostate cancer cells which
creates a welcoming environment for colonization. Bone-forming osteoblasts and bone-resorbing
osteoclast reside in the bone microenvironment that is responsible for creating a dynamic nature
of bone. In normal bone, constant remodeling of old bone by osteoclast follows mineralized new
bone formation by osteoblast. But when prostate cancer cells metastasize to bone, they cause
either excessive bone degradation in the osteoclastic lesion or excessive bone regeneration in the
osteoblastic lesion.

The leading cause of mortality and morbidity in prostate cancer is the skeletal
dissemination of tumor cells. Nevertheless, the bone-metastatic mechanism in prostate cancer is

not entirely understood. To prevent bone metastasis, it is crucial to target not only bone



metastatic features in the tumor cells but also tumor nurturing bone. In order to advance current
therapies, the effect of metastasized cancer cells on bone microenvironment have to be better
understood which needs reliable models able to mimic the biophysical processes occurring in

patients.

1.6. Why we need 3D in vitro model

2D cultures are widely used for the maintenance of cells and the biological experiments.
Monolayer cultures are convenient and easy to use with high cell viability. However, petri dish
culture lacks the realistic complexity of 3D microenvironment of intrinsic tissue and hence
impose highly unnatural mechanical and geometric constraints on cells [44]. Bone
microenvironmental condition is naturally three-dimensional which controls cancer formation
[45, 46]. 2D petri dish culture lacks anatomical architecture and thus encounter severe transport
limitations. In 2D substrates, cells exhibit tight junctions, rapid growth, monolayer structure,
poor differentiation capability, non-optimal physiological responses and intense physical contact
with a substrate which results in altered tumor cell behavior. When cells are cultured on solid 2D
substrates such as coverslips or tissue culture treated polymer plastics, nutrition incorporated by
the cells are mostly from the basolateral surface comparable to the surface near blood supply;
therefore, cells with tight cellular junctions do not obtain proper nutrition when cultured on Petri
dishes causing the cells to exhibit partially dedifferentiated and depolarized phenotype [47]. It
has also been reported that cells grown in monolayer exhibit unusual organization and cell shape,
malignant cell-like inappropriate growth-rates, and the failure to express tissue-specific genetic

and molecular features [48].
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In vivo models have been widely used in biological studies for growth and progression as well as
for therapeutic purposes. Human xenograft models [49], chemically induced mouse model [50],
transgenic mouse model [51], are few in vivo models that have been used extensively.
Genetically modified rodent models earned popularity over other models because of their ability
to manipulate molecular features and provide apparently perfect models for investigating cancer
and effects of anti-cancer drugs [52]. However, it has been reported that in vivo model can
appropriately mimic the initial stages of cancer development and metastasis [52]. In most of the
in vivo models used in the biotechnological industries, human xenografts are placed
subcutaneously into the rodents which lack the necessary host-tumor interactions. Orthotopic
transplantations have been used to overcome the limitations of subcutaneous transplantations,
where human tumors are injected in the physiologically relevant area of the animals [53]. For
instance, in the case of prostate cancer, the xenograft would be placed in the prostate of the
rodent model to recapitulate the prostate tumor development in humans. Some other limitations
that are associated with in vivo models are lack of control over the malignant cell
microenvironment, and Other challenges encountered while using in vivo models are the lack of
control over the tumor microenvironment and adversity in real-time micrography [54].

In vitro 3D models overcome many of the difficulties and limitations associated with
animal experimentations and monolayer cultures. It bridges the gap between animal models and
petri dish culture. It defeats the disadvantages related to in vivo models by avoiding host immune
complexity. 3D in vitro models are reproducible, cost-effective and reliable for statistical
analysis. Moreover, there is an ethical issue associated with animal models. The disease
development and pathology of human may not be accurately represented in animal models due to

species differences [55]. In addition, in vitro 3D models have uncovered new data associated
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with cellular phenotypic changes, cell-cell signaling, angiogenesis, chemoresistance, cell-matrix

interaction, tumor-microenvironment interaction [56-60].

1.7. Bone

Bone is a hard connective tissue that constitutes the major component of almost all
vertebral skeleton. Cytoskeleton appears to be nonliving. In fact, the root of the word skeleton is
derived from the Greek word kvtocokeletdg which means ‘dried up’. Bone is a living structure
which is composed of living cells and tissues, blood vessels, organic and inorganic materials.
Vertebrate skeleton protects and supports the internal soft organs of the body. For instance, the
rib bones safeguard hearts and lung; the skull protects the brain. Bone produces specific white
blood cells, platelets, and red blood cells. It provides a structural framework for mobility. Bone
stores minerals like calcium which is necessary for the activity of muscle and nerve cells. It
provides a surface for muscles attachment. Bone is a dense connective tissue which has a
honeycomb-like internal matrix. The rigidity of a bone comes from this dense tissue of
mineralized matrix. The major organic component of the bone matrix is mineralized extracellular
matrix collagen whereas, the various salts (mostly calcium phosphate in the chemical
arrangement termed hydroxyapatite) make up the inorganic portion of the bone matrix.

Collagen, mineral, and water are the three primary components of bone as shown by
chemical analysis. The weight of human cortical bone typically consists of 60% hydroxyapatite,
20% type | collagen, 9% water and 11% salts and noncollagenous protein [61]. At maturity, the
human body is made up of 206 bones, which account for 14 percent of the body’s total weight

[61]. The strongest and largest bone in the body is the thigh-bone or femur which is about 20
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inches long and 1 inch wide in an adult human. The smallest is the stapes, one of the three tiny

bones in the middle ear which is only .07 inch long.

1.8. Structure of bone
Components of are assembled in a unique hierarchical structure at many length scales
which work in a specific pattern to perform various chemical, mechanical, and biological
functions; such as protection and storage, healing cells, structural support, storage of minerals
and ion homeostasis. Hierarchical materials are consist of structural components which
themselves have recognizable structure. The scale has vital importance in discussing bone
architecture as the structure is complicated and hierarchical. Different techniques of assessing
structural properties of bone have its own resolution, and therefore a combination of these
methods is required to reveal the structural features of bone at the many different length scales.
Bone has been described in terms of up to 6 hierarchical levels of organization from nanoscale
collagen to macroscale femur bone. The hierarchical structure of bone is described at following
levels:
= Level 1: Collagen fibrils and minerals (nanometer scales)
= Level 2: Mineralized fibril (sub-micron scale)
= Level 3: Fibrillar arrays (micro-scale)
= Level 4: Fibrillar array patterns (micro-scale)
= Level 5: Osteon (micro-scale)
= Level 6: Whole bone (mesoscale)
The hierarchical structure of bone is depicted in figure 1.2. Bone is separated into the

compact (cortical) and trabecular (cancellous) types at the macro-structure level. Compact bone
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is solid, with the only porosity for osteocyte lacunae, canaliculi, erosion cavities, and blood
vessels. Trabecular bone has a porosity which is easily visible to the naked eye. Typically, the
bone matrix that has a porosity less than 25% is considered to be compact, and if or more is
trabecular [62]. Microstructurally, there is no difference between normal compact and trabecular
bones.

The primary structural unit of cortical bone is osteon which as also known as Harversian
system (figure 1.2b). The parallel layers of lamellae surround the Haversian canal in the osteons.
The Haversian canal which is parallel to the long axis of the bone, contains the blood vessels
bone's nerves. Between adjacent Harversian system, there are angular intervals that are occupied

by interstitial lamellae.
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Figure 1.2. Hierarchical organization of a human bone from macro- to the nanoscale. (a)
Macrostructure-human bone. (b) submacro structure-osteon. (c) Micro structure-lamellae
(d) Meso structure-fiber bundle. (e) Nanostructure-mineralized fibril. (f) Molecular structure-
collagen molecule and mineral particle.

The thickness of bone lamellae is 3—7 um (figure 1.2c) [63]. Collagen fibers are arranged

parallelly in each lamella with a different orientation pattern of fibrils. Four of the most common

14



patterns of fibril orientation in a lamella includes parallel fibrils array, woven fibrils array,
plywood-like structure array, and radial fibril arrays [64].

The mineralized fibrils are self-assembled into fiber bundles along their length and the
bundles may fuse with neighboring bundles. The way mineralized fibrils are aligned in a fiber
bundle has gained a lot of attention since it leads to a significant variation in the mechanical
properties of bone. Two different orientations of fibrils have been proposed. In both of the
orientations, mineralized fibrils are aligned with respect to fibril axes. In one of the orientations,
fibrils are also aligned with respect crystal layers [64].

The single collagen fibrils are 50-200 nm [65]. Collagen molecules are self-arranged into
the fibril in a staggered arrangement (figure 1.2e). At extracellular space type | collagen
molecules pack together side-by-side, forming fibrils with a diameter of roughly 50-200 nm. The
saturated calcium and phosphate ions secreted by osteoblasts precipitate into hydroxyapatite
crystals which are cemented to this collagen fibril. . The saturated calcium and phosphate ions
secreted by osteoblasts precipitate into hydroxyapatite crystals which are cemented to this
collagen fibril. In collagen fibrils, adjacent collagen molecules are displaced from one another by
67 nm, about one-quarter of their length produces a characteristic pattern of bands of length 67
nm. D-period of collagen fibrils is divided into two sections, overlap and gap, where the overlap
is around 27nm, and the gap is 40nm.

Almost 90% of total organic components of bone are made of type | collagen molecules also
known as triple helices (figure 1.2f). Triple helices consist of three polypeptide chains having
supercoiled assemblies of two identical a.1- chains and one a2-chain, each with over 1000 amino
acid residues. The cylindrical shaped triple helical molecules have an average diameter of

~1.5nm, and lengths of 300nm.
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1.9. Tissue engineering

Tissue engineering, a continuously expanding interdisciplinary field, involves materials
science, cell biology, bio-physiology, mechanobiology, bioengineering, biomedical engineering,
and clinical research, with the aim of creating new tissues and organs. The term tissue
engineering is closely related to the applications that repair or replace part of or the whole tissues
(i.e., skin, cartilage, bone, blood vessels, bladder, muscle, etc.). Tissue engineering gained
significant popularity in the early 1990s when Robert Langer et al. distinctly described it as a
surrogate approach having advantages over traditional techniques to treat tissue defects and
associating combined use of cells, 3D scaffolds and growth factors for regeneration of tissue and
organ [66, 67]. Cell culture based tissue engineering usually related to the use of a multi-
component engineered biomaterials in the form of 3D porous scaffolds, living cells, and growth
factors [68, 69]. A schematic diagram depicting the concept of bone tissue engineering
developed by Katti et al. is shown in figure 1.3 [70]. In a traditional approach, cells are harvest
(progenitor cells, stem cells, mesenchymal stem cells) from a patient, which would be expanded
in 2D tissue culture treated Petri dishes, cultured on a 3D biomaterial scaffold, and differentiated
through specific culture conditions into the targeted tissue, then implanted into the patient.
Studies in the field of tissue engineering and regenerative medicine have shown rapid progress,
expansion, and development due to the recognition of its vast potential over the years for other
therapeutic applications and as a platform for studying various diseases. Traditional treatment
techniques to regenerate tissue defects such as allografts, autografts, xenografts, and metallic
implants are thought to have drawbacks. As an alternative for grafts and transplants, tissue

engineering intends to culture living tissue in vitro for implantation.
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The critical components of tissue engineering are 3D scaffolds, cells and growth factors.
Each of these components has been the origin of several vital research interest in the
interdisciplinary field of tissue engineering. Biomaterial 3D scaffolds and mesenchymal stem
cells have been the primary focus of a considerable number of studies over the course of
progression of tissue engineering since the early 1990s, and these interdisciplinary studies have
laid the basis for the evaluation of tissue engineering concepts beyond tissue regeneration. The
studies reported in this dissertation deal with the use of polymer composite scaffolds for bone
tissue engineering. Studies in this dissertation are related to interactions of human prostate cancer
cells (MDA PCa 2b and PC-3) with bone tissue-engineered 3D porous scaffolds that have been
developed using nanoclay, hydroxyapatite, polymer, and human osteoblasts, human

mesenchymal stem cells (MSCs).

Cells @:2 @ > Growth factors
2D cell culture oD ‘“F?‘i _
=D e

N/

scaffold

3D cell culture

Scaffold degradation
&

Geilisolation J/ % Clinical new bone formation

M‘{' - E@E‘E‘E Tissue engineered
4!

bone construct

Figure 1.3. Schematic depicting the concept of bone tissue engineering.
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1.10. Background of bone tissue engineered PCL/nanoclay scaffold system

Studies in this dissertation involve the use of 3D porous PCL/nanoclay scaffold system for
the tissue engineered prostate cancer model. Use of nanoclay in polymer composites for the
enhancement of mechanical properties is not new. In 1990, Okada et al. of Toyota research
group, reported the improvement of mechanical properties by adding clay on nylon-6 polymer
composite [71]. Ever since numerous studies have reported the effect of the addition of nanoclay
on biodegradability [72], flammability [73, 74], and permeability [75, 76], of polymer nanoclay
composites (PCNs) besides the dramatic improvement in mechanical properties [77]. In 2008,
our research group proposed the groundbreaking ‘altered phase model” of PCN composite which
describes the mechanism associated with the enhancement of mechanical properties in polymer
clay nanocomposites (PCNs) [78]. Some experimental [79, 80] and simulation [81-83] studies
led this ‘altered phase model” of PCNs according to which the volume of the polymer is
significantly influenced by molecular level interactions between the components of PCNs that
leads to an alteration in the crystallinity of the polymer in the altered zone around the intercalated
clay particles [78].

The ability of Na-MMT clay of reinforcing PCNs led to the use of Na-MMT clay as a
component of polymer-based scaffolds in tissue engineering. Previous studies by our research
group have shown that intercalated Na-MMT clay influence the polymer crystallinity and
nanomechanical characteristics [84, 85]. Our research group has also demonstrated that the
ability of Na-MMT clay to affect the nanomechanical properties can be useful to influence
cellular nature and the cells are reactive to the mechanical cues from their surrounding
microenvironment [85-87]. Other factors that influenced the use of Na-MMT clays in the design

and development of 3D porous scaffold system for bone tissue engineering by our research group
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includes its ability to degrade polymeric structure under physiological condition, use of it in drug
delivery and drug release applications [88, 89], medicinal use of it in health conditions (like
diarrhea, ulcers, and hyperthyroidism) [90], and its ability to be excreted from the body [91].

Previous studies in the group used unnatural amino acids to modify the Na-MMT clay,
and this modified MMT clay was further characterized using experimental techniques including
Fourier Transform Infrared (FTIR) spectroscopy and X-ray diffraction [92]. Results of this study
suggested that 5-aminovaleric acid is most effective to intercalate the Na-MMT clay and use of
modified Na-MMT clay for biomaterial application. Our research group used Na-MMT clay
modified with 5-aminovaleric acid in the chitosan-polygalacturonic acid (ChiPgA) bipolymer
composite scaffolds. The suitability of nanoclay-ChiPgA scaffolds for bone tissue engineering
applications was investigated [93]. Chitosan and polygalacturonic acid both have been reported
as excellent biocompatible materials for tissue engineering [94, 95]. To enhance the
osteoconductivity and osteoinductivity of polymer clay composite (PCN) scaffolds,
hydroxyapatite (major extracellular components of bone) was biomineralized in 5-aminovaleric
acid clay using a processing route the to obtain a novel three-component nanoclay-
hydroxyapatite hybrid (in situ HAPclay) [86, 96-98]. Comprehensive biological assays and
imaging experiments performed by our research group suggested that human mesenchymal stem
cells undergo osteoblastic differentiation in the scaffolds containing HAPclay without the use of
osteogenic supplements [86]. When MSCs cultured in this scaffolds, vesicles containing
crystalline calcium minerals were found to be emerged from MSCs and deposited in the extra
cellular space [165]. Ca/P ratio in this vesicles lower than the stoichiometric Ca/P ratio of HAP
indicates new bone formation and remodeling of bone. Further, in our research group

polycaprolactone (PCL), a synthetic polymer was used instead of chitosan and polygalacturonic
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acid to design the HAPclay 3D porous scaffold [99]. PCL provides immense prospects for tissue
engineering applications as it exhibits lesser complexities as compared to biopolymers like

chitosan.

1.11. Tissue-engineered 3D metastatic cancer models

Considerable efforts have been made to recapitulate prostate cancer microenvironment as
preclinical models by including the elements from primary tumors into ex vivo culture
environment which causes the disease progression in a manner that better mimics cancer
development. Tissue-engineered 3D models are an excellent preclinical platform to investigate
the crosstalk between and cancer cells bone microenvironment [56, 60, 100]. Heroon et al.
reported a 3D culture approach to study the interaction between bone and metastatic prostate
cancer cells where they used a transwell based system [101]. The transwell system was
composed of adipocytes in 3D collagen | gel and reconstituted basement membrane-overlayed
prostate cancer cells spheroids. Curtin et al. developed and utilized a 3D bone-cancer metastasis
model where they used the free-floating live mouse calvarial bones in the presence of prostate
cancer cells in a roller tube system [102]. Fitzgerald et al. studied the cancer bone interaction
using three different collagen-based 3D scaffolds (scaffolds containing either glycosaminoglycan
or nanohydroxyapatite in two different concentration) [103]. In that study, they used the 3D in
vitro model for the delivery of gene therapeutics to the prostate cancer cells. In a separate study,
Fitzgerald et al. co-cultured human osteoblasts with prostate cancer cells in collagen-
nanohydroxyapatite scaffolds in order to enhance the efficacy of the bone mimicking in vitro
model [104]. Fang et al. reported a 3D co-culture model, using double layered alginate hydrogel

microspheres to incorporate prostate cancer cell and stromal cells [105]. In a study, Florczyk et
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al. reported chitosan-alginate (CA) based 3D porous scaffolds for culturing human prostate
cancer (PCa) cells and studying tumor cell interaction with human peripheral blood lymphocytes
ex vivo [106]. Wang et al. also reported the use of 3D chitosan-alginate based scaffolds with
prostate cancer cells and confirmed the efficacy of these for long-term culture and 3D spheroid
formation that mimicked in vivo morphologies [107]. Kwon et al. utilized 3D silk to investigate
the metastasis of prostate cancer to bone [108]. They cultured PC-3 cells in 3D silk scaffolds
which enabled the prostate cancer cells to behave like in vivo undergoing cell invasion and
migration into the engineered bone (silk scaffold) as like to bone metastasis. Kwon et al.
hypothesized that in 3D silk scaffolds PC-3 cells underwent osteomimicry which enabled them
to behave like osteoblast to enhance bone formation in the tissue-engineered bone
microenvironment [108]. Salamanna et al. explored an in vitro 3D cancer-bone metastasis model
bu culturing human prostate cancer cells with human bone tissue isolated from male patients
[59]. The bone tissue collected from total hip replacement surgery was grown in a rolling
apparatus system in a hypoxic and normoxic condition. By performing gene-expression, protein
level, histological, and immunocytochemical analysis, they exhibited that prostate cancer cells
have a distinct specificity for bone colonization and ingrowth [59]. To enhance the understanding
the of the mechanism underlying prostate cancer bone metastasis, Lescarbeau et al. developed a
tissue-engineered in vitro model incorporating human mesenchymal stem cells (hMSCs), and
bone marrow-derived extracellular matrix (BM-ECM) to investigate the biological significance
of hMSCs and BM-ECM in the process of the disease progression [109]. In that study,
Lescarbeau et al. used LNCaP and MDA PCa 2b cell line to mimic many features observed in

prostate cancer patients which could provide a platform for mechanistic in vitro experiments.
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One of the significant limitations of these prior studies was the use of cell line for bone
tissue engineering and culture techniques. Currently, there are no in vitro bone metastasis models
that used human MSCs to generate bone tissue initially then seeded prostate cancer cells
sequentially. Studies in this dissertation cultured human prostate cancer cells sequentially with
human mesenchymal stem cells in an osteoconductive and osteoinductive 3D porous scaffold
system where MSCs underwent osteoblastic differentiation without osteogenic supplements.

One of the most crucial components of an in vitro cancer model is the cell lines being
utilized. Dozens of prostate cancer cell lines across a variety of malignancies have been
developed for preclinical studies [110]. These cell lines vary in many of their properties
including their origin, phenotype, invasiveness, malignancy, proliferative rate, genetic
background, etc. Studies in this dissertation utilized PC-3 and MDA PCa 2b cell lines to explore
the differences in cell lines on various outcomes. MDA PCa 2b cells are androgen sensitive,
express prostate-specific antigen (PSA) and noninvasive in nature [111]. PC-3 cells are invasive,
castration-resistant and do not express androgen receptors and prostate-specific antigen (PSA)

[112]. Both of the cell lines are derived from bone metastasis.

1.12. Bio-nanomechanics of cells

Living cells in human body, as physical entities, possess structural and physical
properties and constantly subjected to mechanical stimulations throughout life. It has been shown
that cellular functions such as growth, differentiation, migration, apoptosis, motility, gene
expression, signal transduction, wound healing, etc. are influenced by cellular biophysics and
biomechanics [113-118]. Any changes of these biophysical or biomechanical properties of

human cells may interrupt regular physiological functions of cells and may lead to diseases. For
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example, when red blood cells are affected by malaria-causing bacteria, Plasmodium falciparum,
the molecular and structural properties of red blood cells are significantly compromised [118-
121]. Biomechanical properties of individual cells can influence the physio-structural properties
of whole tissue by interacting with extracellular matrix as well as mechanical stress on the whole
tissue can be transmitted to the cellular level compromising their physiological functions
significantly [122]. Other than disease causing virus and bacteria, many chemicals are also
known to have an effect on mechanical properties of human cells. For instance, latrunculin B
cytochalasin D have an adverse effect on the cytoskeletal structure of the cells [123-125].
Chemotactic agent fMLP significantly increases the stiffness of neutrophils [126, 127]. The
primary structural element of cytoskeleton actin filament and microtubules are affected by
colchicine [128-130].

The past few decades has seen a substantial growth of the research in the field of
biomechanical properties of cells. Various methods have been applied to determine the
biophysical properties of cells [131-133]. But it is still a challenge to study the nanomechanics of
single cell considering dynamic nature of cells during progression of different diseases [134-
136].

With the advent of nanotechnology, it has now become feasible to probe cellular
mechanics at single cell level. For instance, biophysical techniques such as micropipette
aspiration [125, 137-140], optical tweezers [141-143], cell stretchers [144-147], flow rheometry
[138, 147-149], magnetic bead cytometry [150, 151], traction force microscopy (TFM) [152,
153], atomic force microscopy (AFM) [154-157], micropillar arrays [158] and nanoindentation
[87, 159-164], have been used extensively in the past decade to probe mechanical properties of

various cell types. Of these above-mentioned techniques, a majority have been employed to
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apply controlled force to the cells (micropipette aspiration, optical tweezers, cell stretchers, flow
rheometry, magnetic bead cytometry, AFM, and nanoindentation, while the rest are used to
monitor the cells’ ability to deform itself by intracellular forces (TFM, and micropillar arrays) to
obtain their mechanical properties.

AFM Force curves has been widely used for evaluating nanomechanical properties of
cells. Using AFM-based nanomechanical analysis cross et al. demonstrated that cancer cell
stiffness is 70-80% less than that of normal cells [171]. Lekke et al. performed AFM
nanoindentation on normal and cancerous human bladder cells showing that normal cells are
stiffer than their cancerous counterparts [166]. In another study they found a strong correlation
between the reduction of glycolytic activity and the increase stiffness using the bladder cancer
cells treated with chitosan [167]. Using AFM nanoindentation, Li et al. compared the elastic
modulus of a normal breast cancer cell line (MCF10A) with a cancerous breast cancer cell line
(MCF7) and found that cancerous MCF-7 is significantly softer as compared to MCF10A [168].
Faria et al. investigated nanomechanical properties of 3 prostate cancer cell line using AFM
analysis [169]. They found that normal prostate cancer cell line (BPH) possess higher elastic
modulus as opposed to cancerous prostate cancer cell lines (LNCaP and PC-3). In another AFM
based study, Bastatas et al. evaluated nanomechanical characteristics of highly metastatic
prostate cancer cells (CL-1/ CL-2) and non-metastatic cells (LNCaP) [170]. And they found
highly metastatic cells are stiffer as compared to non-metastatic cells. The authors concluded that
stiffer response from highly metastatic prostate cancer cells are regulated by actin dynamics.
Hayashi et al. also used AFM indentation method to investigate the mechanical properties of
cancer cells [172]. They compared normal human cervical cells (End1/E6E7) with cancerous

human cervical cells (HeLa) and concluded that HeLa cells are significantly softer than the EGE7
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cells. Zhou et al. also demonstrated similar results using human cervical squamous carcinoma
cells (CaSki) and normal cervical epithelial cells (CRL2614) [173]. Using AFM force curve, Li
et al. investigated the mechanical properties of blood cells and aggressive cancer cells and also

concluded that aggressive cancer cells are softer than normal cells [174].

1.13. Research objectives
The specific objectives of the current research are as follows:

1. To create a physiologically relevant prostate cancer model that mimics the bone
microenvironment for metastasized prostate cancer and ultimately which could be useful
for therapeutic studies.

2. To study the interaction between prostate cancer cells and bone microenvironment using
the nanoclay/polymer-based 3D scaffolds that have been developed in our research
group.

3. To evaluate the effect of the sequential culture (SC) culture, a novel cell culture
technique, on prostate cancer cells utilizing gene expression analysis,
immunocytochemistry, electron microscopies and cellular assays.

4. To study the effect of using mesenchymal stem cells instead of human osteoblast in the
sequential culture with prostate cancer cells.

5. To investigate the effect of metastasized prostate cancer cells on bone mineralization and
extracellular matrix formation.

6. To evaluate the alteration in nanomechanical properties of prostate cancer cells during
mesenchymal to epithelial transiotion (MET) and during the disease progression using

nanoondentation experiments on live cells.
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7. To investigate the chenges in prostate cancer cell cytoskeletal during the disease
progression using immunocytochemical analysis and gRT-PCR experiments.
8. To establish a correlation between cytoskeletal changes and alteration in nanomechanical

characteristics of prostate cancer cells during the disease progression.

1.14. Organization of this dissertation
This dissertation is organized into different chapters as follows:

1. Chapter 1. It initially provides a brief background of prostate cancer and and a brief
overview of current state in therapeutic-treatment for prostate cancer. Then it shortly
describes the mechanism of cancer metastasis, detailed EMT and MET process and bone
metastasis of prostate cancer. Then it describes the previous works done in our research
group to design and develop the HAPclay/PCL 3D scaffolds for bone tissue engineering.
Then a brief literature survey is presented on concurrent in vitro 3D bone metastasis
models of prostate cancer. It also gives brief overview on nanomechanics of cells.

2. Chapter 2. It describes the formation of 3D tumoroids in the sequential culture based in
vitro model.

3. Chapter 3. This chapter describes the mimicking of mesenchymal to epithelial transition
(MET) of prostate cancer cells in an in vitro 3D model using the cell line MDA PCa 2B.

4. Chapter 4. This chapter describes the mimicking of mesenchymal to epithelial transition
(MET) of prostate cancer cells in an in vitro 3D model using the cell line PC-3.

5. Chapter 5. This chapter describes the effects of metastasized prostate cancer cells on bone

mineralization and extra cellular matrix formation.

26



6. Chapter 6. This chapter describes biomechanics of cells as potential biomarkers for
cancer and principle of nanoindentation.
7. Chapter 7. This chapter describes the nanomechanical and cytoskeletal alterations in

prostate cancer cells during the progression of the disease.
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CHAPTER 2. SEQUENTIAL CULTURE ON BIOMIMETIC NANOCLAY SCAFFOLDS
FORMS THREE-DIMENSIONAL TUMOROIDS!

This chapter describes the formation of 3D tumoroids in the sequential culture based in
vitro model. Most of the contents of this chapter has been published in K.S. Katti, MD.S. Molla,
F. Karandish, M.K. Haldar, S. Mallik, D.R. Katti, Sequential culture on biomimetic nanoclay
scaffolds forms three-dimensional tumoroids, Journal of Biomedical Materials Research Part A

104(7) (2016) 1591-1602.

2.1. Introduction

In the United States around 40% of the overall population encounters at least one form of
cancer in their lifetime and in the long run 1 in 4 of cancer patients dies making it the second
leading cause of death [1, 2] . According to the National Cancer Institute (NCI), the term
‘cancer’ designates for complex diseases in which aberrant cells divide without control and can
invade other tissues. All cancer grows in cells. The basic unit of body, cells grow by dividing in
a controlled way and apoptosis occurs when cells are old and damaged. Sometimes the regular
cell cycle may be affected by the genetic mutation, and after a certain period instead of dying,
cells form new cells. In this way an extra mass of tissues, the tumor is formed. Cancer cells are
capable of invading, migrating through and colonizing on a distant organ [3]. The cancer cells
which spread away from its place of origin are known as metastatic cancer, and the process

through which cancer cells invade a distant organ is known as metastasis. 90% of the

This chapter was co-authored by K.S. Katti, MD.S. Molla, F. Karandish, M.K. Haldar, S.
Mallik, and D.R. Katti. MD. S. Molla had 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. F. Karandish, M.K. Haldar, and S. Mallik
prepared the anticancer drug nanocarrier polymersomes.
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cancer-associated deaths are attributed to metastasis, yet in cancer pathogenesis, the mechanism
of it remains obscure [4].

A complex metastatic cascade is involved in the dissemination of cancer cells to the
distant organ. It includes the sequence of phases: local invasion, intravasation, circulation, arrest
and extravasation, proliferation and angiogenesis [5, 6]. Initially single or clumps of cancer cells
leave the primary tumor to invade the local stroma and ECM (extracellular matrix). On the
second step of metastatic cascade, cancer cells intravasate either into blood vessels or lymphatic
system. They translocate in a raucous environment through the bloodstream to the microvessels
of a distant site, extravasate from the bloodstream and survived cells become arrested at a distant
tissue [7]. On the new site cancer cells must acclimate to the foreign microenvironment to
prevail. In metastatic colonization step cancer cells proliferate to form micrometastases which
hereafter disrupt the vessel wall [8]. Through the angiogenesis process, a network of blood vessel
penetrates into this cancerous growth to supply nutrients and oxygen and to remove waste
products [6].

Cancer cells have a characteristic preference for the metastasis to a distant organ. For
instance, prostate cancer always has a strong propensity to metastasize to bone [9]. Crosstalk
between the metastatic cancer cells and bone microenvironment make the bone an alluring niche
for the colonization of disseminated tumor cells.

Bone cells like osteoblast, osteoclast, immobilized bone matrix and cell-secreted proteins
are the main constituents of bone microenvironment [10]. Growth factors released by
degradation of osteoclasts stimulate osteoblasts to form new bones. Tumor growth in bone
occurs due to an imbalance between the bone formation by osteoblasts and bone resorption by

osteoclasts. Bone metastasis can be either osteoblastic, when bone formation run over the bone
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resorption; or osteolytic, when bone density is decreased by excessive bone resorption [11].
Cancer cells in contact of bone microenvironment produce cytokines like parathyroid hormone-
related protein (PTHrP), interleukin-11 (IL-11), interleukin (IL-8), vascular endothelial growth
factor (VEGF) which promote osteoclast formation due to which excessive boney tissue
resorption results. This degradation of bone derives growth factors like TGF-p which causes
tumor expansion. Again tumor cells in contact of osteoblasts produce RANKL (receptor
activator of nuclear factor kappa-B ligand) which stimulates osteoclast formation [12].
Bradykinin promotes VEGF expression and increases angiogenesis in human prostate cancer
cells [13]. Other factors like MMP-1, ADAMTS1, osteopontin (OPN) also stimulate osteoclast
activity and promote cancer cell colonization on bone microenvironment [14, 15]. Cancer cells
secrets Matrix metalloproteinase (MMP) enzymes which involve in the breakdown of
extracellular matrix and promote cancer growth [16, 17].

These interactions between the bone microenvironment and cancer cells initiate a vicious
cycle to impair the homeostatic balance between bone formation and bone resorption which is
responsible for tumor growth and bone remodeling [18].

For investigating cancer cell biology to determine anticancer drug efficacy, in vivo
models and 2D substrates has been used for so long. But bone microenvironment is poorly
reflected by these conventional two-dimensional cell culture systems. In 2D substrates, cells
exhibit tight junctions, rapid growth, monolayer structure, poor differentiation capability, non-
optimal physiological responses and strong physical contact with a substrate which results in
altered tumor cell behavior. Bone microenvironmental condition is naturally three dimensional
which controls cancer formation [19]. The recent introduction of 3D in vitro tumor model has

brought a drastic change in cancer research to overcome the limitations of 2D culture [20-22].

50



3D in vitro model allows cheap, relatively less time-consuming study of cancer cell without the
complexity of in vivo models. It has been observed that 3D and 2D cultured cells differ from
each other in terms of cell morphology [23], cell density [24], drug resistance [25, 26], ECM
synthesis [27], and cell metabolic activity [28], gene expression [29], [30], expression of
angiogenic factors [31], cell migration [32], invasiveness [25] [26]. Another advantage of 3D
scaffold system is, it allows coculture of multiple cells [33, 34]. It has also been reported that in
vitro cancer cells develop morphology and phenotype similar to in vivo observed [35, 36]. Thus,
in vitro 3D models bridge the gap between 2D substrates and subcutaneous animal experiments.
Variety of in vitro 3D models are being developed to mimic human pathophysiological
microenvironment more closely [37]. In 2007, Fischbach et al. Developed a 3D cancer model
that recreated microenvironmental characteristics of tumors in vivo [35]. Kwon et al. developed
an in vitro model to study the impact of BMP-2 on metastasis to bone, and they found that BMP-
2 stimulates the PC-3 cancer cells to migrate to bone [38]. In 2010, Hartman et al. developed a
3D pharmacokinetic cancer model based on PCL with perlecan domain IV peptide [39]. Pathi et
al. developed a HAP-based scaffold to study breast cancer, and they showed cancer cell behavior
changes with the particle size and crystallinity of HAP [40]. In a study in 2012, Soman et al.
developed a precise log pile microstructure scaffold to study cancer which allows accurate
control of the internal structure of the scaffold [3]. Szot et al. showed that tumor aggressiveness
might be enhanced due to signaling between the cells in spatially distinct outside and inside cells
of a tumor [41]. Talukdar et al. cocultured bone cells with cancer cells and cells were found to
interact through secreted product[33]. In 2014. Sieh et al. reported a paracrine interaction
between the cancer cells and their 3D in vitro culture reflected molecular changes during bone

metastasis [42]. In 2014 Bersini et al. developed a microfluidic 3D in vitro model and
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demonstrated that CXCR2 and CXCLS5 play a significant role in the extravasation process of
breast cancer cells [43].

Tumorigenesis is a complex dynamic process where cancer cells differentiate, migrate,
proliferate interacting among themselves and its 3D microenvironment. This complex biological
mechanism is complicated to recreate artificially. The existing bioengineered 3D tumor models
need to be improved to reveal biology underlying cancer initiation and progression. In this study,
we used PCL/ in situ HAPclay scaffold to create a bone mimic 3D prostate cancer model. In our
previous study we presented the characteristics of PCL/ in situ HAPclay scaffold [44]. PCL has
been extensively used for mimicking tissue structure and creating tumor models [39, 45-47]. In
this study, we used PCL/ in situ HAPclay scaffold to generate a bone mimicking 3D prostate
cancer model. Incorporation of in situ HAPclay has introduced osteoconductivity and
osteoinductivity. These scaffolds have around 86% porosity and the pore size range between 100
pum to 300 um which is large enough for cellular infiltration. We have reported that PCL/ in situ
HAPclay scaffolds are very stable as the overall structure of these scaffolds remained intact and
were retrievable over 18 days period of degradation study. The elastic modulus of PCL/ in situ
HAPclay scaffolds were found 495 MPa which is significantly different from PCL polymer.
These scaffolds were also found to support mesenchymal stem cells (MSCs) to attach and
infiltrate into scaffolds (infiltration depth 3.5 mm and 6 mm from the scaffold surface) and to
undergo osteogenic differentiation without osteogenic supplement in the culture media. HAP
played a pivotal role to improve the osteoconductive nature of this PCL/ in situ HAPclay
scaffold [48]. In our previous studies, similar observation was made on the behavior of osteoblast
which formed bone nodules on biopolymer/HAP composite without osteogenic supplements in

the culture media [49, 50].
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Mesenchymal stem cells (MSCs) play a key role in bone microenvironment which
influences cancer progression. It has been found that in the presence of MSCs enhance the
growth of cancer cells in vitro and in vivo [51]. But in another study, it has been shown
tumorigenesis is suppressed by mesenchymal stem cells (MSCs) [52]. Bone marrow
mesenchymal stem cells are capable of differentiating along multiple lineages like cartilage,
bone, fat, muscle, etc. [53-56]. It has been demonstrated that under appropriate tissue culture
conditions, entire MSCs population can undergo osteogenic differentiation [57]. In the presence
of dexamethasone, ascorbic acid and beta glycerol phosphates MSCs assume a cuboidal
morphology, up-regulate alkaline phosphatase enzyme activity, express osteoblastic cell surface
antigens, and form mineralized extracellular matrix [58].

In this study, we introduced a unique sequential cell culture system in 3D in vitro bone
model to provide cancer cells an extraordinary bone mimicking microenvironment. Human
mesenchymal stem cells (MSCs) were seeded onto PCL/ in situ HAPclay scaffolds, allowed to
differentiate for enough time and then cancer cells were seeded on top of it. We have
investigated cellular differentiation on the PCL/ in situ HAPclay scaffolds and found that MSCs
can differentiate without osteogenic supplements. We studied the cellular morphology and
observed that cancer cells form in vivo like tumoroids with tight cellular junctions only in
sequential culture with MSCs.

Doxorubicin and gemcitabine are two extensively used anticancer drugs [59-61]. In one
of our previous studies, a multifunctional polymersome has been developed for cytosolic
delivery of these drugs [62]. Here we studied the cytotoxic efficacy of these polymersomes

encapsulated with anticancer drugs gemcitabine and doxorubicin on our 3D cancer model.
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Doxorubicin and gemcitabine are two extensively used anticancer drugs [59-61]. In one
of our previous studies, a multifunctional polymersome has been developed for cytosolic
delivery of these drugs [62]. Here we studied the cytotoxic efficacy of these polymersomes

encapsulated with anticancer drugs gemcitabine and doxorubicin on our 3D cancer model.

2.2. Materials and methods
2.2.1. PCL/ in situ HAPclay 3D scaffolds preparation

The preparation procedure of PCL/ in situ HAPclay 3D scaffolds is described in detail in
our previous works [44, 63]. In short, Na-MMT was modified with 5-aminovaleric acid, the
procedure of which are described in our earlier works [48, 64-67]. In situ HAPclay was also
prepared following the procedure described in our previous studies [48, 68]. 3D PCL scaffolds
were prepared with 10 wt % in situ HAP clay. For this, PCL solution was prepared by dissolving
3.6 grams of the polymer in 40 ml of 1, 4 dioxane. Sonicated suspension of in situ HAPclay was
prepared by adding 4 grams of in situ HAPclay into 16 ml dioxane which was then added to the
polymer solution and then stirred for two hours. Freeze extraction method was used to obtain 3D
scaffolds from this solution. Na-MMT clay was obtained from Clay Minerals Respiratory at the
University of Missouri, Columbia. PCL, 5-aminovaleric acid, 1, 4 dioxane were purchased from
Sigma Aldrich. NaHPO4 and CaCl. which was used for the preparation of in situ HAPclay were
obtained from J.T. Baker.
2.2.2. Cell line and culture medium

Human bone marrow Mesenchymal stem cells (MSCs) were obtained from Lonza,
Walkersville (PT-2501) and maintained in MSCGM™ Bulletkit™ medium (Lonza,
Walkersville, PT-3001). The Bulletkit™ medium was prepared by adding MSCGM™

SingleQuots™ (Lonza, Walkersville, PT-4105) to MSCBM™ (Lonza, Walkersville, PT-3238).
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Human prostate cancer cell (HPCC) line MDAPCa2b were purchased from American Type
Culture Collection (ATCC) which was maintained in a medium consist of 80% BRFF-HPC1
(AthenaES, 0403) and 20% fetal bovine serum (ATCC, 30-2020). Human osteoblast cell line
(hFOB 1.19) were purchased from ATCC and maintained in a media consist of 90% HyQ
Dulbecco’s Modified Eagle medium DMEM-12(1:1) from Hyclone, 10% FBS from ATCC and
0.6% G418 solution (antibiotic) from JR scientific. All the cells were maintained at 37 °C and
5% CO- in completely humidified incubator. Cell culture waste media were changed in every
other day to add fresh supplements.
2.2.3. Cell seeding and tissue culture

PCL/ in situ HAPclay scaffolds with a diameter 12 mm and thickness 3 mm, were
generated in 24- well plates for cell seeded. Before seeding the cells, scaffolds were sterilized in
UV lights for 45 minutes, kept under 70% ethanol overnight, washed with PBS, and then
immediately kept in humidified incubator immerged in culture medium for 24 hours. 3.36 X
10”4 MSCs were seeded per scaffold and cultured in 800 pl of Bulletkit™ medium. After 23
days 3.0 x 10”4 human prostate cancer cells (HPCCs) were seeded per scaffold on the top of the
MSCs and then culture was continued for different periods of time. For this sequential culture
(SC), 1:1 ratio of MSCs and HPCCs media were used. For making comparison after 23 days
MSCs culture was continued without seeding HPCCs for the same time periods. Only Human
prostate cancer cells were also seeded on the scaffolds (3.0 x 10”4 per well) and cultured on
HPCCs medium for the same periods of time. All of the media were changed in every 3 days,
and for all the experiments 800 ul of the media were used per scaffolds. Human osteoblast cells
were cultured on the PCL/ in situ HAPclay scaffolds for 18 days, and then prostate cancer cells

were seeded on top of it. In this case, culture media were changed in every other day.
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2.2.4. WST-1 assay

WST-1 (Roche, Indianapolis) assay was used to perform cell proliferation analysis
following the manufacturer’s protocol. In brief, cells were culture on scaffolds for 28, 33, 38
days (sequential culture was continued for 23+5, 23+10, 23+15 days) and then cell-seeded
scaffolds were removed from the culture medium, washed with PBS and then placed in a new
24- well plate with a solution consist of 700 ul BRFF-HPC1 and 70 pul WST-1 reagent per well
and then incubated for 4 hours in standard humidified condition. The slightly red color solution
turned into yellow as metabolically active cells cleaved the tetrazolium salts of WST-1 reagent to
formazan. Then scaffolds were removed from the 24-well plates and the intensity of yellow
color, which directly represents the number of live cells, was read at 450 nm using a microplate
spectrophotometer (Bio-Rad, Benchmark Plus). The number of cells was determined as the
WST-1 reagent does not go into the cell through the membrane, the same samples were used for
the ALP assay.
2.2.5. Alkaline phosphate assay

Samples obtained from proliferation assay were washed with PBS and placed in fresh 24-
well plates with 850 ul Triton X-100 (Sigma-Aldrich, X-100) per well. This System was treated
with two cycles of freezing-thawing (-70 °C to 37 °C) to obtain cell lysates. 250 pl of cell lysates
were added to 250 ul of p-nitrophenyl phosphate (Sigma-Aldrich, N7653) in a new 24 well plate
per well and then incubated for 1 hour at room temperature. Subsequently, 70 ul of 3N NaOH
was added to each scaffold containing well, and the well plate was shaken for 60 seconds.
Scaffolds were removed from the well plate, and the absorbance was measured at 405 nm using a

microplate spectrophotometer (Bio-Rad, Benchmark Plus).
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2.2.6. Scanning electron microscopy
SEM imaging was done to determine the cell adhesion to scaffolds and study the

morphology of cell-scaffold surface using a JEOL JSM-6490LV scanning electron microscope.
Samples were removed from the culture medium, washed with PBS and then fixed with 2.5%
glutaraldehyde. Subsequently treated with ethanol series (10 % v/v, 30% v/v, 50 % v/v, 70 % v/v
and 100 % v/v) to dehydrate and then dried using hexamethyldisilazane.
2.2.7. Preparation of polymersomes

The detailed preparation method of polymersomes is described in our previous work [62].
Initially, amphiphilic-block copolymer of PEG and PLA were synthesized with hydrophilic
fraction 25%. The molecular weight used for PLA and PEG were 5800 and 1900 respectively.
PEG was reacted with succinic anhydride, followed by conjugation of cystamine to incorporate
the disulfide bonds. P5 polymersomes were prepared using solvent exchange method [69]. Then
pH gradient method was followed to encapsulate doxorubicin (Bridge Bioservices) and
gemcitabine (Matrix Scientific) into polymersomes [70]. For targeting of these polymersomes to
prostate cancer cells, 1 mole % folate-conjugated lipid (DSPE-PEG-Folate, commercially
available from NANOCS, NY) with PEG was added to the polymers during polymersome
preparation. Mechanism of drug interaction with cancer cell has been illustrated in figure 2.1.
2.2.8. Drug treatment

The ability of anticancer drug encapsulated polymersomes to kill HPCCs was assessed

using WST-1 cell viability assay. Sequential cultures were obtained as described earlier. In brief,
same no of MSCs (3.36 x 10"4) were seeded on 3D scaffolds and cultured for 23 days. Then
same no of HPCCs (3.0 x 10”4) was seeded on top of it, and the culture was continued for 15

more days. For HPCCs monoculture, HPCCs were cultured for 23+15 days.
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Then samples were removed from the culture medium and incubated with drug-
containing media for 48 hours in standard humidified condition at 37 °C and 5% CO.. Triplicate
samples were treated with the following 3 types of drug-containing the solution. A. 800 ul of

culture medium, 8 pl of gemcitabine free drug and 5 pl of doxorubicin free drug; B. 800 pl of
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culture medium and 800 pul of drug solution which consist of gemcitabine + doxorubicin
encapsulated in folate-targeted polymersomes; C. 800 pl of culture medium and 800 pl of drug
solution which consist of gemcitabine + doxorubicin encapsulated in non-targeted
polymersomes. It has been made sure that 800 ul of drug solution contains the same amount of
gemcitabine and doxorubicin (8 pl of gemcitabine and 5 ul of doxorubicin). Cell viability of the
drug-treated samples was analyzed using the WST-1 assay following the procedure as described
earlier. 23+15+2 days of drug untreated samples were served as a control for the assay. It has
been made sure that 800 pl of drug solution contains the same amount of gemcitabine and
doxorubicin (8 ul of gemcitabine and 5 pl of doxorubicin). Cell viability of the drug-treated
samples was analyzed using the WST-1 assay following the procedure as described earlier.
23+15+2 days of drug untreated samples were served as a control for the assay. The percentage
cell viability was calculated by dividing the drug-treated viable cell number by untreated viable
cell number.
2.2.9. Statistical analysis

One-way ANOVA followed by Tukey's post hoc multiple comparison tests were used for
the statistical analysis. Quantitative data were expressed as a mean + standard deviation. Data
were considered significantly different when probability values were less than 0.05 (P < 0.05).

All experiments were performed triplicate.
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2.3. Results and discussion

2.3.1. SEM imaging of the osteoblast seeded sequential culture

Figure 2.2. SEM micrographs of PCa+hFOB. SEM micrographs of sequential culture of human
osteblast hOB and human prostate cancer cells after 18+10 days (A-C). (X+Y days: hOBs were
cultured on PCL/ in situ HAPclay scaffolds for X days, then cancer cells were seeded on top of it
and culture was continued for Y more days).

Initially, we started a sequential culture of prostate cancer with human osteoblast cells.
The culture method is described in detail in the ‘materials and method’ section. Figure 2.2 (a-C)

shows the SEM micrographs of the sequential culture of osteoblast with human prostate cancer
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cells. These micrographs clearly indicate that both human osteoblast cells and prostate cancer
cells are thriving on nanoclay the scaffolds. We can see the formation of flat morphology by
osteoblast cells (Figure 2.2, a) like we observed in our previous study. Cells were able to grow
and infiltrated into the scaffolds. We can also observe in the SEM images, the formation of the
extracellular matrix by the cells. In the micrographs, round shaped cells are human prostate
cancer cells. Both the cell types adhered to the surface of the scaffold. Human prostate cancer
cells showed spherical morphology, but there was lack of intercellular adhesion. So, we did not
observe the formation of multicellular spheroids with the hypoxic core as we observe tumoroids
grow in vivo. But we observed formation of cell cluster (Figure 2.5, c) that merged into multiple
layers which possibly could be formed by osteoblast cells because similar morphology we
observed for osteoblast cells in our previous study.
2.3.2. Cell proliferation analysis

The WST-1 assay was performed after 28, 33 and 38 days for monocultures and for
sequential culture after 5, 10 and 15 days of HPCCs seeding (HPCCs was seeded after 23 days
on MSCs seeded scaffolds) to maintain the same time period. WST-1 assay indicated cell
proliferation of MSCs and HPCCs on PCL/ in situ HAPclay scaffolds (figure 2.3). No significant
difference has been observed in no of viable cells between MSCs and sequential culture after 28
days. But no of viable cells has greatly increased in day 33 and 38 for SC compared to MSCs.
Cell proliferation for HPCCs was much higher than the MSCs and SC but like MSCs cell
viability was decreased for HPCCs after day 28. We observed that (figure 2.3) for only
sequential culture no of viable cells has increased after day 28. It has been reported that MSCs

promoted human prostate cancer cell, PC-3 growth in vivo and in vitro [71].
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Figure 2.3. Viability assay. Comparative results from WST-1 cell proliferation assay for
Sequential culture (SC), mesenchymal stem cells (MSCs) and human prostate cancer cells
(HPCCs). Results are shown as mean * standard deviation. Statistical Significance is shown by a
single asterisk (p<0.05, n=3).

It also has been reported that the proliferation of BM-MSCs in coculture with HPCCs cell
was accelerated [72]. Again, MDA PCaz2b is osteoblastic in nature [73]. That means the
osteoblast population should increase in sequential culture. So increased proliferation rate of
either MSCs or HPCCs or both could be the possible reason of increased no of viable cells in
sequential culture. Mesenchymal stem cells usually go through complex series cellular events

which include terminal and nonterminal differentiation, growth arrest, etc. [74, 75]. It has been

demonstrated that self-renewing MSCs have a have higher proliferation rate compared to
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differentiating MSCs [76]. Again observation by Bruder et al. contradicts that result [57]. Figure
2.3 & 2.4 shows that both proliferation and differentiation has decreased for MSCs. The
relationship between proliferation and differentiation for MSCs is yet to make clear. Considering
these facts, it is hard to make any inference from the data obtained for the WST-1 assay. The
relationship between proliferation and differentiation for MSCs is yet to make clear to
understand the mechanism.
2.3.3. Osteogenic differentiation

ALP is a key marker for osteoblastic activity [77]. ALP assay was performed on each
same MSCs and SC samples after WST-1 cell proliferation assay. The experimental results are
given in figure 2.4. ALP activity clearly indicated the osteogenic differentiation of mesenchymal
stem cells. From figure 2.4, it can be seen that ALP activity was higher for sequential culture
compared to MSCs on day 28. From which we can make an inference that the presence of
HPCCs enhances the differentiation of MSCs. Though the difference is not statistically
significant, it can be seen that ALP activity has a little bit increased on day 33. Again, on day, 38
ALP activities were decreased significantly for both Sequential culture and MSCs. It has been
reported before that ALP activity decreases after a certain period of time due to late stage of
differentiation [78, 79]. Thibault et al. reported a decrease in ALP activity of MSC cell after 8
days culturing on PCL scaffolds [78]. In this study, we performed first ALP assay after 28 days
of MSCs seeding. Only the differentiating MSCs are expected to produce ALP and after 28 days,
MSCs could be at the last stage of differentiation which could be a possible reason for lower
ALP activity observed from the data for ALP assay. ALP is an osteoblast marker and ALP assay

is used to study the differentiation of MSCs to the osteoblastic lineage.
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Figure 2.4. ALP assay. Comparative results from ALP assay for sequential culture (SC) and
mesenchymal stem cells (MSCs). Results are shown as mean + standard deviation. Statistical
Significance is shown by a single asterisk (p<0.05, n=3).

2.3.4. Sequential cell-seeded scaffold morphology and tumoroid formation

SEM images (figure 2.5) has been taken for sequential culture on days 28, 33 and 38.
These micrographs indicate cell spreading, adhesion, infiltration and extracellular matrix
formation on the PCL/ in situ HAPclay scaffolds. Our previous work showed that MSCs exhibit
both flat and spheroid morphology on PCL/ in situ HAPclay scaffolds [44]. But spheroids
formed by MSCs were kind of rugged and had a rough surface. Microtissues with organized,
tight cellular junctions, indistinguishable cellular boundaries, and even surfaces has been
observed on the sequential culture in this current study (figure 2.5). Unlike our previous study

with only MSCs, cells formed a cluster that merged into multilayered mass. Similar morphology
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Figure 2.5. SEM micrographs. SEM micrographs of sequential culture of human mesenchumal
stem cells (hMSCs) with human prostate cancer cells (HPCCs)after 23+5 days (a-c), 23+10 days
(d-f), 23+15 days (g-i). (X+Y days: MSCs were cultured on PCL/ in situ HAPclay scaffolds for
X days, then cancer cells were seeded on top of it and culture was continued for Y more days.)
of osteoblastic LNCaP prostate cancer cells in coculture with osteoblast on PCL bone.
scaffold was reported earlier [80]. These tight 3D structures have been designated as ‘tumoroids’
[81].

So, these compact spheroids with smooth surface observed on the sequential cultures can
be assigned for HPCCs. Moreover, Lua et al. reported prostate cancer cells grew as spheres when
cocultured with BM-MSCs [72]. In that case, MSCs or differentiated MSCs can be distinguished
from the HPCCs with their flattened structure which is mainly arranged on the surface of the
scaffolds. Unlike our previous study cell growth on the scaffolds were dispersed and scattered

and did not cover the whole surface of the scaffolds. One of the major limitations of 3D cell
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culture on static condition is the insufficient oxygen and nutrient transport to and removal of
waste products from the inner sides of scaffolds, which leads to inhomogeneous cell distribution
on the surface of the scaffold [82-84]. No significant morphological changes have been observed
among the samples on these day periods but tumoroids possibly formed by HPCCs were larger

on day 38 compared to day 33 (Figure 2.5, g-i).

Figure 2.6. Drug treated SEM micrographs. SEM micrographs of only HPCCs seeded scaffolds
after 40 days (A-C), HPCCs treated with free drugs (d-f), folate-targeted polymersomes (g-i),
non-targeted polymersomes (j-I).
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2.3.5. SEM imaging of HPCCs seeded scaffolds with and without drug treatment

Despite having greater cell proliferation, HPCCs seeded on PCL/ in situ HAPclay
scaffolds did not appear to spread across the surface of the scaffolds. Figure 2.6 (a-c) shows
disorganized aggregates of HPCCs on the scaffolds with less adhesion which clearly lacked the
defined shape. Microtissue formed on only HPCCs seeded scaffolds, showed loose architecture
and rough surface. Which means HPCCs did not form tumroids in the absence of differentiated
mesenchymal stem cells. The mechanisms underlying the development of tumoroids are
presently unknown. Our data clearly indicated that cell-cell/ cell-matrix interaction played the
most vital role in the development of tumoroids. Scaffold materials also could be critical in
tumoroid formation which has been reported earlier [81]. No flattened cell structure was
observed in this HPCCs monoculture. Micrographs (Figure 2.6, d-I) for the drug-treated samples
appear to have curved spheroids. Unlike nontreated samples, lots of holes can be observed on the
surface of the spheroids. Appears like drug destroyed the architecture of the cells.
2.3.6. Drug response

WST-1 cell viability assay has been performed to determine the cytotoxic effect of
anticancer drugs encapsulated polymersomes on the HPCCs. Mechanism of drug interaction with
cancer cell has been illustrated in figure 2.1. Prostate-specific membrane antigen (PSMA) is a
unique folate hydrolase which is significantly upregulated in prostate cancer cells[85]. Yao et al.
demonstrated that expression PSMA increases cell folate uptake which inspired us for the folate-
targeted drug delivery to the prostate cancer cells [86]. When polymersomes enter into the cancer
cells, a high concentration of thiol-based reducing agents intrigues disintegration of
polymersomes by breaking of S-S bonds between the copolymer blocks which results in rapid

release of encapsulated drugs [87, 88]. From figure 2.7 we can see that for both sequential
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culture and only HPCCs gemcitabine + doxorubicin free drug showed higher killing unlike our
previous observation [62]. For only HPCCs, targeted polymersomes showed significantly higher
killing than non-targeted polymersomes. For sequential culture though, mean killing is higher
for non-targeted polymersomes, but it is not significantly different than targeted polymersomes.
Percentage killing is more elevated in only HPCCs compare to sequential culture which could be
explained by the fact that gemcitabine and doxorubicin kills most of the cancer cells and also

randomly kill few osteogenic cells.
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Figure 2.7. Percentage cell viability of the sequential culture and only human prostate cancer
cells after drug treatment determined by WST-1 assay. 23+15+2 days of drug untreated samples
were served as control for the assay.

2.4. Conclusion
Here we present a new 3D in vitro tumor model based on PCL/Nanoclay scaffold seeded

with a sequential culture of hMSCs followed by HPCCs which has opened a new window to
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study the bone metastasis of osteotropic cancers by providing cellular viability and proliferation,
osteogenic differentiation without using osteogenic media and formation of 3D tight junction
tumoroids with hypoxic core region. Formation of these tightly packed multicellular spheroids is
very important for the in vitro tumor models because it replicates intratumoral microenvironment
more closely. We present a novel sequential cell culture system in 3D in vitro bone model which
can provide a unique environment, mimicking the physiological cell-cell and cell-matrix
interactions and leading more relevant osteotropic cancer cell behavior. The hMSC seeded
scaffolds are seeded with cancer cells after the hMSCs have differentiated into osteoblasts. The
number of viable cells on SC was significant and increased from 33 to 38 days of culture.

Interestingly only on SC experiments, the number of viable cells increased after day 28;
no of viable cells decreased for HPCCs and MSCs monocultures. The differentiated hMSCs
appear to promote the growth of cancer cells. So increased viability of either MSCs or HPCCs
or both could be the possible reason of increased number of viable cells in sequential culture.
Overall, the experiments do indicate that the scaffold system with SC is a good model for
evaluation of cancer cell growth in bone environment.

SEM images from SC indicate cell spreading, adhesion, infiltration and extracellular
matrix formation on the PCL/ in situ HAPclay scaffolds. The hMSCs or differentiated hMSCs
are quite distinguishable from the HPCCs due to their flattened morphology and arrangement on
the surface of the scaffolds. The sequential culture of HPCCs with MSCs on the scaffolds has
shown organized multicellular spheroids with tight cellular junctions. These tight 3D structures
have been designated as ‘tumoroids’. Interestingly these tumoroids did not form on HPCCs

monoculture or when HPCCs sequentially cultured with human osteoblasts on the same
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scaffolds. The role of the newly differentiating hMSCs appears to be vital for tumoroid
formation.

Further, the ability of anticancer drug encapsulated polymersomes to kill HPCCs was
assessed using WST-1 cell viability assay. Generally, the anticancer drugs delivered through the
polymersomes is shown to be effective on the SC seeded scaffolds. Thus, in conclusion,
PCL/Nanoclay scaffold system seeded with SC of hMSCs and HPCCs presents a good model
system for evaluation of drugs, drug carriers, combinations, and their effectiveness. Besides, this
3D in vitro model has opened a new window to study the interaction between osteotropic cancer

and bone microenvironment.
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CHAPTER 3. IN VITRO DESIGN OF MESENCHYMAL TO EPITHELIAL
TRANSITION OF PROSTATE CANCER METASTASIS USING 3D NANOCLAY
BONE-MIMICKING SCAFFOLDS?

This chapter describes the mimicking of mesenchymal to epithelial transition (MET) of
prostate cancer cells in an in vitro 3D model using the cell line line MDA PCa 2B. Most of the
contents of this chapter has been published in MD. S. Molla, Dinesh R. Katti, Kalpana S. Katti,
In vitro design of mesenchymal to epithelial transition of prostate cancer metastasis using 3D

nanoclay bone-mimetic scaffolds, Journal of Tissue Engineering and Regenerative Medicine

12(3) (2017) 727-737.

3.1. Introduction

Prostate cancer is one of the most commonly diagnosed types of cancer in the United
States. Currently, only in the United States, approximately 2.8 million men are living with
prostate cancer, and 14.0% of men will be diagnosed with this disease at some point in their life
[1].

Like most other solid malignancies, the majority of prostate cancer-associated deaths
occur due to metastasis [2]. Bone is a preferred site of metastasis for prostate cancer as it has
been found in a study that approximately 80% death suffered by prostate cancer patients,
possessed skeletal metastases [3]. Thus, a more comprehensive study is needed to understand the
crosstalk between prostate cancer cells and skeletal milieu in osteotropic metastasis. Metastasis

involves a complex cascade of sequential events, making it the most enigmatic aspect of the

2This chapter was co-authored by MD.S. Molla, K.S. Katti and D.R. Katti. MD. S. Molla had
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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disease [4]. To prevent cancer metastasis, it is important to understand the cellular and molecular
basis of metastasis which is most likely controlled by distinct genes and signaling pathways.
Some extraordinary events take place during the complex cascade of metastasis including
epithelial to mesenchymal transition (EMT) and mesenchymal to epithelial transition (MET),
where cell phenotype changes between epithelial to mesenchymal state and vice-versa [5]. EMT
at the primary tumor location and MET at the site of a secondary tumor during the initial stage of
colonization have generated a lot of interest as both have the potential of an effective drug target
[6, 7]. Considering the critical roles, they play in metastasis, understanding the molecular
mechanism of EMT and MET offers new hope for inhibiting tumor formation and developing
anti-cancer drugs. E-Cadherin has a crucial role both in EMT and MET. Silencing or switching
of E-Cadherin to N-cadherin during EMT and significant expression of E-Cadherin during MET
are two major features that have been revealed about EMT and MET respectively [8, 9].
Expression of transcriptional factors like Snail, Twist, and Vimentin are other major hallmarks
for EMT [10]. Another area of intense focus is angiogenesis or new blood vessel formation
during colonization of disseminated cancer cells on the site of metastases [11]. Proangiogenic
factors like VEGF, IL-8, and HIF-1 encourage the growth and colonization of prostate cancer
cells on bone microenvironment to aid skeletal dissemination.

Bone metastasis of prostate cancer could be either osteoblastic or osteoclastic in nature.
Osteoblastic factors like Endothelin-1 secreted by prostate cancer causes the osteoblastic lesion,
whereas, in osteolytic lesion RANKL secreted by osteoblast activates osteoclast which leads to
excessive bone lysis. Factors secreted by prostate cancer cells affects the natural functional
balance between osteoblast and osteoclast in the bone native environment [12]. Growth factors

secreted by osteoblast also play a seminal role in the progression of prostate cancer [13].
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Similarly, growth factors secreted by prostate cancer cells also affects the proliferation and
differentiation of osteoblast. In bone microenvironment, bone-derived mesenchymal stem cells
(MSCs) differentiate into osteoblast in favorable condition [14]. A transcriptional factor
essential for osteoblastic differentiation of MSCs is RUNX2[15]. MSCs are multipotent cells
which have the ability to differentiate not only into osteoblastic precursors but also into
adipocytes, chondrocytes, fibroblasts, and some other types of cells [16, 17]. Unlike osteoblast,
the role of MSCs in prostate cancer development is not clear yet. Recent studies have shown that
mesenchymal stem cells contribute to facilitating tumor growth, metastasis, and angiogenesis
[18, 19]. It has also been reported that MSCs inhibit tumor development by suppressing
proliferation of certain types of cancer [20].

Cancer microenvironments are inherently three dimensional. The recent introduction of
3D in vitro tumor models has brought a tectonic shift in cancer research to overcome the
limitations of 2D models as well as understanding tumor biology. 3D models mimic native tissue
microenvironment more closely which plays a significant role in cancer progression and cellular
responses to the anticancer drugs. Although several osteotropic 3D cancer models have been
reported so far [21-23], this area still needs to be explored in to create more bone-mimetic
microenvironment as an alternative to animal models to study cell-cell communication.

In order to recapitulate prostate cancer bone metastasis, we have engineered an in vitro
3D tumor model based on PCL/HAPClay scaffolds which have been reported in our earlier
studies. It contains natural bone component hydroxyapatite (HAP), modified clay, cell secreted
ECM and native bone cells. It has been reported that HAP nanoparticle containing scaffolds are
an excellent tool to study 3D tumor biology [24], osteogenic differentiating [25],

osteoconductivity and osteoinductivity [26]; whereas the promising role of MMT clay in tissue
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engineering is well known. In our previous study, we have shown that not only scaffolds
materials play significant roles in recreating tumor microenvironment but also cell types and
method of cell seeding. We introduced a novel cell culture method which we termed as
‘sequential culture’. We demonstrated that multicellular tumoroids with tightly packed cellular
junctions are formed when prostate cancer cells are sequentially cultured with human
mesenchymal stem cells (MSCs) but not with human osteoblasts [27].

In this study, we intended to investigate the differences in cellular crosstalk among
different cultural conditions during osteotropic prostate cancer metastasis in 3D bone mimicking
microenvironment. Monoculture, coculture and sequential culture of human prostate cancer cells
(PCa), human osteoblasts (hnFOB) and human mesenchymal stem cells (MSCs) in PCL/HAPClay
scaffolds were analyzed with qRT-PCR technique to evaluate the expression of essential genes

which play crucial roles in bone metastasis of prostate cancer cells.

3.2. Materials and method
3.2.1. Preparation of the PCL/HAPClay 3D scaffolds and 2D films

Na-MMT clay was purchased from Clay Minerals Respiratory at the University of
Missouri, Columbia. Initially, Na-MMT is modified with 5-aminovaleric acid (Sigma-Aldrich)
following the procedure described in prior studies which increased the d-spacing of Na-MMT
clay [28-31]. To achieve scaffolds with excellent osteoconductivity, we bio-mineralized
hydroxyapatite on modified clay as described in our earlier studies which we termed as in situ
HAPClay [32, 33]. Simple wet chemistry was used to prepare in situ HAPClay from Na;HPO4
and CaCl, which were obtained from J.T. Baker. Finally, 3D PCL/HAPClay scaffolds were

prepared by adding 10 wt% PCL polymers into the in situ HAPClay using freeze drying method
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[27, 34, 35]. PCL polymer (average My 80,000; Sigma-Aldrich) was dissolved in 1, 4 dioxane
(Sigma-Aldrich) and then HAPClay was added into it to prepare the solution for the scaffolds.
The same solution was subjected to room temperature evaporation for making PCL/HAPClay 2D
films.
3.2.2. Cell line and culture media

Human osteoblast cell line (hFOB 1.19) was obtained from ATCC and maintained in a
medium consist of 90% HyQ Dulbecco’s Modified Eagle medium DMEM-12(1:1) from
Hyclone, 10% FBS from ATCC and 0.6% G418 solution (antibiotic) from JR scientific. Human
prostate cancer cell (PCa) line MDA PCa 2b was obtained from American Type Culture
Collection (ATCC) and maintained in a medium consist of 80% BRFF-HPC1 (AthenaES, 0403)
and 20% fetal bovine serum (ATCC, 30-2020). Human bone marrow Mesenchymal stem cells
(MSCs) were purchased from Lonza, Walkersville (PT-2501) and maintained in MSCGM™
Bulletkit™ medium (Lonza, Walkersville, PT-3001). The Bulletkit™ medium was prepared by
adding MSCGM™ SingleQuots™ (Lonza, Walkersville, PT-4105) to MSCBM™ (Lonza,
Walkersville, PT-3238). All the cells were maintained at 37 °C and 5% CO- in a completely
humidified incubator.
3.2.3. Cell seeding: monoculture, coculture, and sequential culture

PCL/HAPClay scaffolds with a diameter 12 mm and thickness 3 mm and PCL/HAPClay
films with diameter 12 mm and thickness 0.5 mm, were sterilized and generated in 24- well
plates for cell seeding. For 2D monocultures, hFOB cells and PCa cells were seeded per film in a
density 5 x 10* and cultured in the respective medium as described earlier. For 3D monocultures,
hFOB cells, MSCs, and PCa cells were seeded per scaffold in a density 5 x 10* for each and

cultured in the respective medium as described above. For coculture studies 5 x 10* hFOB cells
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and PCa cells were seeded simultaneously onto 3D scaffolds in a density 1:1. Similar coculture
studies were performed for MSCs and PCa cells. For Sequential culture, initially, 5 x 10* hFOB
were seeded onto PCL/HAPClay scaffolds. From our previous studies we know that when bone
cells are seeded on these scaffolds, they took at least 18 days for ECM and mineralized bone
nodule formation [27, 32, 34]. So, we kept hFOB cells culturing for 23 days, and then we seeded
the PCa cells on top of the hFOB cells seeded scaffolds in a density 5 x 10%. For MSCs+PCa
cells sequential culture, initially, 5 x 10* MSCs were seeded onto PCL/HAPClay scaffolds and
cultured to allow osteogenic differentiation and mineralized bone formation. After 23 days we
seeded the PCa cells on top of the MSCs seeded scaffolds in a density 5 x 10%.
3.2.4. Alkaline phosphatase assay

ALP, a plasma membrane enzyme, is marker for osteogenic differentiation of human
mesenchymal stem cells. This assay is used to study the differentiation of MSCs to bone cells.
Alkaline phosphatase assay was performed only for monoculture of MSCs seeded in scaffolds at
day 3, 5, 7, 10, 23 and 33. Samples were washed with PBS and then each sample was placed in a
24-well plate under 850 pl Triton X-100 (Sigma-Aldrich, X-100) per well. The system was then
treated with two cycles of freezing-thawing (-70 °C to 37 °C) To obtain cell lysates. The Cell
lysate was added to equal volume of (250 pl) p-nitrophenyl phosphate (Sigma-Aldrich, N7653)
in a different 24 well-plate and then incubated for an hour at room temperature. In order to
deprotonate the p-nitrophenol, 70 pl of 3N NaOH was added to each scaffold and the system was
shaken for 60 seconds. Absorbance was measured at 405 nm using a microplate
spectrophotometer (Bio-Rad, Benchmark Plus). ALP, a plasma membrane enzyme, is marker for
osteogenic differentiation of human mesenchymal stem cells which were used to determine if the

MSCs have differentiated to osteoblasts.
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3.2.5. Scanning electron microscopy imaging

To study the cell morphology, cell adhesion, infiltration, and mineralized extracellular
matrix (ECM) formation we performed SEM imaging using JEOL JSM-6490LV scanning
electron microscope. After a given period of tissue culture, samples were removed from the
culture condition, washed with PBS. Then fixed with 2.5% glutaraldehyde followed by ethanol
series treatment (10 % v/v, 30% v/v, 50 % v/v, 70 % v/v and 100 % v/v) for dehydration. After
alcohol treatment, the samples were dried using hexamethyldisilazane. Then gold-coated samples
were mounted on SEM stub to observe under scanning electron microscope.
3.2.6. Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analysis

Total RNA was extracted from cells cultured on PCL/HAPClay 2D films and 3D
scaffolds using TRI reagent (Sigma) and purified using Direct-zol™ RNA MiniPrep (Zymo
Research). M-MLYV reverse transcriptase from Promega. SYBR Green Master MIX
(ThermoFisher Scientific) was used for template amplification with a primer for each of the
transcripts by following manufacturer’s protocol in a 7500 Fast Real-Time PCR system (Applied
Biosystems, USA). The samples were incubated for 2 minutes at 50 °C, and PCR was performed
at 95 °C for 10 minutes followed by 40 cycles of 15 seconds denaturation at 95 °C, 30 seconds
annealing at primer specific temperature and elongation at 60 °C for 1 minute. Gene expression
of GAPDH, PSA, E-Cadherin, N-Cadherin, VEGF, RUNX-2, RANKL, FAK PTK2, HIF-1,
Snail, and Endothelin-1 was studied using 2D and 3D monoculture, 3D coculture and 3D
sequential culture of MSCs, human osteoblast and human prostate cancer (PCa) cells samples,
each in triplicate. GAPDH served as the house-keeping gene and 2D human osteoblast culture

served as control. Target gene expressions were calculated as 222, Primer sequences were
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obtained either from the literature or the primer bank website The primer sequence used in this

experiment are listed in Table 3.1.

Table 3.1. The primer sequence used for the gRT-PCR experiment.

Gene Forward Primer Reverse Primer

GAPDH 5’-CATCTTCTTTTGCGTCGCCA- | 5’-

[36] 3’ TTAAAAGCAGCCCTGGTGACC-3’

PSA 5’- 5’-CCACTCACCTTTCCCCTCAAG-
GACCAAGTTCATGCTGTGTGC- | 3’
37

E-Cadherin | 5°-AAG TGA CCG ATGATGAT-3* | 5’-R-(5’-CTC TGT CCA TCT CAG

[37] CG-3’

N-Cadherin | 5°-AGG GTG GAC GTCATTGTA 5’-CTGTTG GGG TCT GTC AGG
GC-3’ AT-3’

VEGF [38] | 5’-GAC AAG AAA ATC CCT 5’-AAC GCG AGTCTGTGTTTT
GTGGGC-3’ TGC-3’

RUNX-2 5’-CCGCCTCAGTGATTTAGGGC- | 5’-
3 GGGTCTGTAATCTGACTCTGTCC

_3’

RANKL 5- 5’-
CAACATATCGTTGGATCACAGC | GACAGACTCACTTTATGGGAAC
A-3’ C-3’

HIF-1[39] | 5°- 57
CATAAAGTCTGCAACATGGAA | ATTTGATGGGTGAGGAATGGGT
GGT-3’ T-3°

Snail [37] 5’-TCC AAACCC ACTCGG ATG | 5-GTGCTT GTG GAG CAA GGA
TGA-3’ CAT-3’

Endothelin- | 5°- 5’-

1 AGAGTGTGTCTACTTCTGCCA- CTTCCAAGTCCATACGGAACAA-
3’ 3’

For all of the monocultures and cocultures, RNA was collected at day 10 of initial cell

seeding. For sequential culture of PCa with osteoblasts, RNA was collected at day 18+10 (10
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days after PCa cell seeding). For the sequential culture of PCa with MSCs, RNA was collected at
day 28+10 (10 days after PCa cell seeding).
3.2.7. Immunocytochemistry and confocal microscopy

Immunocytochemical analysis was performed for vimentin, cytokeratin and VEGF in
PCa 2D and MSCs+PCa SC (Sequential culture of MSCs with prostate cancer cells). Sequential
culture and control samples were fixed with 4% paraformaldehyde (PFA) for 30 minutes and
then wash three times with fresh 1X PBS (Each wash for five minutes). Samples were treated
with 0.5% Triton X-100 in PBS for 5 minutes to permeabilize cells followed by 45 minutes
blocking with 1% fish skin gelatin (FSG). Samples were incubated overnight with primary
antibodies at 4 °C 1(:150 dilution of anti-vimentin, anti-cytokeratin 7 and anti-VEGF). Then
samples were washed with fresh PBS three times and then incubated with corresponding
secondary antibodies for an hour at room temperature (Goat Anti-Rabbit 1IgG H&L Alexa Fluor®
488, Goat Anti-Mouse 1gG H&L Alexa Fluor® 488, and Goat Anti-Rabbit IgG H&L Alexa
Fluor® 647). Before taking images, samples were stained with 4',6-diamidino-2-phenylindole
(DAPI) for 5 minutes. Zeiss Axio Observer Z1 was used for inverted confocal microscopy and
Imaris software was used for image analysis.
3.2.8. Statistical analysis

For the statistical analysis one-way ANOVA followed by Tukey's post hoc multiple
comparison test was used. Data was considered significantly different when probability values
were less than 0.05 (P < 0.05). Quantitative data were expressed as a mean * standard deviation.

Triplicate samples were used for performing all the experiments.

90



Figure 3.1. SEM micrographs of tumoroids. SEM micrographs showing tumoroids formed in
PCL/HAPClay scaffolds by the sequential culture of prostate cancer cells with mesenchymal
stem cells (MSCs+PCa SC). PCa cells were seeded on the MSCs seeded scaffolds at day 23, and
the culture was continued for 10 more days (Total culture time was 23+10 days).

3.3. Results
3.3.1. Morphological analysis

To analyze cell-constructs on the surface of the scaffolds, we investigated the cellular
morphology by performing scanning electron microscopy (SEM). SEM was performed on the
sequential culture of PCa cells with MSCs (MSCs+PCa SC) at day 33 (23+10), and the result is

shown in the figure 3.1. 3D structures of multicellular tumoroids with tight junctions, hypoxic
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core regions, and indistinguishable cellular boundaries were observed for MSCs+PCa SC (figure
3.1 A-D). But like our previous study [27], these tumoroids were not observed on the sequential
culture of PCa cells with osteoblasts (hFOB+PCa SC) at day 23+10. There was an evident lack
of cell-cell adhesion among the spherical cancer cells as single cells were randomly attached to
the scaffold surface instead of aggregating at a place. Similar morphology was observed for the
osteoblast, prostate cancer cells, and MSCs monocultures as described in our previous studies
[27, 34]. Cell spreading, adhesion, infiltration and extracellular matrix formation was observed
on the PCL/HAPClay scaffolds. In MSCs and osteoblast seeded scaffolds, Flattened and
elongated cells were observed. Few MSCs and osteoblasts also exhibited rugged and rough
surfaced spherical morphology. For prostate cancer (PCa) monoculture, scaffolds did appear to
have disorganized aggregates of cells with spherical morphology having loose architecture and
rough surface. Unlike MSCs/ osteoblasts, PCa cells did not seem to spread across the surface of
the scaffolds.
3.3.2. Osteogenic differentiation and effect of differentiation on formation of tumoroids

To assess if the mesenchymal stem cells (MSCs) have differentiated into the osteoblastic
lineage and also to evaluate the effect of differentiation on tumoroid formation, we analyzed the
expression of RUNX2 by gqRT-PCR. RUNX2 is most familiar as the master regulator of
differentiation to osteoblastic lineage [15]. How the RUNX2 expression is changed during the
differentiation MSCs to osteoblastic lineage is described in the schematic diagram (figure 3.2C).
RUNX2 was analyzed for coculture and sequential of prostate cancer cells with

osteoblasts/MSCs (hFOB/MSCs+PCa CC/SC), monocultures of prostate cancer cells (PCa 2D/
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Figure 3.2. Osteogenic differentiation. A) Relative gene expression level of RUNX2, which is
normalized to GAPDH and where undifferentiated cultured on 2D TCPS films at day 2 served as
control. B) Comparative results from ALP assay for MSCs grown in PCL/HAPClay scaffolds.
MSCs: Mesenchymal stem cells; hFOB: osteoblasts; PCa: prostate cancer cells; 3D: Cultured in
scaffolds; 2D: Cultured on films; SC: sequential culture; CC: Coculture. All the SCs and CCs
were grown on 3D scaffolds. Results are shown as a mean + standard deviation. Means that do
not share a letter are significantly different (p<0.05, n=3). C) lllustration of RUNX2 activity
during osteoblastic differentiation process of MSCs. At the initial stage of the process, RUNX2
expression is upregulated (1) which positively influences bone matrix related genes. At the later
stage of osteoblast maturation, RUNX2 expression is inhibited. It is further inhibited (]) when
mature osteoblast turns into osteocytes.

3D), and monocultures of osteoblasts (hFOB 2D/ 3D). RUNX2 was also analyzed at 48 hours for
the MSCs seeded on TCPS and at 3, 5, 7, and, 10 days for MSCs seeded on PCL/HAPClay

scaffolds (MSCs 3D). Undifferent iated MSCs seeded on TCPS at day 2 (48 hours) served as
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Figure 3.3. PSA expression. A) Relative gene expression level of PSA, which is normalized to
GAPDH and where osteoblasts cultured on 2D PCL/HAPClay films at day 10 served as control.
MSCs: Mesenchymal stem cells; hFOB: osteoblasts; PCa: prostate cancer cells; 3D: Cultured in

scaffolds; 2D: Cultured on films; SC: sequential culture; CC: Coculture. All the SCs and CCs
were grown on 3D scaffolds. Results are shown as a mean + standard deviation. Means that do
not share a letter are significantly different (p<0.05, n=3). B) Illustration of androgen activity to

upregulate PSA in the prostate cancer patient. Testosterone gets activated when it transforms into
dihydrotestosterone (DHT). DHT gets binds to androgen receptors (ARs). This complex gets
phosphorylated, dimerized, and finally, translocates to the nucleus. In the nucleus, it binds to
androgen response elements (ARES) and recruits coregulators. This process ultimately
upregulates PSA expression leading to increased cell proliferation.

control. The result is shown in the figure 3.2A. We can see from the figure 3.2A that osteoblasts
cultured on 2D films (hFOB 2D), has 4-fold higher expression of RUNX2 than the control
(undifferentiated MSCs). RUNX2 expression is elevated when MSCs are seeded on
PCL/HAPClay scaffolds at day 3 and its 2.2 fold increased at day 7. At day 10, RUNX2
expression downregulates compared to day 7. Compared to the control (undifferentiated MSCs),
RUNX2 expression downregulates in all the samples including monoculture, coculture and
sequential culture of PCa cells with both MSCs and osteoblasts. RUNX2 expression most
significantly downregulates in the sequential culture of PCa with MSCs (MSCs+PCa SC). We
also performed alkaline phosphatase (ALP) assay to evaluate the differentiation of MSCs to

osteogenic lineage and the result is shown in the figure 3.2B. ALP is a cellular membrane bound

enzyme which is a key marker for osteoblastic differentiation [40]. ALP activity of MSCs
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monoculture in PCL/HAPClay scaffolds (MSCs 3D) was measured at day 3, 5, 7, 10, 23, and, 33
after cell seeding. ALP activity is gradually increased from day 3 to day 7. The peak in ALP
activity is observed at day 7. ALP activity at day 10 is significantly lower than day 7. ALP
activity is further lowered at day 23 and day 33. There is no statistically significant difference in
ALP activity between day 23 and 33.
3.3.3. Analysis of prostate-specific antigen (PSA) expression

To investigate how prostate-specific antigen (PSA) level changes during the different
stages of metastasis, we performed a comparative study of PSA expression level in our samples
using gRT-PCR experiment. PSA is an androgen-regulated gene, and rising levels of PSA are
associated with prostate cancer and other prostatic disorders [41]. The schematic of PSA activity
is shown in the figure 3.3B. The comparative expression level of PSA in our 2D and 3D samples
of monocultures, cocultures, and sequential cultures is shown in the figure 3.3A where osteoblast
cultured on PCL/HAPCIlay films served as control. In the case of the PCa monocultures, PSA
level is very significantly upregulated in the monoculture of PCa in scaffolds (PCa 3D)
compared to the monoculture of PCa in 2D films (PCa 2D) at day 10. There is no statistically
significant difference in PSA expression levels among the sequential cultures and cocultures of
PCa and MSCs/osteoblasts. The PSA expression in the sequential culture of PCa with MSCs
(MSCs+PCa SC) is significantly downregulated compared to the monoculture of PCa in 3D
scaffolds (PCa 3D). The same observation was made for coculture and sequential culture of PCa
cells with osteoblasts (hFOB+PCa CC, hFOB+PCa SC). This data evidently indicates that the
tumoroid model that we have developed with the sequential culture of MDA PCa 2b with

hMSCs express high level of PSA like in vivo prostate cancer.
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Figure 3.4. Inhibited EMT. Relative gene expression level of A) Snaill; B) Twistl; C) Vimentin;
which is normalized to GAPDH and where osteoblasts cultured on 2D PCL/HAPClay films at
day 10 served as control. MSCs: Mesenchymal stem cells; hFOB: osteoblasts; PCa: prostate
cancer cells; 3D: Cultured in scaffolds; 2D: Cultured on films; SC: sequential culture; CC:
Coculture. All the SCs and CCs were grown on 3D scaffolds. Results are shown as a mean +
standard deviation. Means that do not share a letter are significantly different (p<0.05, n=3). D)
EMT marker transcription factors.

3.3.4. Analysis of genes related to epithelial to mesenchymal transition (EMT)

To assess if the sequential culture of PCa cells with MSCs in PCL/HAPClay scaffolds
has enhanced the metastatic properties, we analyzed the expressions level of EMT marker genes:
N-Cadherin [8], Snaill [42], Twistl [43], and, Vimentin [44] on our samples by qRT-PCR

experiment. The results are shown in figure 3.4. The expression of N-cadherin was not detected

on any of the samples except 2D monocultures of hFOB and PCa. So, the result is not included
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in the figure. The expression of Snaill has downregulated in all the samples compared to the
control 2D osteoblast monoculture except in 3D monoculture of osteoblasts (hFOB 3D) and 2D
monoculture of prostate cancer cells (PCa 2D). The Snaill expression is 2.5-fold higher only in
the PCa 2D (figure 3.4A). Similar to the Snaill, the Twistl expression is insignificantly higher
only in hFOB 3D and PCa 2D compared to the control hFOB 2D (figure 3.2B). In all of the
cocultures, sequential cultures, and 3D PCa monoculture, Twistl expression is downregulated
compared to the control. Vimentin, which is a cytoskeletal filament, is a marker for
mesenchymal phenotype [44]. Vimentin was highly expressed in all the samples except
monocultures of PCa. Vimentin is most highly expressed in the control (2D osteoblast).
Compared to the control, the expression of vimentin in cocultures and sequential cultures of
prostate cancer (PCa) cells is almost zero (figure 3.4C).

3.3.5. Analysis of genes related to mesenchymal to epithelial transition (MET)

As if the EMT marker gene expressions are significantly diminished in the sequential
culture of prostate cancer (PCa) cells, we further probed the ability of PCa cells to undergo MET.
We analyzed the expression of MET marker genes (E-Cadherin and FGFR2) to assess if
colonization property of PCa cells has enhanced in our PCL/HAPClay scaffolds during
sequential culture with MSCs. While E-Cadherin is known as the hallmark of MET [9], it is also
reported that overexpression of FGFR2 is associated with epithelial phenotype during cancer cell
colonization at the secondary metastatic site [45-47]. The result is shown in figure 3.5. In figure
3.5A, we can see that E-Cadherin is highly overexpressed in 3D monoculture and sequential
culture of PCa cells with MSCs (PCa 3D and MSCs+PCa SC). Compared to the sequential
culture of PCa cells with osteoblasts (hRFOB+PCa) cells with MSCs and hFOB cells (MSCs/

hFOB+PCa CC), E-cadherin expression is highly upregulated in MSCs+PCa SC. Though E-
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cadherin expression is also upregulated in MSCs 3D, hFOB 3D, and PCa 2D compared to the

control, however, it is not statistically significant.
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Figure 3.5. Enhanced MET. Relative gene expression level of A) E-Cadherin; B) FGFR2; which
is normalized to GAPDH and where osteoblasts cultured on 2D PCL/HAPClIay films at day 10
served as control. MSCs: Mesenchymal stem cells; hFOB: osteoblasts; PCa: prostate cancer
cells; 3D: Cultured in scaffolds; 2D: Cultured on films; SC: sequential culture; CC: Coculture.
All the SCs and CCs were grown on 3D scaffolds. Results are shown as a mean + standard
deviation. Means that do not share a letter are significantly different (p<0.05, n=3).
FGFR2 expression level is also significantly increased only in the sequential culture of
PCa cells with MSCs (MSCs+PCa SC) (figure 3.5B). But like the E-Cadherin, the upregulation
level of FGFR2 expression is not that high. On the contrary to E-Cadherin, FGFR2 expression is
significantly greater in the sequential culture of PCa cells with MSCs compared to the 3D
monoculture of PCa cells in our PCL/HAPClay scaffolds.
Further, immunocytochemical analysis of cytokeratin 7 and vimentin in PCa 2D and
MSCs+PCa SC was performed. Results are shown in figure 3.6. Cytokeratin is predominantly
expressed in epithelial cells while vimentin is expressed in mesenchymal cells. As seen in figure

3.6 cytokeratin is present in both PCa 2D and tumoroids of MSCs+PCa SC and stained PCa cells

in MSCs+PCa SC more intensely than the 2D PCa cells. On the contrary, there were no
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expression of vimentin on the tumoroids in MSCs+PCa SC while little expression vimentin was
observed in 2D PCa cells. Another conclusion from these observations is that the tumoroids in
MSCs+PCa SC are entirely formed by PCa cells as no vimentin expression was observed in the

tumoroids.

DAPI Cytokeratin 7 Vimentin Merge

PCa 2D

MSCs+PCa SC

Figure 3.6. Immunocytochemical analysis of EMT and MET markers. Immunofluorescence
localization of nuclei (blue, DAPI), cytokeratin 7 (green, Alexa Fluor® 488) and vimentin (red,
Alexa Fluor® 647) in 2D prostate cancer cells (PCa 2D) and sequential culture of PCa cells with
MSCs (MSCs+PCa SC). PCa cells expressed vimentin in 2D culture, but when they formed
multicellular tumoroids in MSCs+PCa SC, no vimentin was observed in the PCa cells.
3.3.6. Analysis of the gene markers related to angiogenesis and hypoxia
Most transcriptional responses to hypoxia are mediated by hypoxia-inducible factors
(HIFs) [48]. Hypoxia is the principal regulator of pro-angiogenic factor VEGF, as it is a direct
transcriptional target of HIF1 [49]. The role of VEGF and HIF-1 in angiogenesis is explained in

the schematic diagram (figure 3.7C). Expression of vascular endothelial growth factor (VEGF)

and hypoxia-inducible factor 1 (HIF1) was evaluated using the qRT-PCR technique. The result is
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Figure 3.7. Enhanced angiogenesis. Relative gene expression level of A) VEGF; B) HIF-1;
which is normalized to GAPDH and where osteoblasts cultured on 2D PCL/HAPClay films at
day 10 served as control. MSCs: Mesenchymal stem cells; hFOB: osteoblasts; PCa: prostate
cancer cells; 3D: Cultured in scaffolds; 2D: Cultured on films; SC: sequential culture; CC:
Coculture. All the SCs and CCs were grown on 3D scaffolds. Results are shown as a mean +
standard deviation. Means that do not share a letter are significantly different (p<0.05, n=3). C)
Regulation of VEGF and HIF-1 during angiogenesis. Hypoxia created in a solid tumor enhances
the HIF-1 expression which ultimately positively influences VEGF expression. VEGFR at the
surface of capillary sprouts, which are generated by endothelial cells of blood vessel wall, gets
attracted by VEGF secreted by hypoxic regions. Capillary tubes hollow out to form new blood
vessels. VEGF secreted by tumors also attracted by VEGFR at the surface of osteoblasts which
ultimately attracts capillary sprouts of endothelial cells leading to enhanced osteogenesis.

shown in figure 3.7 (A & B). VEGF is significantly overexpressed in the sequential culture of
PCa with MSCs (MSCs+PCa SC) compared to all other types of samples (figure 3.7A). It is

almost 30-fold upregulated in MSCs+PCa SC compared to the control (2D osteoblast). VEGF is
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downregulated in the coculture and sequential culture of PCa cells with osteoblasts (hFOB+PCa

CC, hFOB+PCa SC) compared to prostate cancer (PCa) cells monoculture (for both 2D and 3D).

DAPI VEGF Merge

PCa 2D

PCa+MSCs SC

Figure 3.8. Immunocytochemical analysis of VEGF. Immunofluorescence staining of nuclei
(blue, DAPI), VEGF (green, Alexa Fluor® 488) in 2D prostate cancer cells (PCa 2D) and
sequential culture of PCa cells with MSCs (MSCs+PCa SC). Fluorescent staining for VEGF is
brighter in tumoroids formed by PCa cells in MSCs+PCa SC compare to PCa 2D.
HIF1 expression is increased almost 6-fold in the 3D monoculture of prostate cancer
(PCa) cells and sequential culture of PCa cells with MSCs (MSCs+PCa SC) compared to the
control (2D osteoblasts) (figure 3.7B). The expression level of HIF1 in PCa cells was inhibited
when cocultured or sequential cultured with osteoblast (hFOB+PCa CC, hFOB+PCa SC)

compared to 3D PCa monoculture. The HIF-1 expression level in 3D osteoblast, 3D MSCs, and

2D PCa cells are not significantly different.
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The immunocytochemical analysis was performed to analyze the VEGF expression in
MSCs+PCa SC further, and the result is shown in figure 3.8. The result indicates that VEGF is
stained both in 2D PCa and MSCs+PCa SC samples but staining is more intense on tumoroids in
MSCs+PCa SC than the 2D PCa Cells which is in agreement with our gene expression data for
VEGF.

3.3.7. Evaluation of PCa cells activity to create osteoblastic lesion

To evaluate how PCa cells activity to create osteoblastic lesion was affected in the
sequential culture during tumoroids formation, we performed a comparative study of
Endothelial-1 (ET-1) and RANKL expression level on our samples using gRT-PCR experiment.
ET-1 is secreted by prostate cancer cell which plays a key role in the osteoblastic response of
bone to metastatic prostate cancer [50]. On the contrary, RANKL is found on the surface of
osteoblasts and directly activates osteoclast [51]. During osteoblastic prostate cancer lesion,
osteoclast activation by RANKL is inhibited by osteoprotegerin (OPG) which binds to RANKL
[12]. The schematic diagram to describe the role of RANKL in osteoblastic-osteoclastic lesion
cascade is illustrated in the figure 3.9C. In the figure 3.9B, we can observe that ET-1 expression
is significantly higher in the coculture or sequential culture of PCa with osteoblasts cells (hFOB
PCa CC, hFOB+PCa SC) compared to the control (2D osteoblasts). The ET-1 expression is also
significantly upregulated in the sequential culture of PCa with MSCs (MSCs+PCa SC). In
contrast, ET-1 expression in coculture of PCa with MSCs (MSCs+PCa CC) is significantly
downregulated compared to the control. Again MSCs+PCa SC has significantly higher
expression of ET-1 compared to (hFOB+PCa SC). In all the monocultures (PCa 2D, PCa 3D,
hFOB 3D, MSCs 3D), ET-1 expressions are lower compared to cocultures and sequential

cultures. The expression level of RANKL is shown in figure 3.9B. RANKL expression is
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Figure 3.9. Osteoblastic lesion. Relative gene expression level of A) Endothelin-1; B) RANKL;
which is normalized to GAPDH and where osteoblasts cultured on 2D PCL/HAPClay films at
day 10 served as control. MSCs: Mesenchymal stem cells; hFOB: osteoblasts; PCa: prostate
cancer cells; 3D: Cultured in scaffolds; 2D: Cultured on films; SC: sequential culture; CC:
Coculture. All the SCs and CCs were grown on 3D scaffolds. Results are shown as a mean +
standard deviation. Means that do not share a letter are significantly different (p<0.05, n=3). C)
Inhibition of RANKL during osteoblastic prostate cancer lesion. In the osteoclastic lesion,
RANKL secreted by osteoblasts binds to RANK at the surface of osteoclast leading to osteolysis.
But in the osteoblastic lesion, the translocation of RANKL to osteoclast is blocked by OPG
which binds to RANKL leading to form RANKL-OPG complex.

significantly downregulated in both cocultures and sequential culture of PCa with hFOB (hFOB
PCa CC, hFOB+PCa SC). On the other hand, for coculture (MSCs+PCa CC) and sequential
culture (MSCs+PCa SC) of MSCs with PCa, we can see totally contrasted result. RANKL

expression is significantly upregulated for MSCs+PCa CC and significantly downregulated in
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MSCs+PCa SC. RANK expression also significantly upregulated both in 3D monocultures of
MSCs and hFOB and downregulated in both of the monocultures of PCa cells (PCa 2D, PCa a
limitations of 2D petri dish cell culture systems have instigated the design and development of

tissue engineered in vitro 3D cell culture models.

3.4. Discussion

The use of 3D tumor models in cancer research has brought a drastic change in the study
of understanding tumor biology and drug discovery as these models closely mimic biochemical
and physiological microenvironment of solid tumor regarding cell organization, differentiation,
homeostasis, migration, and metastasis. Recently, various bone replicating 3D tumor models
have been reported to recapitulate skeletal metastasis of cancer cells although it is challenging to
imitate the entire metastatic cascade [24, 52, 53]. Attempts have been made to study the
crosstalks between metastasized cancer cells and bone microenvironment using direct/ indirect
coculture of cancer cells with bone cells like osteoblasts, MSCs, osteoclasts, and osteocytes [10,
22, 54]. One of the major limitations of this coculture system is both of the cells are seeded
simultaneously on the scaffold system whereas in in vivo condition cancer cells find these bone
cells already growing, differentiating and releasing molecular factors which cause a high affinity
of prostate cancer cells for the skeletal milieu. Herein, we implemented a specialized culture
system which we termed as ‘sequential culture’ to simulate a unique tumor niche for skeletal
metastasis. It allows prostate cancer cells to colonize in a 3D environment where multiple cell
layers of osteoblastic tissue are already formed. In the sequential culture of prostate cancer cells,
initially, we seeded human mesenchymal stem cells (MSCs) on our PCL/HAPClay scaffolds and

cultured them for 23 days to allow the differentiation to osteoblastic lineage and bone formation.
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After 23 days, we seeded human prostate cancer (PCa) cells on MSCs seeded scaffolds to
facilitate tumor initiation and progression. Our earlier studies indicated cell attachment, cell
infiltration, cell spreading and mineralized extracellular matrix (ECM) formation without using
osteogenic supplements when MSCs are seeded on PCL/HAPClay scaffolds [34]. The presence
of hierarchically organized reminiscent of natural bone was also observed in this MSCs seeded
scaffolds. We also sequentially cultured PCa cells with human osteoblast (hFOB) cells. As SEM
images indicate, when human PCa cells are sequentially cultured with human MSCs,
multicellular tumoroids with the cellular tight junction and a 3D architecture are formed. Similar
tumoroids were not observed in PCa cells monoculture, in coculture with MSCs/hFOB, or even
in the sequential culture of PCa cells with human osteoblasts [27]. The roles of MSCs in prostate
cancer development has not been elucidated yet. In our sequential cell culture system, PCa cells
and differentiated/ undifferentiated MSCs were directly in contact with each other, and the
culture medium contained the soluble factors released by both MSCs and PCa cells. Sequential
cell culture system of PCa cells with MSCs allowed the tumor growth in the presence of
undifferentiated MSCs, premature/ mature osteoblasts and soluble factors released by those cells
which created a more bone-mimetic microenvironment for PCa cells. The PCL/HAPClay
scaffolds could have played a key role in tumoroid formation. Formation of tumoroids have been
reported on ultra-low attachment culture plates/ hydrophobic surfaces [10, 55] which are not the
case here as well-attachment and spreading of MSCs/ osteoblasts, even attachment of single
prostate cancer cells in PCL/HAPClay scaffolds have been reported in our earlier studies. It has
been reported that mechanical (elastic modulus, stiffness) and structural (porosity, pore size and,

topography) properties of a substrate crucially influence the fate of cells in 3D scaffolds [56-58].
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To investigate the key markers gene expressions for MSCs differentiation to osteogenic
lineage, prostate specific antigen (PSA) expression, EMT/ MET properties, colonization,
angiogenesis, and activity of PCa cells to create osteoblastic lesion using gRT-PCR experiment.
Differentiation of MSCs to bone precursor is very crucial for creating a humanoid bone-
replicating tissue model. The entire population of MSCs can undergo osteogenic differentiation
under appropriate culture condition [59]. In our earlier studies, we demonstrated using ALP
assay that MSCs undergo osteogenic differentiation in PCL/HAPClay scaffolds without
osteogenic supplements [27, 34]. Herein, we observed the RUNX2 activity along with ALP to
investigate the osteogenic differentiation of the MSCs in PCL/HAPClay scaffolds. RUNX2 plays
a crucial role in early stage of osteogenic differentiation of MSCs. It positively influences the
initial stage of differentiation but in the later phase, the RUNX2 expression is inhibited [60].
How RUNX2 regulates osteoblastic differentiation is described in figure 3.2C. RUNX2
expression data evidently indicates osteogenic differentiation of MSCs in PCL/ HAPClay
scaffolds (MSCs 3D) at the early stage of cell seeding as RUNX2 expression is upregulated at
day 3, 5 and 7 (figure 3.2A). Downregulation of RUNX2 after day 7 indicates initiation of the
osteoblast maturation. RUNX2 expression is substantially downregulated in the sequential
culture of PCa cells with MSCs (MSCs+PCa SC) which suggests that PCa cells possibly
enhances osteoblast maturation at the later stage of MSCs differentiation. It has also been
reported that RUNX2 enhances prostate cancer invasiveness and inhibit proliferation [61]. We
observed a decrease in invasiveness in MSCs+PCa SC at day 33 which also could be a possible
reason for downregulation of RUNX2. Similar to RUNX2, ALP activity was higher in the early
stage of MSCs seeding. Drop in ALP activity of MSCs during osteogenic differentiation after

day 8 is reported in the literature [62]. Little ALP activity was also observed in our earlier studies
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at the later stage of cell seeding. Loss of ALP activity has been correlated with the mineralized
extracellular matrix deposition by the osteoblasts.

PSA is uniquely secreted by prostate epithelial cells and therefore remains the gold
standard marker for the early prostate cancer diagnosis [63]. In the figure 3B, it has been
described how elevated level of PSA is associated with androgen-dependent prostate cancer [64].
In figure 3.3A, we observed significantly higher expression of PSA in PCa 3D compared to PCa
2D which indicates enhancement of aggressiveness of prostate cancer cells when cultured in the
PCL/ HAPClay scaffolds [65]. Compared to PCa 3D monoculture, PSA expression is
downregulated in all of the cocultures/ sequential cultures of PCa cells with the osteoblasts/
MSCs. These results could be explained by the fact that when PCa cells reach bone
microenvironment, initially PSA expression downregulates in response to the soluble factors
released by bone cells [66].

Epithelial to mesenchymal transition (EMT) is a biological process that involves the
functional transformation of cancerous epithelial cells at the site of a primary tumor to undergo
multiple biochemical changes that allow it to assume a mobile mesenchymal cell phenotype [67].
EMT is viewed as an essential early step in tumor metastasis [68]. Transcription factors like
Snaill, Twistl, vimentin is greatly associated with EMT process which prompted to use them as
EMT biomarkers [69-71]. High expression of these EMT marker genes is considered to be
associated with migration and invasive capability of metastatic cancer cells. Both of Snaill and
TWIST1 is downregulated in PCa 3D (seeded in scaffolds) either in monoculture or
coculture/sequential culture compared to PCa 2D cells (figure 3.4A, 3.4B). This result indicates
that EMT property (migration/ invasiveness) of PCa cells is inhibited in contact of PCL/

HAPClay scaffolds. Vimentin is a cytoskeletal protein that is highly expressed in all
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mesenchymal cell phenotype [72]. Therefore, high level of vimentin activity was observed in all
of the samples containing MSCs/ hFOB cells (figure 3.4C). Vimentin expression is significantly
downregulated in sequential cultures/ cocultures of PCa with MSCs/hFOB compare to control
hFOB 2D indicating a migratory property of PCa cells was restrained in MSCs/hFOB+PCa
SC/CC cultures. Downregulation of EMT inducers like Twist1, Snaill are also associated with
the reversal of EMT or mesenchymal to epithelial transition (MET), indicating enhancement of
MET properties in the sequential culture of PCa cells with MSCs/ osteoblasts [73]. MET at the
site of the disseminated tumor metastases is another essential step in the complex metastatic
cascade. There is evidence from a number of solid tumors that MET plays a key role during the
initial phase of metastatic cancer cell colonization [7, 74]. It is considered that MET is essential
for growth of prostate cancer cells when they reach at the bone microenvironment [75]. It has
been reported that E-cadherin expression downregulates at the primary metastatic site and highly
upregulates at secondary metastases [76]. Therefore, the expression of E-cadherin is considered
as the gold hallmark for MET [9]. The peak in E-cadherin expression was observed in the 3D
monoculture of PCa cells (PCa 3D). E-cadherin expression also is substantially upregulated
5000 fold) in MSCs+PCa SC compare to other co/sequential cultures, indicating colonization
properties is highly increased (figure 3.5A). E-cadherin also plays a critical role as a cell-cell
adhesion molecule [77]. High upregulation of E-cadherin in PCa 3D and MSC+PCa SC is in
agreement with our SEM observation as we have seen tight junction tumoroid formation only in
the MSCs+PCa SC and disorganized aggregates of cells with strong cell-cell adhesions in the
PCa 3D cells. Enhancement of MET and initiation of macrometastases in the MSCs+PCa SC is
further confirmed by the expression of another MET related gene FGFR2, as the peak of FGFR2

expression is found in the MSCs+PCa SC (figure 3.5B). One of the major challenges to fight
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prostate cancer is the early stage detection of cancer cell colonization at bone microenvironment,
because of the refractory nature of bone and lack of applicable in vitro models [78]. Expressions
of EMT and MET markers along with SEM micrographs evidently indicates that early stage of
PCa cell colonization at the bone microenvironment is replicated by MSCs+PCa SC which
enhances MET and inhibits EMT in PCL/ HAPClay scaffolds.

Angiogenesis refers to the growth and development of new blood vessels from pre-
existing vasculature [79]. Vascular endothelial growth factor (VEGF) is a well-known
angiogenic stimulator which is highly upregulated in solid tumor including prostate cancer [80].
A hypoxic core region is developed when a solid tumor is formed as tumors outgrow their blood
vessel which supplies oxygen to the core cells of a tumor [81]. Hypoxia induces transcription of
hypoxia-inducible factor 1 (HIF1) which stimulates pro-angiogenic factors like VEGF [11]. As
hypoxic tumoroids were observed only in the sequential culture of PCa cells with MSCs, HIF1
and VEGF both of the genes are highly expressed in MSCs+PCa SC indication enhancement in
angiogenic activity. The HIF1 expression is higher in PCa 3D which could be because as we
observed from SEM images, in PCa 3D, cells formed larger aggregates of cells which created
hypoxia at the center of the aggregates. It is paramount to develop hypoxia in in vitro tumor
models to replicate the in vivo tumors as hypoxia is one of the hallmarks of a solid tumor. In
recent years hypoxic region of a tumor has become a target for anticancer drugs or genetic
treatments as it makes treatment ineffective by inhibiting drug delivery at the core of a tumor
[82].

Endothelin-1 (ET-1) is an osteoblastic factor which promotes osteoblastic proliferation
and inhibits osteoclastic bone resorption in osteoblastic lesion by prostate cancer cells [83].

When PCa cells reach bone milieu, PSA secreted by PCa cells upregulates ET-1 expression
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which enhances PCa cell proliferation to form macrometastases [84]. ET-1 expression was
upregulated in the coculture or sequential of PCa cells with Osteoblasts compared to control 2D
osteoblasts. The peak of ET-1 is observed in MSCs+PCa SC, indicating ET-1 secretion by PCa
cells are increased in contact of osteoblasts as RUNX2 expression and ALP assay (figure 3.2A)
revealed that MSCs are fully differentiated into matured osteoblast in MSCs+PCa SC. Although,
the ET-1 expression is downregulated in MSCs+PCa CC compared to the control. In MSCs+PCa
CC, MSCs are not fully differentiated (MSCs and PCa cells were cocultured for only 10 days)
indicating ET-1 secretion by PCa cells is inhibited in the presence of MSCs or immature
osteoblasts. RANKL is a cytokine secreted by osteoblasts, and it activates osteoclasts by binding
with RANK [75]. How RANKL expression is inhibited in the osteoblastic bone lesion is
explained in the figure 3.9C. Figure 3.9B indicates upregulation of RANKL in osteoblasts
(hFOB 3D) and immature osteoblasts (MSCs 3D). RANKL expression is inhibited in osteoblasts
in the presence of PCa cells (hFOB+PCa CC/SC, MSCs+PCa SC) confirming initiation of the
osteoblastic lesion by PCa cells. Interestingly, RANKL expression was upregulated in the
MSCs+PCa CC indicating RANKL secretion by MSCs/ immature osteoblasts is not affected by

the presence of PCa cells.

3.5. Conclusion

In this study, we intended to investigate the effects of sequential culture (SC) of PCa cells
with MSCs in the PCL/ HAPClay scaffolds on the regulation of key genes involve in bone
metastasis of prostate cancers. Thus, we analyzed key genes expression related to skeletal
metastasis of PCa cells by gRT-PCR experiment in MSCs+PCa SC along with some other

culture method. Herein, all the results indicate that MSCs+PCa SC in PCL/ HAPClay scaffolds
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closely mimics early stage of osteoblastic prostate cancer colonization by developing tight
junction tumoroids and inducing mesenchymal to epithelial transition (MET). We demonstrated
that tight junction tumoroids were formed, MSCs differentiated to matured osteoblasts, EMT was
inhibited, MET was enhanced, hypoxia increased angiogenesis, and finally PCa cells initiated
osteoblastic lesion when PCa cells were sequentially cultured with MSCs (MSCs+PCa SC) in
PCL/ HAPClay scaffolds. Our MSCs+PCa SC in PCL/ HAPClay platform, which strikes a
balance between experimental efficiency and retention of biological complexity, could be used
for studying PCa cancer cell biology in the early stage cell colonization and in vitro testing of

anticancer drugs.
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CHAPTER 4. AN IN VITRO MODEL OF PROSTATE CANCER BONE METASTASIS
FOR BOTH HIGHLY METASTATIC AND NON-METASTATIC PROSTATE CANCER
USING NANOCLAY BONE-MIMETIC SCAFFOLDS?

This chapter describes the mimicking of mesenchymal to epithelial transition (MET) of
prostate cancer cells in an in vitro 3D model using the cell line line PC-3. Most of the contents of
this chapter is published in M.D.S. Molla, D.R. Katti, K.S. Katti, An in vitro model of prostate
cancer bone metastasis for highly metastatic and non-metastatic prostate cancer using nanoclay
bone-mimetic scaffolds, MRS Advances 1-7. The article is coauthored by MD. S. Molla; D. R.

Katti; and K.S. Katti.

4.1. Introduction

Prostate cancer has a strong preference for metastasizing to bone which is the primary
cause of prostate cancer-related morbidity and mortality. The complex nature of cancer
metastasis leads to develop the translational models that recapitulate a specific metastatic stage.
Herein, we report the mimicking of mesenchymal to epithelial transition (MET) of prostate
cancer cells using a highly metastatic and a non-metastatic prostate cancer cell lines. A unique
cell culture technique that we termed as ‘sequential culture’ was used to create a biomimetic
bone microenvironment for metastasized prostate cancer cells by depositing bioactive factors
from osteogenic induction of human mesenchymal stem cells (MSCs) within the porous 3D
scaffolds. The in vitro 3D tumor model could be used as a testbed to study the interaction

between prostate cancer and bone microenvironment as well as for novel therapeutic studies.

3This chapter wass co-authored by MD. S. Molla, Kalpana Katti, and Dinesh Katti. MD. S.
Molla had 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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Cancer-associated deaths are mostly attributed to metastasis, a process in which cancer
spreads from its place of origin to other parts of the body, yet the mechanism of cancer
metastasis remains obscure. A complex metastatic cascade is involved in the dissemination of
cancer cells to the distant organ. It includes the sequence of phases: local invasion, intravasation,
circulation, arrest and extravasation, proliferation and angiogenesis. Two very significant events
take place during this complex cascade including epithelial to mesenchymal transition (EMT)
and mesenchymal to epithelial transition (MET) where cell phenotype changes between
epithelial to mesenchymal state and vice-versa. Mesenchymal cells undergo a series of events
during MET, including gaining of apical-basal polarity, an aggregation of previously disbanded
mesenchymal cells, and reorganization of cytoskeletal features. Considering the critical role
MET plays in metastasis, understanding the molecular mechanism of MET offers new hope for
inhibiting tumor formation and developing anti-cancer therapeutics.

The 5-year survival for localized and regional prostate cancer is 100.0%, but for the
distant stage, it is only 30.0% [1]. The strong predilection of prostate cancer for metastasizing to
bone is the principal cause of prostate cancer-related morbidity and mortality. Currently, there is
no cure for the bone metastasized prostate cancer due to lack of understanding of the mechanism
that underlies bone metastasis. Hence, translational models that recapitulate bone metastasis of
prostate cancer are paramount for investigation of the late stage of the disease.

In our previous studies, we have reported the occurrence of mesenchymal to epithelial
transition (MET) in an in vitro 3D tumor model of prostate cancer using androgen-dependent,
less metastatic MDAPCa2b (PCa) cell line [2-4]. In this study, we have investigated the ability

of highly metastatic PC-3 cells to undergo mesenchymal to epithelial transition in a tissue-
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engineered bone-mimetic 3D in vitro model and presented a comparative study between the two

cell lines.

4.2. Materials and method

The detailed preparation procedure for PCL/HAPclay has been described in our previous
work [2, 5]. In an attempt to enhance the mechanical properties of polymer-based three-
dimensional scaffolds, a polymer- clay composite (PCN) were designed by adding HAPclay to
polycaprolactone (PCL). HAPclay was obtained by in situ biomineralization of hydroxyapatite
(HAP) into intercalated nanoclay [6, 7]. Na-MMT clay was modified using 5-aminovaleric acid
using simple wet-chemistry following the protocol described in our previous study [8].

Human mesenchymal stem cell (MSCs) line was purchased from Lonza and maintained
in MSCGM™ Bulletkit™ medium (Lonza, PT-3001). Human prostate cancer cell lines PC-3 and
MDA PCa 2b (PCa) were purchased from ATCC. PC-3 cells were maintained in a medium
consisting of 89% DMEM-12 (1:1) from Hyclone, 10% FBS from ATCC, and 1% Pen-Strep
solution (Gibco). PCa cells were maintained in 80% BRFF-HPC-1 (AthenaES) and 20% FBS.
For 2D cultures, cells were seeded on tissue culture treated Petri dishes. For the sequential
culture, human mesenchymal stem cells MSCs were seeded on scaffolds at a density of 5 x 104
number cells per scaffolds. MSCs were cultured for 23 days to allow bone tissue formation. In
our previous studies, we have shown that bone tissue starts to form by the MSCs after 18 days of
initial seeding [5, 9]. Prostate cancer cells PC-3/ PCa were seeded on newly formed bone tissue
in the 3D scaffolds at a density of 5 x 104 per scaffolds. For the sequential culture, 1:1 ratio of
MSCs and PC-3/ PCa was used. For migration study, PC-3/PCa prostate cancer cells were

seeded on transwell inserts of 8.0 um pore size at a density of 5 x 104 number of cells per
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inserts. The cells were allowed to migrate toward the serum-containing lower chamber (control)
or bone tissue engineered construct (MSCs cultured in PCL/in situ HAPclay scaffolds for 23
days) in the lower chamber. Percentage of prostate cancer cells migrated from the upper chamber
into the lower chamber was calculated using DAP staining of the porous membrane and counting
the total number of non-migrated cells.

Standard protocols were followed as described in our previous studies to perform
FESEM, immunostaining, confocal microscopy, RNA extraction, and gRT-PCR analysis [2, 3].
Student's t-test analytical method was used for the statistical analysis to compare two conditions.
Differences were considered significant at *P<0.05, **P<0.005, and ***P<.001. Triplicate
biological samples were used for performing all the experiments. Mean + standard deviations

were used to express quantitative data.

4.3. Result and discussion
4.3.1. Migration of PC-3 cells towards bone-mimicking scaffolds

Migration of PC-3/PCa cells towards bone-tissue was performed using the transwell
assay, and the result is shown in figure 4.1. Prostate cancer cells were allowed to migrate through
a porous membrane with or without bone like construct at the lower chamber. Without bone like
construct at the lower chamber served as control. Percentage of prostate cancer cells migrated
from the upper chamber into the lower chamber was calculated for each cell line. PC-3 cells
showed a higher percentage of migration with or without bone construct as opposed to MDA
PCa 2b cells. In the presence of a bone construct, almost 75% of the cells migrated into the lower

chamber indicating cytokines and chemokines secreted from the bone cells in the bone like
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construct were able to attract cancer cells towards them. For MDA PCa 2b cells, there are no

significant differences in percentage migration with or without presence of a bone-like construct.

100, *
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Figure 4.1. Percentage migration of PC-3/PCa cells with or without bone mimicking scaffolds.

4.3.2. PCa cells formed tumoroids and PC-3 cells formed gap-junction aggregates

To investigate the cell morphology, infiltration, cell adhesion, and mineralized
extracellular matrix (ECM) formation we performed immunocytochemical analysis of the
sequential culture of PC-3 and PCa (PC-3 SC and PCa SC) stained with DAPI, F-actin, and [J-
tubulin at day 23+10. The immunostained confocal micrographs are shown in figure 4.2A. We
observed good adhesion of cells to the scaffolds. MDA PCa 2b cells formed tight junction
multicellular tumoroids with hypoxic core region. Unlike PCa SC, PC-3 SC formed microtissues

with tight junctions, and hypoxic core region as well as microtissues of cell aggregates with
A PCa SC PC-3 SC B

Figure 4.2. Morphology of PCa SC and PC-3 SC. A. PCa and PC-3 Cells stained with a-
tubulin, F-actin (red) and DAPI (blue) using immunocytochemistry. (B) SEM micrographs of
the tumoroid and cell cluster in the PCa SC and PC-3 SC respectively.
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loose cell-cell adhesion, and non-hypoxic core region. MSCs and osteoblastic differentiated
MSCs possess mesenchymal phenotype. We have observed in our previous studies that MSCs
form mostly flat morphology of cells when cultured in PCL/nanoclay 3D porous scaffolds [2, 5,
9]. Therefore, these compact spheroids with tight junctions and cellular aggregates observed on
the sequential cultures of PC-3 and PCa with MSCs can be assigned for PC-3/ PCa cells. Unlike
PCa SC [2, 3], clusters formed in PC-3 SC exhibit rugged surface and indistinguishable cellular
boundaries. Similar observations were made from SEM/FESM images of PCa SC and PC-3 SC
(figure 4.2B). Tumoroids formed in PCa SC exhibit strong cell-cell adhesion, whereas, in PC-3
SC cells come together and establish a cell-cell adhesion, but their cell attachments are loose
with gap-junctions.
4.3.3. EMT was inhibited, and MET was enhanced in the sequential culture

Epithelial to mesenchymal transition (EMT) and mesenchymal to epithelial transition
(MET) are two very significant events that take place during the metastatic cascade of prostate
cancer cells’ skeletal metastasis1. E-cadherin is considered as the hallmark of MET, which
profoundly upregulates when cancer cells undergo mesenchymal to epithelial transition and start
to colonize at a distant organ. We have analyzed the expression of E-cadherin to assess if PC-
3/PCa cells have experienced MET in the PCL/HAPClay scaffolds during sequential culture with
MSCs. The gene expression analysis of E-cadherin in the PC-3 SC, PC-3 2D, PCa SC, and PCa
2D is shown in the figure 4.3A, where differentiated MSCs served as control. E-cadherin
expression is ~12 fold enhanced in the PC-3 SC as opposed to 2D PC-3 cells. But in PCa SC, E-
cadherin is ~8000 fold higher than PCa 2D or PCa SC. This observation of E-cadherin is in
agreement with our morphological observation. Tight cellular junctions are made of E-cadherins.

High expression of E-cadherins cause the formation of tumoroids in the PCa SC. A cytoskeletal
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component, cytokeratin is also predominantly expressed in the epithelial phenotypes. We also

analyzed the expression of cytokeratin 18 in the 2D and sequential cultures of PCa and PC-3

using immunocytochemical analysis (figure 4.3C). Cytokeratin is intensely stained in the PC-3

SC/ PCa SC as compared to 2D PC-3/ 2D PCa cells. Cytokeratin is highly expressed in PC-3 SC/

PCa SC and poorly expressed in 2D PC-3/ 2D PCa cells suggesting mesenchymal to epithelial

transition (MET) of PC-3/PCa cells when sequentially cultured with MSCs in the bone tissue-

engineered 3D scaffolds.
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Figure 4.3. A. Relative E-cadherin expression level in the PCa SC, PCa 2D, PC-3 SC, and
PC-3 2D cells. B. Relative vimentin expression level in the PCa SC, PCa 2D, PC-3 SC, and
PCa 2D cells. C. Immunostained cytokeratin (green in PCa and red in PC-3), vimentin (red in
PCa and green in PC-3), and nuclei (blue) in the PCa SC, PCa 2D, PC-3 SC, and PC-3 2D.

Since the E-cadherin/ Cytokeratin expression was significantly downregulated in the PC-

3 SC and PCa SC, we further evaluated the expression of an EMT marker in the PC-3/PCa SC
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and PC-3/PCa 2D cells to further confirm MET. The cytoskeletal filament vimentin is a marker
for the mesenchymal phenotype. To evaluate the expression of vimentin, an EMT marker, in the
sequential culture of PC-3/PCa cells with MSCs cultured in PCL/HAPClay scaffolds (PC-3 SC/
PCa SC), we performed qRT-PCR experiment and immunocytochemical analysis. The gene
expression analysis of vimentin in the PC-3/PCa cells is shown in the figure 4.3B, where
differentiated MSCs served as control. In the PC-3 SC, vimentin expression is ~40 fold
downregulated as compared to the PC-3 2D. In the PCa SC, vimentin expression is ~10000 fold
downregulated as compared to the PCa 2D. Downregulation of vimentin expression is
significantly higher in PCa SC as compared to PC-3 SC. We also evaluated the protein
expression of vimentin using immunocytochemical analysis, and the result is shown in figure
4.3C. It can be observed from the figure that vimentin is stained in 2D PC-3/PCa cells but in PC-
33 SC/ PCa SC vimentin expression was not observed. Immunocytochemical analysis and gene
expression analysis clearly indicate inhibition of EMT in the PCa SC and PC-3 SC. All the
experimental results indicate MET is much higher in the PCa SC as compared to PC-3 SC.
4.3.4. Angiogenesis was promoted in the sequential culture

During the mesenchymal to epithelial transition (MET) at the metastatic tumor site,
cancer cells colonize to form tumors. The hypoxic core region of the tumors suffers from
oxygen/blood supply which induces the secretion of HIF-1. HIF-1 is known to upregulate
proangiogenic factors like VEGF. To further confirm the mesenchymal to epithelial transition
(MET) of the prostate cancer cell in the sequential culture, we evaluated the expression of gRT-
PCR experiment. The result is shown in Figure 4.4 (A & B). Fig 4A shows the VEGF vascular
endothelial growth factor (VEGF), and hypoxia-inducible factor 1 (HIF-1) using the expression

in the PC-3 SC, PC-3 2D, PCa SC, and PCa 2D where differentiated MSCs served as control.

130



>

Relative Expression Level
Relative Expression Level
N

Figure 4.4. A. Relative VEGF expression level in the PCa SC, PCa 2D, PC-3 SC, and PC-3

2D cells. B. Relative HIF-1 expression level in the PCa SC, PCa 2D, PC-3 SC, and PC-3 2D

cells. C. Immunostained VEGF (green in PCa and red in PC-3), and nuclei (blue) in the PCa
SC. PCa 2D. PC-3 SC. and PC-3 2D cells.

VEGF expression is ~4 fold upregulated in the PC-3 SC as compared to 2D PC-3 cells. VEGF
expression is ~2 fold upregulated in the PCa SC as compared to 2D PCa cells. VEGF expression
is significantly higher in PCa SC as compared PC-3 SC. The HIF1 expression in the PC-3 SC,
PC-3 2D, PCa SC, and PCa 2D is shown in figure 4.4B, where differentiated MSCs served as
control. In the PC-3 SC, the HIF-1 expression is ~2 fold upregulated as opposed to 2D PC-3
cells. The HIF-1 expression is ~2 fold upregulated in the PCa SC as compared to 2D PCa cells.
The HIF-1 expression is significantly higher in PCa SC as compared PC-3 SC.

To further confirm the enhancement of angiogenesis in the PC-3 SC, we probed the
protein expression of VEGF using immunocytochemical analysis. 2D PC-3/PCa cells and PC-
3/PCa SC were stained with VEGF, and the representative micrographs are shown in the figure
4.4C. VEGF was stained both in 2D PC-3/PCa and PC-3/PCa SC. But staining is significantly

131



intense in the PC-3/PCa SC. The immunocytochemical analysis clearly indicates that

angiogenesis is upregulated in the sequential culture.

4.4. Conclusion

In this study we have developed a biologically relevant 3D tissue-engineered prostate
cancer model that display a critical feature of cancer metastases in bone. A highly metastatic
prostate cancer cell line PC-3 and a non-metastatic prostate cancer cell line MDAPCa2b
experience epithelial to mesenchymal transition in a humanoid bone microenvironment. This
study further confirms the ability the model to retain and recapitulate osteotropic metastatic
ability of various prostate cancer cells. The 3D model presented here represents a platform for
investigating the molecular [10] and nanomechanical [11] mechanism that underlies the disease

progression.
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CHAPTER 5. EFFECT OF METASTASIZED PROSTATE CANCER CELLS ON
TISSUE-ENGINEERED HUMONOID BONE*
This chapter describes the effects of metastasized prostate cancer cells on bone
mineralization and extra cellular matrix formation. in an in vitro 3D model using the cell lines
PC-3 and MDA PCa 2b. The content of this chapter is going to be submitted for publication. The

to be submitted article is coauthored by MD. S. Molla; D. R. Katti; and K.S. Katti.

5.1. Introduction

The Most frequent destination of prostate cancer metastasis is bone with up to 90% of
advanced stage patients having skeletal metastases [1]. It is no longer curable once prostate
cancer cells metastasize to bone. Multiple bone-related complications including bone pain, weak
bones, hypercalcemia, spinal cord compression, pathological fracture, stiffness or pain in the hip,
thighs, or back are caused by skeletal metastasis of prostate cancer. Currently, all available
treatments for patients having metastasized prostate cancer are the only palliative with an aim to
improve the quality of patient’s life. The 5-year survival rate of the patients having metastasized
prostate cancer is only 29% [2].

The specific mechanism that influences prostate cancer cells for bone metastasis is not
properly elucidated yet. After undergoing epithelial to mesenchymal transition (EMT) when
cancer cells escape the primary tumor site and enter blood circulation, they favor to arrest to the
first organ they reach where they undergo mesenchymal to epithelial transition (MET) for

colonization. The blood vein that rises from prostate drains into the iliac vein which connects to

“This chapter was co-authored by MD. S. Molla, Kalpana Katti, and Dinesh Katti. MD. S.
Molla had 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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the vertebral vein. Vertebral vein goes throughout the entire spinal column that could be
the reason behind extravasation of prostate cancer cells into bone microenvironment [3].

Metastasized prostate cancer cells primarily target cancellous bones. Highly vascular
structure of cancellous bone provides easy access to oxygen and nutrients for metastasized
prostate cancer cells which creates a welcoming environment for colonization. Bone-forming
osteoblasts and bone-resorbing osteoclast reside in the bone microenvironment that is
responsible for creating a dynamic nature of bone. In normal bone, constant remodeling of old
bone by osteoclast follows mineralized new bone formation by osteoblast. But when prostate
cancer cells metastasize to bone, they cause either excessive bone degradation in the osteoclastic
lesion or excessive bone regeneration in the osteoblastic lesion.

Bone metastasis is the primary cause of morbidity and mortality in prostate cancer.
Nevertheless, the bone metastatic mechanism in prostate cancer is not entirely understood. To
prevent bone metastasis, it is crucial to target not only bone metastatic features in the tumor cells
but also tumor nurturing bone. In order to advance current therapies, the effect of metastasized
cancer cells on bone microenvironment have to be better understood which needs reliable models
able to mimic the biophysical processes occurring in patients.

The inability of 2D models to recapitulate the complex nature of bone-cancer
microenvironment and failing of animal models to reproduce some vital programs specific to
human leads to developing several in vitro 3D models for systematic studies of interactions
between prostate cancer cells and the bone microenvironment. Several 3D in vitro models have
been reported that investigated the interaction between bone microenvironment and metastasized
prostate cancer cells [4-6]. Sieh et al. studied the interactions between human osteoblasts and

prostate cancer cells in 3D tissue engineered bone [7, 8]. Fitzgerald et al. reported a collagen-
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based scaffolds to simulate prostate cancer bone metastases [9]. Windus et al. evaluated the role
of alpha 6 and beta 1 integrin subunits in mediating tumor-bone stromal interactions in matrigels
[10]. Holzapfel et al. investigated species-specific homing mechanisms of human prostate cancer
metastasis in tissue engineered bone [11]. Wang et al. used a 3D co-culture models to study
prostate cancer growth, progression, and metastasis to bone [12]. Kwon et al. reported a 3D in
vitro model to study the impact of BMP-2 on metastasis to bone [13]. 3D in vitro models can be
tailored to mimic different stages of cancer progression. We reported a 3D in vitro model that
simulates mesenchymal to epithelial transition (MET ) of prostate cancer cells during bone
metastasis [14].

Variety of biomaterial-based 3D structures has been used to recapitulate bone matrix for
prostate cancer metastasis including chitosan-alginate scaffold [15], alginate hydrogel [5],
hyaluronan-based hydrogels [16], collagen-based hydrogel [17], PEG-based hydrogels [8], Silk
fibroin scaffolds [13]. In this study we have used mesenchymal stem cells (MSCs) seeded
PCL/nanoclay-hydroxyapatite based 3D scaffolds to recapitulate bone microenvironment for
prostate cancer metastasis. In our previous studies, we have shown that when MSCs are seeded
in these scaffolds, they differentiate into bone cells without osteogenic supplements [18]. We
also reported that when prostate cancer cells sequentially cultured with MSCs in these scaffolds,
they undergo mesenchymal to epithelial transition (MET) to form multicellular tumoroids that
mimic the early colonization stage of prostate cancer bone metastasis [14, 19, 20]. In this study,
we investigated the effect of metastasized prostate cancer cells on bone regeneration,
degradation, mineralization, and collagen synthesis using two different prostate cancer cell lines,
PC-3 and MDA PCa 2b. PC-3 is highly metastatic cell line while MDA PCa 2b is less metastatic

in nature [21]. Experiments such as ELISA, gqRT-PCR immunocytochemical analysis, SEM
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imaging, FESEM imaging, and cell-based assays were performed to investigate the effect of
metastasized prostate cancer cells on bone microenvironment. The 3D tumor that we have
developed in our previous studies were used to study the effect of metastasized prostate cancer
cells on bone microenvironment. Effect of two different prostate cancer cell lines were compared
and we found that both osteoblastic and osteolytic bone lesion could be recapitulated in the

tumor model that we have developed.

5.2. Materials and methods
5.2.1. Preparation of bone mimicking 3D porous scaffolds

In our previous studies, we described the detailed procedure of the scaffold preparation
method [18, 22-24]. In brief, hydroxyapatite was initially biomineralized on modified Na-MMT
nanoclay using Na2HPO4 and CaCl; by precipitation method. 5-aminovaleric acid was used to
modify Na-MMT clay. Freeze drying method was used to prepare porous scaffolds from a-
polycaprolactone (PCL) and HAPClay.
5.2.2. Cell lines and culture media

Human mesenchymal stem cell line (PT-2501) were purchased from Lonza, Walkersville
and maintained in MSCGM™ Bulletkit™ medium (Lonza, Walkersville, PT-3001). Human
prostate cancer cell line MDA PCa 2b (ATCC® CRL-2422™) was purchased from ATCC and
maintained in a medium consisting of 80% BRFF-HPC1 (AthenaES, 0403) and 20% fetal bovine
serum (ATCC, 30-2020). Human prostate cancer cell line PC-3 (ATCC® CRL-1435™) was
purchased from ATCC and maintained in a medium consisting of 90% HyQ Dulbecco’s
Modified Eagle medium DMEM-12 (1:1) from Hyclone, 10% FBS from ATCC. All the cells

were maintained at 37 °C and 5% CO: in a completely humidified incubator
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5.2.3. Cell seeding, 3D tissue culture, and tumoroid formation by sequential culture

Cylindrical disks of porous scaffolds (Thickness 3mm, diameter 12 mm) were sterilized
and maintained in culture medium overnight. Human mesenchymal stem cells (MSCs) were
seeded on scaffolds and cultured for 23 days (5.0 X 10° cells/ scaffold). Human prostate cancer
cell lines MDA PCa 2b and PC-3 cells were seeded on MSCs seeded scaffolds after 23 days (5.0
X 10° cells/ scaffold) and maintained in 1:1 MSCs and prostate cancer cells (CaP) media. CaP
cells were cultured for 5, 10 and 15 days after seeding on MSCs seeded scaffolds. The detailed
method of sequential culture for tumoroid formation has been described in our previous studies
[14, 19]. In this study, the sequential culture of PC-3 with MSCs is addressed as PC-3 SC, and
sequential culture of MDA PCa 2b cells with MSCs is addressed as PCa SC. MSCs Monoculture
is addressed as Bone cells.
5.2.4. WST-1 assay

Tetrazolium salts-based reagent WST-1 was purchased from Roche (IN, USA). WST-1
cell viability assay was performed for the bone cells, PC-3 SC and PCa SC samples on day 23+5,
23+10 and 23+15. The colorimetric assay was performed following manufacturer’s protocol.
Briefly, Cell seeded samples harvested from the growth medium, washed with PBS and placed in
the reagent solution (10% in DMEM-12) followed by incubation at 37 °C for 4 hours in a
humidified incubator. Absorbance was measured at 450 nm using a microplate
spectrophotometer (Bio-Rad). The total number of cells were counted from the ODs using
predetermined standard curves.
5.2.5. Migration assay

A predetermined number of PC-3 and MDA PCa 2b prostate cancer cells were seeded on

transwell inserts (Corning, USA) of 8.0 um pore size in serum-containing media. The cells were
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allowed to migrate toward the serum-containing in the lower chamber (control) or bone tissue
engineered construct (MSCs cultured in PCL/in situ HAPclay scaffolds for 23 days) in the lower
chamber as shown in Figure 5.2B. The total number of cells on the upper surface of the porous
membrane were counted before and after migration to calculate percentage migration.
5.2.6. Immunostaining and confocal microscopy

Immunocytochemical analysis was performed without harvesting the cells from scaffolds.
MSCs monocultures, sequential cultures of MDA PCa 2b and PC-3 samples were
immunostained for a-collagen. MSCs were also immunostained for Runx2 expression To
observe the tumoroid formation by MDA PCa 2b and PC-3 cells, sequential culture samples
were also stained for F-actin. Samples were fixed with 4% paraformaldehyde (PFA) for 30
minutes and then washed three times with ice-cold 1X PBS (Each wash for five minutes). For
permeabilization, samples were treated with 0.5% Triton X-100 in PBS for 5 minutes. 1% fish
skin gelatin (FSG) was used for blocking followed by incubation with primary antibodies
(abcam, ab34710 and ab76956) at 4 °C (1:150 dilution with PBS). Then, samples were washed
with fresh PBS three times (Each wash for five minutes) and then incubated with corresponding
secondary antibodies for an hour at room temperature (Goat Anti-Rabbit IgG H&L Alexa Fluor®
488, and Goat Anti-Rabbit 1IgG H&L Alexa Fluor® 647). Primary and secondary antibodies
were purchased from Abcam (Cambridge, MA) For F-actin staining, cell-seeded scaffold
samples were incubated with Rhodamine Phalloidin (ThermoFisher Scientific, R415) for 30
minutes at 37 °C. For nucleus staining, samples were incubated with 4',6-diamidino-2-
phenylindole (DAPI) for five minutes. Z-stacks of the scaffold samples were obtained using

Zeiss AxioObserver Z1 microscope equipped with LSM700 laser-scanning module (Zeiss,
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Thornwood, NY). Rendered 3D images were analyzed using Imaris software (Bitplane, South
Windsor, CT).

5.2.7. Scanning electron microscopy (SEM) and field emission scanning electron
microscopy (FESEM)

Scanning electron microscopy was performed to observe cellular morphology,
mineralized ECM, and collagen formation using microscopes JEOL JSM- 6490LV for SEM and
JEOL JSM-7600F for FE SEM (JEOL USA, Peabody, MA, USA). Initially, the samples were
fixed with 2.5% glutaraldehyde followed by ethanol series treatment (10%, 30%, 50%, 70%, and
100% v/v) for dehydration. Hexamethyldisilazane was also used as a drying agent. Samples were
mounted on cylindrical aluminum mounts with colloidal silver paste (Structure Probe Inc., West
Chester PA, USA) and then coated with gold (for SEM) and carbon (for FESEM). An
accelerating voltage of 15 kV was used for SEM and 2.0 kV for FESEM.

5.2.8. RNA extraction and gRT-PCR analysis

Total RNAs were extracted from scaffold samples using TRI reagent (Sigma) and
purified using Direct-zol ™ RNA MiniPrep (Zymo Research, Irvine, CA). Total RNA was
quantified using Nanodrop ND 2000 (Nanodrop products, Wilmington DE, USA)
spectrophotometer. cONA was reverse transcribed from RNA using random primers and M-
MLYV reverse transcriptase (Promega, Madison, WI). SYBR Green Master MIX (ThermoFisher
Scientific, USA) was used for template amplification with a primer for each of the transcripts by
following manufacturer’s protocol in a 7500 Fast Real-Time PCR system (Applied Biosystems,
USA). The list of primer sequence used in this experiment has been listed in Table 1. GAPDH
served as a house-keeping gene, and target gene expressions were calculated as 224, GAPDH

served as a house-keeping gene, and target gene expressions were calculated as 24,
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5.2.9. Alizarin red S assay

Samples were fixed with 2.5% glutaraldehyde overnight followed by three times PBS
wash (5 minutes each wash). Further, samples were stained with Alizarin Red S dye (2 g/100 mL
deionized water, pH = 4.10-4.15). Then, samples were washed with cell culture grade water to
remove excess dye. Z-stacks of the samples were obtained using Zeiss AxioObserver Z1
microscope equipped with LSM700 laser-scanning module (Zeiss, Thornwood, NY). Rendered
3D images were analyzed using Imaris software (Bitplane, South Windsor, CT).
5.2.10. ELISA

The amounts of secreted MMP-9 and osteocalcin protein were calculated using enzyme-
linked immune assay (ELISA). After centrifugation at 2000 rpm, the supernatants from
conditioned media were collected at day 23+5 and day 23+10 from the cell-seeded scaffolds and
used for ELISA. The level of MMP-9 protein in the supernatants was calculated using Human
MMP-9 PicoKine™ ELISA Kit (EK0465, Boster Bio; Pleasanton, CA) following manufacturer’s
protocol. The level of osteocalcin (OCN) protein in the supernatants was measured using
Osteocalcin Human ELISA Kit (KAQ1381, ThermoFisher Scientific, USA) following
manufacturer’s protocol.
5.2.11. Alkaline phosphatase assay

Alkaline phosphatase (ALP) assay was performed for monoculture of MSCs seeded in
the scaffolds. At day 3, 5, 7, 10, and 33 cell lysates were collected. Initially, samples were
washed with PBS and then each sample was placed in a 24-well plate under Triton X-100 which
was purchased from Sigma-Aldrich (X-100). The samples were then treated with two cycles of
freezing-thawing (-70 °C to 37 °C) to obtain cell lysates. Further, equal volume of (250 ul) p-

nitrophenyl phosphate (Sigma-Aldrich, N7653) was added to the cell lysate in a different 24
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well-plate and then incubated for an hour at room temperature. 70 pl of 3N NaOH was added to
each scaffold, to deprotonate the p-nitrophenol, and then the samples were shaken for 60
seconds. Microplate spectrophotometer (Bio-Rad, Benchmark Plus) was used to obtain the
absorbance at the wavelength 405 nm.
5.2.12. Statistical analysis

Statistical analysis was performed using Student's t-test to compare two conditions.
Differences were considered significant at *P<0.05, **P<0.005, and ***P<.001. Triplicate
samples were used for performing all the experiments. Mean + standard deviations were used to

express quantitative data.

5.3. Results
5.3.1. Mesenchymal stem cells differentiated into bone cells

To evaluate if the MSCs have differentiated into the osteoblastic lineage, we performed
ALP osteogenic differentiation assay. We also have analyzed the expression of Runx2 using
gRT-PCR experiment and immunocytochemical analysis. MSCs were seeded in
PCL/HAPnanoclay scaffolds, and cell lysates were extracted at day 3, 5, 7, 10, 23 and 33 for
ALP assay. A cellular membrane-bound enzyme, ALP is a key marker for osteoblast. ALP assay
is used to evaluate the differentiation of MSCs into the osteoblastic lineage. Figure 5.1A shows a
gradual increase of osteoblastic activity at the initial days of cell seeding (from day 3 to day 7).
Decrease of ALP activity has been observed from day 10. It has been reported that the
mineralization of ECM is associated with decreased level of ALP activity [25]. Decrease in ALP
activity of MSCs during osteogenic differentiation after Day 8 is also reported in the literature

[26].
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Figure 5.1. Osteogenic differentiation of MSCs. A. Comparative results from ALP assay for
sequential culture (SC) and mesenchymal stem cells (MSCs). Results are shown as mean +
standard deviation. Statistical Significance is shown by a single asterisk (p<0.05, n=3.). B.
Relative gene expression level of RUNX2, which is normalized to GAPDH and where
undifferentiated cultured on 2D MSCs at day 2 served as control. C. Immunocytochemical
analysis of Runx2 (red) and nuclei (blue) stained in MSCs cultured in 3D scaffolds.

Runx2 expression in MSCs cultured in 3D scaffolds was evaluated compared to MSCs
cultured on 2D Petri dish and the result is presented in figure 5.1B. To evaluate the expression of
Runx2, total RNAs were extracted from MSCs seeded scaffolds at day 3, 5, 7, 10 and 33 to
perform the qRT-PCR experiment. Similar to ALP activities, Runx2 expression was gradually
increased from day 3 and reached the peak at day 7 (Figure 5.1B). At day 33, the Runx2
expression was significantly downregulated compared to control. We also evaluated the

expression of Runx2 in the MSCs seeded scaffolds with immunocytochemical analysis at day 3,
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day 7, day 10, and day 33 of the initial seeding of MSCs. The result is shown in figure 5.1C. In
figure 5.1C, blue represents nuclei and red represents Runx2 of MSCs. We can observe that
Runx2 staining is increased from day 3 to day 7 and then again decrease from day 7 to day 10.
At day 33, Runx2 staining is very insignificant. At day 7, the Runx2 staining reached the peak in
MSCs cultured on PCL/Hapclay scaffolds which is suggestive of osteoblastic differentiation. The
immunocytochemical analysis is in agreement with our observation from gene expression
analysis of Runx2. Runx2 is an osteoblastic marker and best known as the master regulator of
osteoblastic differentiation. It has been reported that at the initial stage of osteogenic
differentiation of MSCs, the Runx2 expression is upregulated [27]. At the later stage of
osteoblast maturation, the Runx2 expression is inhibited. Initial upregulation of Runx2 in MSCs
cultured in 3D scaffolds evidently indicate osteogenic differentiation of MSCs at the early stage
of 3D cell culture. Downregulation of Runx2 at the later days indicates maturation of osteoblast
differentiated from MSCs and further downregulation at day 33 (Figure 5.1B) means mature
osteoblast turn into osteocytes [28].

All the results from ALP assay, gene expression, and immunocytochemical analysis of
Runx2 indicate the differentiation of MSCs into osteoblastic lineage without osteoblastic
supplements in PCL/HAPnanoclay scaffolds. Osteoblastic differentiation of MSCs without
osteogenic supplements. The results also suggest that PCL/nanoclay scaffolds are
osteoconductive and osteoinductive in nature.
5.3.2. Growth and in vitro migration of prostate cancer cells towards engineered bone tissue
construct

The growth of prostate cancer cells as a function of time in the sequential culture with

bone cells was evaluated using WST-1 cell viability assay, and the results are shown in figure
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5.2A. Cell viability assay was performed on day 23+5, day 23+10 and day 23+15. Cell
population in the sequential cultures (SCs) for both of the cell lines has been increased over the
time from day 23+5 to day 23+15. Cell population in PC-3 SC is significantly higher as opposed
to PCa SC. This is probably because the doubling time for MDA PCa 2b cells (42—73 hours) is
higher than the doubling time of PC-3 cells (~33 hours) [29]. There is no significant difference
between the total population of bone cells and PCa SC on day 23+5 which indicates that PCa
cells probably initially has an adverse effect on the growth of bone cells leading to a decreased
population of bone cells in the PCa SC. The initial effect of PC-3 on the growth of bone cells
cannot be determined from this data as the overall population of PC-3 SC as is more than two
times higher compared to bone cells. It is possible that PC-3 has a positive effect on the growth
of bone cells. The overall population of in the sequential cultures (SCs) is significantly higher for
both cell lines on both day 23+10 and 23+15 as compared to bone cells. This indicates that
sequential culture of prostate cancer cells with bone cells possibly could be advantageous for the
growth of both cancer and bone cells or only for cancer cells. It is also possible that one of the
prostate cancer cells line has a positive effect and another has a negative effect on the growth of
bone cells. The population of bone cells differentiated from MSCs has been decreased over the
time from day 23+5 to day 23+15. Studies have found that MSCs can go through complex
cellular events such as growth arrest during initial and terminal differentiation [30].
Heterogeneity regarding proliferating capabilities has been observed in MSCs [31]. It has been
reported that a small portion of differentiated MSCs is responsible for cell proliferation and a
large portion of the overall population do not undergo self-replication. The intricacy associated

with differentiating MSCs and the lack of clear understanding the interconnection between
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Figure 5.2. Growth and migration of prostate cancer cells. A. Comparative results from WST-
1 cell viability assay for bone cells (differentiated from MSCs), PCa SC (sequential culture of
MDA PCa 2b cells with MSCs), and PC-3 SC (sequential culture of PC-3 cells with MSCs).
Results are shown as mean + standard deviation. Statistical significance is shown by ***p <
0.001, **p < 0.005, *p < 0.05, n=3.). B. Schematic representation of migration assay set-up.
The cells were allowed to migrate toward the lower chamber (control) or bone tissue-
engineered construct (MSCs cultured in PCL/in situ HAPclay scaffolds for 23 days) in the
lower chamber. C. Percentage migration of PC-3 cells with or without bone mimicking
scaffolds. Results are shown as mean * standard deviation. Statistical Significance is shown
by *p < 0.05, n=3.).

differentiation and proliferation of MSCs makes it difficult to interpret possible reasons for the
decrease in overall population of bone cells from day 23+5 to day 23+15.

Migration of prostate cancer cells into bone-like construct was performed as described in
the schematic diagram (figure 5.2B). Prostate cancer cells were allowed to migrate through a
porous membrane with or without bone like construct at the lower chamber. Without bone like
construct at the lower chamber served as control. Percentage of prostate cancer cells migrated
from the upper chamber into the lower chamber was calculated for each cell line, and the result is

shown in figure 5.2C. PC-3 cells showed a higher percentage of migration with or without bone
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construct as opposed to MDA PCa 2b cells. In the presence of a bone construct, almost 75% of
the cells migrated into the lower chamber indicating cytokines and chemokines secreted from the
bone cells in the bone like construct were able to attract cancer cells towards them. For MDA
PCa 2b cells, there are no significant differences in percentage migration with or without the

presence of a bone-like construct.

A PCa SC

Figure 5.3. Morphological analysis of PCa SC and PC-3 SC. A. Immunostained a-tubulin
(green), F-actin (red) and nuclei (blue) in PCa SC and PC-3 SC. Bar =50 um. B. SEM
micrographs of PCa SC and PC-3 SC showing tumoroid and cluster of cells respectively formed
in the PCL/in situ HAPclay scaffolds. Bar = 10 um.
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5.3.3. MDA PCa 2b forms tumoroids and PC-3 assembled into disorganized clusters in
sequential culture

To investigate the morphology of cancer cells in the tissue-engineered bone
microenvironment, we performed SEM imaging, FESEM imaging and confocal microscopy of
actin stained cells in the scaffolds. We have introduced a unique and novel cell culture technique
that we termed as ‘sequential culture’ [19]. When MDA PCa 2b prostate cancer cells are
sequentially cultured with human mesenchymal stem cells (MSCs), they form multicellular
organized microtissues (Figure 5.3A/B). These microtissues with hypoxic core regions are
termed as ‘tumoroids.” These tumoroids have tight cellular junctions and distinguishable cellular
boundaries (Figure 5.3A/B). In the sequential culture of PC-3 cells with MSCs results
aggregation of PC-3 cells. These aggregates of cells are disorganized and exhibit rough surface.
There are strong cell-cell adhesion in the tumoroids formed by MDA PCa 2b cells. When PC-3
cells are sequentially cultured with human MSCs, they come together and establish a cell-cell
adhesion, but their cell junctions are loose. Immunostained confocal microscopy images of MDA
PCa 2b and PC-3 cells in the sequential culture also demonstrated the similar behavior of cancer
cells. MDA PCa 2b forms tumoroid with tight cellular junctions but PC-3 cells form cell
aggregates with loose cellular junctions.
5.3.4. Mineralized bone nodule formation is enhanced in the PC-3 metastatic site

When MSCs are differentiated to osteoblasts, it can be induced to produce extracellular
calcium deposition in vitro. The process is known as mineralization. Osteoblast secret calcium
and phosphate ions into the ground substance until it becomes saturated at which point the
minerals begin to precipitate into hydroxyapatite crystals. Calcium deposits are an indication of

in vitro bone formation and can be stained bright orange-red using Alizarin Red S. Alizarin red S
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Figure 5.4. Effect on mineralization. A. Alizarin red S stained bone cells (differentiated from
MSCs), PCa SC (sequential culture of MDA PCa 2b cells with MSCs), and PC-3 SC
(sequential culture of PC-3 cells with MSCs) samples. Bar = 100 um. B. Calculated

percentage of area stained in alizarin red S assay. Results are shown as mean + standard
deviation. Statistical significance is shown by ***p < 0.001, **p < 0.005, *p < 0.05, n=3.).

reacts with calcium cation to form a chelate. To assess the effect of metastasized prostate cancer
cells on mineralization, we performed Alizarin Red S assay. Bone cells, the PC-3 SC and the
PCa SC samples were stained, and the results are demonstrated in figure 5.4A. Positive alizarin
red staining was observed for all the samples indicating mineralized nodule formation. The
percentage area covered by the nodules on each sample (n=3) were calculated using ImageJ, and
the result is presented in figure 5.4B. On day 23+5, no significant difference was observed
between bone cells and the PC-3 SC. But mineralization in PC-3 SC is rapidly increased on day
23+10 compared to bone cells and PCa SC. On day 23+10, A branched pattern of mineralization
was observed in the bone cells which is not observed in case of PC-3 SC or PCa SC. On both
days, PCa SC showed a significantly lower level of mineralization as opposed to bone cells and
PC-3 SC but there is no significant difference in mineralized nodule formation at the interval of

five days. In case of bone cells, mineralization is slightly increased from day 23+5 to day 23+10.
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The Alizarin Red S assay data evidently indicates that metastasized PC-3 cells enhance the
mineralized bone nodule formation. This data also suggests that calcium deposition by osteoblast
cells is either decreased or stopped in the presence of MDA PCa 2b cells at the metastatic site.
5.3.5. Excessive collagen synthesis in the PC-3 metastatic site

Collagen type | is the most abundant protein in the bone extracellular matrix (ECM),
accounting for up to 95% of the organic matrix. To assess the effect of metastasized prostate
cancer cells on type | collagen synthesis, we performed FESEM imaging, gRT-PCR, and
immunocytochemical analysis. Figure 5.5A shows the bone cells, the PC-3 SC, and the PCa SC
samples were stained with Anti-Collagen I (red) and nuclei (blue). Positive staining for Anti-
Collagen | was observed on bone cells. On day 23+5, secreted collagen by bone cells are mostly
in the monomeric form, but the initiation of collagen monomer assembly was observed as
indicated by arrows (figure 5.5A). In the PC-3 SC at the same period, anti-collagen I antibody
staining is significantly higher (figure 5.5A), and the collagens are mostly structural indicating
faster collagen fibril synthesis in PC-3 SC. At day 23+5, the PCa SC also showed positive
collagen type I staining which is noticeably less intense as opposed to the bone cells and the PC-
3 SC (figure 5.5A). Collagen synthesis is increased, and monomers assembled to form a fibrillar
structure in the bone cells at the interval of 5 days on day 23+10 (figure 5.5A). These collagen
fibrils were much more abundant in the PC-3 SC samples on day 23+10 (figure 5.5A). On day
23+10, the PCa SC samples showed negative type | collagen staining (figure 5.5A).

Collagen gene expression was further evaluated using gRT-PCR experiment. Total
MRNA was extracted from the bone cells, the PC-3 SC and the PCa SC on day 23+10. Resulting
relative mMRNA level is plotted in figure 5.5B where the bone cells samples served as control.

Collagen expression is significantly upregulated in the PC-3 SC but downregulated in PCa SC
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Figure 5.5. Effect on mineralized collagen formation. A. Immunostained type I collagen

(red), and nuclei (blue) in the bone cells (differentiated from MSCs), PCa SC (sequential

culture of MDA PCa 2b cells with MSCs), and PC-3 SC (sequential culture of PC-3 cells

with MSCs) samples. B. Relative type | collagen gene expression level at day 23+10 in the
PC-3 SC and PCa SC, where bone cells (differentiated from MSCs) served as control
(relative expression=1). Results are shown as mean + standard deviation. Statistical
significance is shown by ***p < 0.001, n=3.). C. SEM images of extracellular spaces of Bone
cells, PCa SC and PC-3 SC. D. 67 nm banding patterns in the collagen fibril structure
observed in the healthy bone (adopted from Gu et al. with permission [39]). E. FESM
micrographs of mineralized type | collagen fibrils formed in the PC-3 SC.
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compared to the control. This qRT-PCR result coincides with our immunocytochemical
observation. From the SEM images (figure 5.5C) we can observe that the extracellular space of
bone cells, PC-3 SC and PCa SC samples are very different from each other.

Collagen fibrils synthesized in the PC-3 SC was further analyzed using field emission
scanning electron microscopy (FESEM), and the micrographs are shown in figure 5.5E. Collagen
Fibrils are a couple of microns long (figure 5.5D) and ~100 nm in diameter. The 67 nm banding
patterns, which is a unique property of collagen fibrils, was also observed. Figures shows
collagen fibrils are in the process of making collagen fibers by parallel self-assembly. FESEM
micrographs also coincide with our immunocytochemical observations.

5.3.6. Osteocalcin is upregulated in PC-3 metastatic site

Osteocalcin (OCN) is the most abundant non-collagenous bone matrix protein and is
regarded as a marker of bone formation, but it seems to be involved in the process of
mineralization rather than matrix production. It is primarily deposited in the extracellular matrix
of bone. To investigate the effect of metastasized prostate cancer cells on the bone matrix, we
analyzed osteocalcin in protein and RNA level using ELISA and qRT-PCR experiment. Total
osteocalcin protein expression was evaluated for the bone cells at day 28, for the PC-3 SC and
the PCa SC at day 23+5 and 23+10; the result is shown in figure 5.6A. OCN protein expression
observed in bone cells sample was ~29 ng/ml at day 28. At the same day, OCN protein
expression was noticeably higher by ~5 ng/ml in the PC-3 SC samples. The peak of the OCN
protein expression was observed in PC-3 SC samples at day 23+10 (~45 ng/ml). At the interval
of 5 days, OCN protein expression was increased by ~10 ng/ml in the PC-3 SC. OCN protein
expression in the PCa SC was significantly lower as opposed to the bone cells and the PC-3 SC.

There was no significant difference was observed in OCN protein expression of the PCa SC
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Figure 5.6. Osteocalcin (OCN) expression. A. OCN protein secretion in bone cells, PC-3 SC,
and PCa SC measured by ELISA. Results are shown as mean * standard deviation. Statistical
significance is shown by ***p < 0.001, **p < 0.005, *p < 0.05, n=3.). B. Relative OCN gene
expression level at day 23+10 in the PC-3 SC and PCa SC, where bone cells (differentiated
from MSCs) served as control (relative expression=1). Results are shown as mean + standard
deviation. Statistical significance is shown by ***p < 0.001, n=3.).

samples at day 23+5 and 23+10. Gene expression of osteocalcin (OCN) in the PC-3 SC and the
PCa SC was evaluated at day 23+10, and the result is demonstrated in figure 5.6B where the
bone cells sample served as control. OCN gene expression is significantly upregulated in the PC-
3 SC as compared to control. OCN gene expression was downregulated in the PCa SC as
opposed to the control. This significantly increased gene expression of osteocalcin in the PC-3
SC coincided with the protein expression of osteocalcin. The increased osteocalcin expression
was probably due to the increased expression of collagen type 1 at both the gene and
extracellular matrix levels. It has been reported that increased collagen type 1 expression leads to

upregulate downstream osteocalcin expression [32]. It is evidently obvious that osteocalcin
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Figure 5.7. MMP-9 expression. A. MMP-9 protein secretion in bone cells, PC-3 SC, and PCa
SC measured by ELISA. Results are shown as mean + standard deviation. Statistical
significance is shown by ***p < 0.001, **p < 0.005, *p < 0.05, n=3.). B. Relative MMP-9
gene expression level at day 23+10 in the PC-3 SC and PCa SC, where bone cells
(differentiated from MSCs) served as control (relative expression=1). Results are shown as
mean + standard deviation. Statistical significance is shown by **p < 0.005, n=3.).

mediated extracellular mineralization of bone matrix is increased in the presence of PC-3 cells.
On the other hand, the presence of MDA PCa 2b cells has a negative effect on osteocalcin
mediated extracellular mineralization of bone matrix.
5.3.7. An elevated level of ECM degradation at the PCa metastatic site

One of the dominant group of enzymes responsible for collagen and other extracellular
matrix protein degradation is matrix metalloproteinases (MMPs). MMP-9, which is one of the
most widely investigated MMPs, is directly associated with ECM protein degradation. MMP-9

proteolytically processes several extracellular matrix proteins such as collagen, fibronectin, and
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laminin. To investigate how metastasized prostate cancer cells, play a role in extracellular matrix
degradation, we evaluated the expression of MMP-9 using ELISA and gRT-PCR experiment,
and the result is plotted in figure 5.7. The total amount of MMP-9 excreted by the bone cells at
day 28 is 868 pg/ml. Metastasized PC-3 cells significantly inhibit the secretion of the MMP-9
protein. MMP-9 secretion in PC-3 SC is significantly lower as opposed to the bone cells and the
PCa SC. On day 23+5, MMP-9 secreted in PC-3 SC was ~206 pg/ml (figure 5.7A). MMP-9
secretion in PC-3 SC has further decreased at the interval of 5 days at day 23+10, and the
difference is statistically significant. MMP-9 secretion is significantly enhanced at the PCa
metastatic site as we can see the peak of MMP-9 secretion is observed in the PCa SC. On day
23+5, MMP-9 secreted in PCa SC was ~1800 pg/ml as shown in figure 5.7A. MMP-9 secretion
in PCa SC was further increased at the interval of 5 days at say 23+10 which is almost 2.5-fold
higher than the secretion by the bone cells.

The MMP-9 gene expression analysis for PC-3 SC and PCa SC is shown in the figure
5.7B. Although the expression in PC-3 SC and PCa SC are statistically significant, there is no

fold-change as opposed to the control.

5.4. Discussion

The interaction between prostate cancer and bone microenvironment has been the focus
of interest for years due to the characteristic preference of prostate cancer cells to metastasize to
bone. One of the significant injunctions of investigating the osteotropic nature of prostate cancer
cells has been the lack of an appropriate in vitro model that mimics closely the in vivo live bone
microenvironment in response to bone-cancer interaction under specific conditions. In recent

years, with the rising acceptance of 3D in vitro models as tools for investigating the molecular

155



mechanism of cancer metastasis, a significant number of novel and innovative 3D models have
been reported in an attempt to recapitulate the native tumor microenvironment [33]. Many of
these models have been key to manifest the gravity of 3D tumor architecture in the mechanistic
understanding of bone-prostate cancer interaction [34, 35]. However, to the best of our
knowledge, none of these models used the 3D sequential culture of MSCs to generate human
bone tissue initially to seed prostate cancer cells. Our 3D sequential culture model consists of
prostate cancer cells cultured within an engineered bone tissue formed by differentiated MSCs.
By using human MSCs instead of osteoblast and sequential culture instead of coculture, we have
improved the biomimetic nature of the 3D in vitro model with respect to the native human bone
microenvironment.

Two different cell lines have been used to evaluate the effect of metastasized prostate
cancer cells on the bone microenvironment. From the 3D sequential culture model, apparent cell-
cella and cell-matrix interactions were observed for both of the cell lines. Figure 5.2 shows the
proliferation of prostate cancer cells in the sequential culture and migration towards the tissue-
engineered bone suggesting affinity of the prostate cancer cells for bone matrix and integration
within this microenvironment. Our migration study also is in agreement with the literature since
PC-3 has been reported as highly metastatic in nature while MDA PCa 2b has been identified as
less metastatic [36].

Bone cells can be induced to produce vast extracellular calcium deposits in vitro. This
process is known as bone mineralization. Calcium deposits are an indication of successful in
vitro bone formation. In this study, calcium deposition by bone cells is stained with bright
orange-red using Alizarin Red S (figure 5.4). This data suggest that mineralization is enhanced in

the presence of PC-3 cells whereas, MDA PCa 2b cells inhibited bone mineralization in the 3D
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tissue-engineered bone model. More importantly, mineralization or osteogenic differentiation of
MSCs occurred in the absence of common osteogenic agents dexamethasone and f3-
glycerophosphate, demonstrating the remarkable osteoinductive ability of the hydroxyapatite-
polymer-nanoclay based 3D scaffolds that we have developed in our previous studies [18, 37].
Osteogenic differentiation of MSCs on 3D scaffolds in the absence of osteogenic supplements
has been reported in prior studies [37, 38]. This is highly important with regard to developing
materials for in vitro bone-tumor model. However, increased mineralization is indicative of
osteoblastic osteotropism and inhibited mineralization points to osteolytic osteotropism of
prostate cancer cells.

Type I collagen accounts for about 95 % of the organic matrix proteins in bone. A
hallmark of osteoblast differentiation is the formation of type I collagen. At day 23+5 collagen
molecules are mostly inside intracellular space (procollagen) in bone cells and PCa SC as shown
by type I collagen staining (Figure 5.5A). At day 23+5 in PC-3 SC some extracellular type I
collagen has been observed. At extracellular space type I collagen molecules pack together side-
by-side, forming fibrils with a diameter of roughly 100 nm. The saturated calcium and phosphate
ions secreted by osteoblasts precipitate into hydroxyapatite crystals which are cemented to this
collagen fibril. In collagen fibrils, adjacent collagen molecules are displaced from one another by
67 nm, about one-quarter of their length, produces a characteristic pattern of bands of length 67
nm. This characteristic 67 nm banding patterns of the mineralized collagen fibrils was observed
in healthy bone in our previous study (figure 5.5D) [39]. Similar collagen fibrils with a diameter
of roughly 100 nm was observed in the PC-3 SC (figure 5.5E). These fibril are several
micrometers long and are packed side-by-side in parallel bundles. However, the banding patterns

of the collagen fibrils that formed in the presence of PC-3 cells were not exactly 67 nm as shown
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by the red arrows (figure 5.5E). This indicates the possibility of changed collagen structure that
forms in the presence of metastasized prostate cancer cells. Extracellular space of the bone cells,
the PCa SC and the PC-3 SC was quite different from each other (figure 5.5C). Collagen fibers
can be observed in PC-3 SC and bone cells at day 23+10 but not in PCa SC (figure 5.5A). Our
micrographs observation of type I collagen also coincides with the gRT-PCR expression of type |
collagen which shows significant upregulation in the PC-3 SC as compared to PCa SC and where
bone cells served as control (figure 5.5B).

Osteocalcin (OCN) is an essential non-collagenous protein which binds extracellular
calcium to bone matrix. It is considered as a late marker for osteoblast differentiation. OCN
protein expression was found in all types of samples. Figure 5.6A suggests that the presence of
PC-3 cells enhances OCN expression whereas the presence of PCa cells inhibited OCN
expression. It has been reported that the increased collagen expression leads to increased
downstream expression of OCN [40]. This significantly increased protein expression of OCN in
PC-3 SC as compared to PCa SC coincided with the gene expression of OCN within 10 days in
sequential culture (figure 5.6B).

Matrix metalloproteinases (MMPs) are key enzymes in matrix degradation. They can
digest all the matrix macromolecules synergistically. MMP-9 is one of the most extensively
investigated MMPs and directly associated with ECM protein degradation. It has been reported
that MMP-9 is able to cleave collagens I in their native form and in a manner that is
characteristic of the unique collagenolytic activity of MMP collagenases [41]. In the current
study, MMP-9 protein expression (Figure 5.7A) coincides with the type | collagen expression
that is shown in figure 5.5. We can conclude that higher expression of MMP-9 inhibited type |

collagen synthesis in PCa SC or enhanced type | collagen synthesis is facilitated by inhibited
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MMP-9 expression in PC-3 SC. However, MMP-9 gene expression does not coincide with the
protein expression level (figure 5.7A and B). A poor correlation between mRNA and its
associated protein level has been reported before [42]. Interpreting protein expression levels
based on gene expression level could be misleading. Changes in gene expression levels and
protein levels may not correlate well mainly because of the regulation control at different levels,
i. e. RNA processing, RNA stability, transcription, translation, protein stability, protein
modification, proteolytic cleavage.

All the experimental results in this study indicate osteoblastic bone formation by PC-3
cells and osteolytic bone resorption by MDA PCa 2b whereas, PC-3 is predominantly identified
as osteolytic and MDA PCa 2b as osteoblastic in nature [36, 43-45]. However, Curtin et al.
demonstrated the osteoblastic characteristic of PC-3 cells in a 3D cancer-bone model using ex
vivo coculture of live calvarial bones and cancer cells [4]. Salamanna et al. demonstrated a
mixed (osteoblastic and osteolytic) characteristic of PC-3 cells in an in vitro 3D bone model by
using human bone tissue culture [46]. Hall et al. reported the induction of osteoblastic activity by
the PC-3 cell by inhibiting DKK-1 [47]. Knerr et al. demonstrated an increase of bone-related
genes, type | collagen, osteonectin, osteopontin, and ALP in the coculture of PC-3 with human
osteoblast. Hesami et al. reported osteolytic nature of PC-3 cells in a humanized tissue
engineered in vivo model where PC-3 cell undergo epithelial to mesenchymal transition (EMT)
in the bone microenvironment [43]. Whereas, in real bone microenvironment prostate cancer
cells undergo MET which is a reverse process of EMT. In a different study we have shown that
PC-3 cells undergo MET in our tissue-engineered bone model indicating the more biomimetic
nature of our 3D in vitro model with respect to the native human bone microenvironment [48].

The protein expression, gene expression and immunocytochemistry results of this study
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evidently indicate osteolytic bone resorption by MDA PCa 2b cells. To the best of our
knowledge, this is the first-time osteolytic bone resorption phenomenon has been observed with
the MDA PCa 2b cancer cell line either in vivo and in vitro studies. However, Fizazi et al.
reported a mixed osteoblastic and osteolytic activity of MDA PCa 2b cells [36]. They found that
when MDA PCa 2b cocultured with osteoblasts, OPG expression was inhibited and RANKL
expression was enhanced. In light of our observation in this study, we conclude that whether or
not one observes osteolytic or osteoblastic bone metastasis depends not only on the cancer type/
tissue origin but also influenced significantly by the bone microenvironment the cells are grown

in.

5.5. Conclusion

In this study, we have investigated the effect of metastasized prostate cancer cells on
bone mineralization and extracellular matrix (ECM) formation using an in vitro 3D tumor model.
Two different prostate cancer cell lines, highly metastatic PC-3 and a non-metastatic
MDAPCa2b (PCa) were used to explore various outcomes. Our experimental results indicate that
PCa is less prolific, less metastatic, and forms multicellular tumoroids in the bone
microenvironment. Whereas, PC-3 is more prolific, highly metastatic, and do not form
multicellular tumoroids in the bone microenvironment. The metastasized prostate cancer cells
exhibit significant effect on bone mineralization and ECM formation. From the Alizarin Red S
staining and collagen type | expression analysis, we observed excessive bone formation in the
presence of PC-3 and significant osteolysis in the presence of PCa. This observation is further
confirmed by the osteocalcin and MMP-9 expression analysis using ELISA and gRT-PCR.

FESEM images revealed that the structure of collagen that formed in the presence of PC-3 is
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different than the healthy bone. All the experimental results indicate that both osteolytic and
osteoblastic bone lesion can be recapitulated in our tumor model. Our in vitro tumor model does
not entirely recapitulate the bone tumor microenvironment found in a patient with metastatic
disease, but with the inclusion of human MSCs and sequential culture technique, it certainly
provides an improved reproducible and controllable system which is a useful tool to elucidate the
osteotropism of prostate cancer cells. The model may be extended by including more human
components, such as human hematopoietic stem cells, to provide osteoclast and immune cells in
the bone microenvironment. This model provides an intriguing opportunity to dissect the role of
genes, proteins, and other factors in the bone microenvironment subsequent to the arrival of
prostate cancer cells with a significant contribution to the understanding of the molecular,
cellular and mechanical mechanism [49]. The model can be used to investigate the various aspect
of prostate cancer-bone interaction at a cellular, molecular and genetic level as well as to test

various cancer therapeutics[50, 51].
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Table 5.1. The primer sequence used for the gRT-PCR experiment.
Gene Forward Primer Reverse Primer

GAPDH 5-CATCTTCTTTTGCGTCGCCA-3" | 5'-TTAAAAGCAGCCCTGGTG

ACC-3’
COL1A1 5'-CATCGGTGGTACTAAC-3’ 5'-CTGGATCATATTGCACA-3’
OCN 5-GAGCTGCCCTGCACTGGGTG-3" | 5-TGGCCCCAGACCTCTTCCCG-
3!

MMP-9 5'-GGGACGCAGACATCGTCATC- | 5'-TCGTCATCGTCGAAATGGGC-
3’ 3’

RUNX-2 5-CCGCCTCAGTGATTTAGGGC-3" | 5'-GGGTCTGTAATCTGACTCTG
TCC-3'
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CHAPTER 6. BIOMECHANICS OF CELLS AS POTENTIAL BIOMARKERS FOR
DISEASE: ANEW TOOL IN MECHANOBIOLOGY?®
This chapter describes biomechanics of cells as potential biomarkers for disease
progression and principle of nanoindentation. The content of this chapter has been published in
D.R. Katti, K.S. Katti, S. Molla, S. Kar, Biomechanics of Cells as Potential Biomarkers for
Diseases: A New Tool in Mechanobiology, in: R. Narayan (Ed.), Encyclopedia of Biomedical

Engineering, Elsevier, Oxford, 2019, pp. 1-21.

6.1. Introduction

The connection between human disease and biophysics of cells has become a subject of
intense scientific research interest for few decades. Cellular nanomechanics is strongly connected
to the molecular and physiological changes introduced by the progression of certain disease and
invasion by various external organisms such as a virus, bacteria or other parasites [1-4]. Cellular
pathology and pathophysiology are heavily influenced by these changes in elastic and
viscoelastic properties of cells [3-5]. In the past two decades, advancement in the field of tissue
engineering and bioengineering has enabled us to investigate the real-time biomechanical
changes during the progression of certain diseases. The nanomechanical properties of living cells
such as elastic modulus or stiffness can either increase or decrease in a pathogenic progression
depending on the biomolecular and biochemical restructure [6].

Several studies showed that the stiffness of the substrate in the in vitro studies hugely

affects the growth and differentiation of cells. For instance, Lu et al. showed that when cortical

SThis chapter was co-authored by D.R. Katti, K.S. Katti, MD. S. Molla, S. Kar. MD. S. Molla
and S. Kar had primary responsibility for drafting this chapter. Kalpana Katti and Dinesh Katti
directed the orientation and revised this chapter.
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brain cells are cultured in a softer substrate (0.15-0.30 kPa), neurons grow selectively. On the
other hand, when same cells were cultured in a stiffer substrate (2 kPa), the neurons attach to
glial cells, and astrocytes proliferate [13, 14]. The elastic modulus of some of the tissues such as
liver, lung, breast, kidney has been reported in the range of 0.2 to 4.0 kPa [15]. The variance in
elastic modulus of cells within same tissue has been reported to be within a 10-15% range, and
under normal physiological conditions, this controlled mechanical property of cells helps them to
maintain homeostatic cell-cycle progression [10]. Changes in elastic properties greater than 12
kPa leads to abnormal cell cycle progression which may cause irregular cell growth and
differentiation [16-19]. It has been reported that live breast, liver and pancreatic cancer cells
obtained from a body fluid of patients possess very different nanomechanical properties than
their normal counterparts although cancerous and normal cells exhibit similar morphologies [20].
Baker et al. (2009) demonstrated that cancerous breast cancer cells are stiffer (4 kPa) than the
normal breast tissue (0.2 kPa) [15, 21]. It has been reported that dense and stiffer breast tissue is
more likely to develop cancer. In vitro studies suggested that stiffer substrate increases the
invasive nature of cancer cells by increasing ERK and Rho activity of breast cancer cells [22].
Further, normal cells (Hu609 and HCV29) have higher Young’s modulus than their cancerous
counterpart (Hu456, T24, BC3726) [23]. Nanomechanical properties of cells also play a
significant role in various cardiac diseases [9, 24]. It has been reported that in some cardiac-
related diseases, heart ventricle is stiffer than the normal which causes heart failure. It was
demonstrated that the muscle tissues of these hearts are stiffer than the regular heart muscle cells
[9]. Arterial stiffness is another risk factor for cardiac diseases such as stroke and heart failure
[25, 26]. Arterial Stiffness is usually developed by numerous factors such as aging, genetic

factors, blood pressure, etc. [27, 28]. High aortic stiffness leads to irregular mechanical
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properties of the arterial system, impaired cardiac performance, and difficulty in supplying blood
to the heart and cardiac hypertrophy. Cell mechanics is also associated with liver diseases [11].
The elastic modulus of healthy liver cells (0.4-0.6 kPa) could increase to as much 15 kPa
following an injury [10]. Different liver cells (stellate cells, hepatocytes, portal fibroblasts)
develop changes in differentiation and proliferative characteristics when subjected to the stiffer
matrix [29]. It has been reported that renal diseases also associated with reduced stiffness renal
glomerular podocyte cells. The glomerular podocytes from a mouse model of HIV-associated
nephropathy are significantly softer than normal podocytes [30].

It has been demonstrated that the mechanics of cells paly critical role in cellular growth
and disease progression such as cancer, cardiovascular diseases, liver diseases, renal glomerular
diseases etc. [7-12].

In this chapter, we will overview two advanced techniques, namely AFM and
nanoindentation, as relevant methodologies for evaluation of mechanical properties of cells that
will possibly play an important role in medical diagnostics as well as contribute towards

understanding mechanisms of disease progression.

6.2. Theory of nanoindentation

Nanoindentation is a sophisticated technique which involves the application of a
controlled load to penetrate an indenter into the surface of a specimen and uses recorded load-
displacement curve to measure the hardness, elastic modulus, and, some other mechanical
properties of the specimen. It is considered as a nondestructive technique as it imprints the
sample at very shallow depths. Besides the elastic modulus, other mechanical properties such as

fracture toughness, yield strength, hardening index, and residual stress, etc. can be measured
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using nanoindentation technique. It is essential to understand the basic principle of
nanoindentation for an accurate interpretation of the experimental data. There are several review
papers and book chapters on the basic principle of nanoindentation [31-35].

At the later part of the 19" century, Hertz developed elastic equations of contact for
contacting spherical surfaces [36]. To relate contact radius a, to the combined radius R, where

R>>a, Hertz equation is:

(1)

Where, P is the applied force and E* is the elastic modulus. Love in 1939 [37] formulated an
equation to relate the force P, implemented by the indenter and the resulting penetration depth or
displacement h, as follows:

2E* tana

P, = icosh_l(é)andP = -

h? 2
oz )
Where, a denotes the semi-angle of the conical indenter and the combined elastic modulus E*,
defined regarding Young Modulus E, and the Poisson ratio v as follows:

E

1—v

E* = — ®)

Sneddon who employed the integral transformation method to derive the same formula
as (2) concluded the slope of a load-displacement curve for a linearly isotropic half space
indented by an axisymmetric of arbitrary profile as follows [38]:

dp 4E*tan a

L= - h (4)

Where penetration depth h is related to contact depth h¢ as follows:

h = ghc 5)
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The relationship between h and he, the height of the part of the indenter which is in
contact with elastic half-space is illustrated in figure 6.1.

Now for a conical indenter of half-apical angle a, the contact area is given by
4
A = ma? = mh?tan?a = — h?tan®a (6)

Now if we introduce equation (6) into equation (2) and (4),

P E* cota
A~ 2 ()
loaded
Unloaded \\
N 2
hp 3
Y ~ h
a h.
h,
| h=mn/2 h,

Figure 6.1. Schematic of the nanoindentation of an elastoplastic solid by a conical cone at full
load and unload.

dpP

== 2E*VA/n ®)
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Although the tangent stiffness regarding projected contact area in equation (8) is derived
for a conical indenter, it is also applicable for all asymmetric indenters such as cylindrical
punches and spherical indenters [39, 40].

But in the case of the circular flat punch of radius a [41], the relation between applied
load P, and depth of penetration h, is as follows:

2y —0.5

Po=>—(1-5) adP=2aEh ©)

2ma? a2

Where, A = ma?. Now if we consider a rigid spherical indenter of radius R that is pressed into a
linearly elastic specimen, then Hertz formula can be expressed [35]:
0.5
3P r? 4
P, = (1 — —) and P = EE*\/Rh3 (10)

2ma? a2

Now if a is expressed as the radius circular contact surface then a2 = Rh and equation (10)
certainly satisfies equation (8).

Using equation (2) and (4), reduced modulus of a linearly isotropic solid could be easily
determined theoretically. But in practice, it is very complex to determine elastic modulus using
this simple equation from a load-displacement curve.

The indenter with the three-sided geometry, known as Berkovich indenter, is the most
popular to perform nanoindentation experiments. For a Berkovich indenter the contact area is

calculated as follows:
A = 3v/3h? tan? 0 (11)

Where, hc is the contact depth, and semi-angle for a Berkovich indenter is 65.27. So, from
equation (4), we can obtain the relationship between contact area A and contact depth h. for a

Berkovich indenter as follows:
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A = 24.5h? (12)

In most nanoindentation experiments, the indenter is in contact with a semi-infinite half
space which makes R as the radius of the indenter alone but E* as the elastic modulus of the
combined contacting bodies. Usually, the indenter is made of diamonds which is strongly
resistant to the deformation, and so for most materials, E* is dominated by the elastic properties

of the specimen. This relationship is described as followes:

1 (1_“'?ip ) (1_nu§ample)

Ev Etip

(13)

Esample

Now the experimental P-h curve is quite different than the parabolic P-h curve that is
predicted equation (10). Figure 6.2 shows the schematic diagram of a P-h curve for an
elastoplastic specimen indented by a conical indenter. Here, maximum penetration (hmax) by the

indenter is the combination of elastic penetration (he) and plastic penetration (hp) or hmax =he + hp.

Loading

Load, P

Unloading

v

Displacement, h

Figure 6.2. Schematic of a load—displacement curve corresponding to the nanoindentation.
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Now, above equations have some limitations to analyze a P-h curve obtained by a
nanoindentation experiments as these equations do not consider several factors such as the tip
has a finite radius, and indenter leaves a residual imprint on the specimen due to plastic

deformations. So, Equation (16) could be modified as follows:

dp . [a
ah |hpmax = 2BE \/; (14)

Where (3 is a dimensionless constant which accounts for the factors in a nanoindentation
experiments which are ignored in the above equations and the value of which, is a debatable
issue. Considering the factors of a nanoindentation experiments, Oliver and Pharr (1992)

proposed an equation which is widely used in nanoindentation experiments [42]:
. dp
he = hpax — BEPmax/d_h |hmax (15)

Where the aforementioned correction factor, & = 0.72 for a conical indenter. Though the Oliver-

Pharr method is quite popular in nanoindentation experiments, it has its own limitations.

6.3. Modes of nanoindentation
6.3.1. Dynamic nanoindentation

Dynamic Nanoindentation is a mode of nanoindentation to determine the viscoelastic
properties [43, 44]. It involves applying an oscillatory force to the indenter during static
indentation. It involves applying an oscillatory force to the indenter during static indentation.
Dynamic properties can be determined by monitoring phase lag between applied displacement
and measured force. The dynamic nanoindentation technique was reported by Loubet et al. for
the very first time, who used this technique to determine the storage and loss modulus of the

rubber polyisoprene [44].
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6.3.2. Modulus mapping

Modulus mapping is another technique to investigate the loss modulus and storage
modulus characteristics of materials by using the aspect of nanoDMA and in situ SPM. In this
technique, the indenter tip oscillates with a small force to monitor the phase lag due to material
response as a result of displacement. The advantage of this technique is in-situ SPM imaging
enables the indenter tip to scan across the specimen to obtain a topographic image of the sample
surface. This way modulus mapping allows performing dynamic indentation at each point of the
surface. In this technique, a large number of indentation can be carried out within a very short
period to obtain overall material characteristics like loss and storage modulus, loss and storage
stiffness, tan delta maps, etc.
6.3.3. Load control

In this mode of operation, one can specify the force applied to the indenter as a function
of time, the displacement is achieved with that applied force and the resultant load-displacement
curve is used to determine the stiffness, elastic modulus, hardness and other mechanical
properties. In a load control test, the load is increased at a particular rate. In load-controlled
operation, force can be conveniently applied and removed. Load controlled nanoindentation
operation is preferred for conducting experiments at a very low rate as for a given period, applied
force can be kept constant. The force field condition can be represented more closely in this
mode of operation.
6.3.4. Displacement control

In this mode of operation, displacement is applied in a particular uniform rate. At any
moment of operation, displacement is known for a sample, so at that displacement magnitude of

the required force is needed to draw the load-displacement curve. The load-displacement curve
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can be easily analyzed that is obtained in this mode of operation as the curve beyond the
maximum load can be observed only in a displacement-controlled indentation. This mode of

operation is preferred when a given displacement needs to be achieved.

6.4. Examples of nanomechanical testing of cells

In this section, we are going to discuss some examples of measuring cellular
nanomechanics using nanoindentation technique. For the very first time, mechanical properties
of soft tissue using nanoindentation technique was measured by Ebenstein et al. in 2004 [45].
The purpose of the study was to develop a system to keep the sample hydrated, select an
appropriate indenter for soft tissue like material indentation, determine an appropriate control
material for the development of future indentation protocols and identify a substrate to be used
for blunt tip alignment. They developed a hydration system to keep the sample hydrated for more
than 8 hours without completely submerging the sample. To identify appropriate indenter for the
hydrated, soft tissue, they performed indentation with different types of the indenter. Three sided
sharp Berkovich indenter with an average radius of curvature of 100-200 nm and conosperical
diamond indenters with radius of 10, 50, 100 and 800 microns radius of curvature. They found
that conosperical tip with a 100-micron radius of curvature is most suitable for the indentation of
the vascular tissue sample and agarose gel is most effective for the tip alignment. The used
Oliver and Pharr method to calculate reduced elastic modulus and found that artery tissue has an
elastic modulus of ~0.73 MPa. In orthopedic research, cartilage repair is one of the main
challenges. To address this challenge Ebenstein et al. studied the mechanical properties of
cartilage repair tissue using nanoindentation experiments [46]. They reported that the mechanical

properties of cartilage inferior tissue are lesser than the control cartilage tissue. In another study,
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Ebenstein et al. used nanoindentation technique to study the mechanical properties of fibrous
tissue, blood clots, partially calcified fibrous tissue, and bulk calcifications from human
atherosclerotic plaque tissue [47]. The ultimate goal of that study was to investigate the
mechanical changes in plagues tissues during atherosclerotic disease progression as clinical
events such as stroke, and heart attack can be caused by the rupture of atherosclerotic plaques in
blood vessel walls. They demonstrated that the stiffness of the plaque tissue increases with the
increase of mineral content in the tissue.

In bone tissue engineering, the interaction between bone cells and engineered biomaterial
is an important area to explore. We studied the nanomechanical properties of bone cells and bone
cell-substrate construct using nanoindentation technique under physiological condition. Cells
were seeded on tissue culture treated polystyrene (TCPS) [48]. Once cells are attached, cell
seeded TCPS were placed in a fluid cell submerged under cell culture media and then
nanoindentation experiment carried out placing the sample on the temperature-controlled stage
of nanoindentation. In displacement control mode operation, cells demonstrated completely
elastic load-deformation response and cell elastic modulus was found 1.3 to 12.4 MPa using
Oliver and Pharr method. In another study, Khanna et al reported a novel in situ nanoindentation
technique developed to evaluate the composite mechanical behavior of cell-biomaterial construct
under physiological conditions over the time scale of bone nodule generation [49]. The
schematic illustration of cell-substrate indentations on a single cell attached to Chi-PgA-HAP
film deposited onto TCPS substrate is shown in figure 6.3. Nanomechanical properties of cells
over the time of adhesion, proliferation, development and bone nodule formation were evaluated.
The study implied that unique interactions between cells and nanocomposite films provided a

favorable mechanical environment for the formation of bone nodules.
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Table 6.1. Summary of the nanoindentation based nanomechanical experiments carried out to

evaluate elastic modulus for different cells and tissues.

Cell/ Tissue Indenter Method Elastic modulus | Reference

Mineralized matrix Berkovich Oliverand | 10-45 GPa [53]

formed on glass coverslips Pharr

by immortalized cell line

Y201 from human

mesenchymal stem cells

Calcospherulite crystals Berkovich Oliverand | 0.41+0.15GPa | [54]

produced by rat Pharr

osteoblasts

Cartilage repair tissue 100 pm Oliver and | Not reported [46]

conosperical | Pharr
Porcine aorta tissue 100 pm Oliverand | 0.7-0.8 MPa [45]
conosperical | Pharr

Human carotid bifurcation | 100 um Compliance | .05-43.4 MPa [47]

plaque tissue conosperical | method

Osteoblast Berkovich Oliverand | 1.1-12.0 MPa [49]
Pharr

Osteoblast Berkovich Oliverand | 1.3-12.4 MPa [48]
Pharr

Nodule formed by mouse | Berkovich Oliverand | 10 GPa [50]

osteoblastic MC3T3-E1 Pharr

cells

Embedded cross section of | 10 um Oliverand | 8-35 MPa [51]

aorta and vena conosperical | Pharr

Cava tissue

3T3 mouse embryonic Berkovich Reported as continuous [52]

fibroblast cells harmonic contact stiffness
(HCS)

Miyamoto et al. performed in situ quasi-static and dynamic nanoindentation tests on
calcified nodules formed by mouse osteoblasts to investigate the effects of glucocorticoid
hormones such as dexamethasone and hydrocortisone on the nanomechanical properties [50].
The proliferation or calcium deposition of the cells were not affected by dexamethasone, but

nodules formed in the presence of dexamethasone were significantly stiffer than the nodules
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Figure 6.3. Schematic showing cell-substrate indentations on a single cell attached to Chi-PgA-
HAP film deposited onto TCPS substrate and sectional view of an indenter.

Composite film

formed in the absence of dexamethasone. Their result suggested that hormones like
dexamethasone are essential for in vitro formation of mature calcified nodules by bone cells.

In an attempt to map the elastic properties of soft tissues, Akhtar et al. performed
nanoindentation experiments to investigate the micromechanical properties of 5-mm-thick
sections of ferret aorta and vena cava and to relate these mechanical properties to the histological
distribution of fluorescent elastic fibers [51]. They reported the elastic modulus of the blood
vessel tissues varies from 8 MPa to 35 MPa depending on a different layer of the tissue using
extended Oliver and Pharr method and 10 um conosperical indenter. They demonstrated that it is
possible to distinguish the differences in the micromechanical properties of blood vessels, which
are related to the tissue microstructure. Yang et al. performed continuous depth-sensing
nanomechanical characterization of living, fixed and dehydrated cells attached on a glass
substrate using a dynamic contact module [52]. The nanomechanical characteristics of the cells

were reported as the continuous harmonic contact stiffness (HSC). In this study, they tried to
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understand how the underlying substrate influences the interpretation of the nanomechanical

property of thin soft matter on a hard substrate.

6.5. Current challenges in nanoindentation of live cells

Challenges of nanoindentation experiments on biological soft samples include problem
associated with instrumentation, optimization of indenter geometry and load-displacement range,
an appropriate model for analyzing experimental data, maintaining hydration state of the
biological samples, etc. Commercially available instruments are usually designed for time
independent materials, but the mechanical response of biological materials such as cells is mostly
time-dependent. Due to the low elastic modulii of several biological samploes such as cells the
evaluation of force displacement curves on soft samples is challenging. Indentation tip force is
directly related to the tip geometry and material properties of the specimen. If a sharp indenter is
used for indentation on soft tissues, the contact area and the corresponding force is very small for
a shallow indentation. It makes it very complicated to determine when the indenter touches the
sample which leads to a zero-point error [55]. Another nanoindentation instrumentation
challenge for biological materials like cells or tissue is maintaining hydration state at the
physiological condition. For this purpose, the Katti’s research group has used cell culture media
in a fluid cell on the temperature controlled stage, but it is a still a challenge to maintain
physiological pH, as no CO2 was supplied to the cell culture media [48, 49]. Using fluid to
hydrate the sample and temperature-controlled stage might introduce further experimental
complexities which have not been sufficiently addressed in the literature. Most popular indenter
for nanoindentation experiments is three sided Berkovich tip. The Berkovich indenter has been

used for soft tissues and glossy polymers [56-59]. Sharp indenters such as Berkovich can
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introduce plastic deformation and stress concentration as well as damage the specimen. In an
attempt to minimize this problem, blunt tips such as spherical, conosperical and cylindrical
punch have been used [46, 47, 59-62]. The disadvantage of using flat tips is that it has a high-
stress concentration at the contact perimeter. In addition to the indenter geometry, the size of the
indenter needs to be considered as well. Indenters with small radius can provide nanomechanical
properties of a single cell meanwhile indenter with a larger diameter will provide information on
nanomechanical characteristics of the whole tissue including extracellular matrix.

Most of the commercially available nanoindentation instruments are designed with
software to analyze experimental data using Oliver and Pharr method [42]. This approach works
extremely well for the specimen with a time-independent mechanical response. But this method
introduces significant errors to calculate elastic modulus for samples with a viscoelastic time-
dependent response like soft tissues as the assumption of elastic unloading is invalidated by the
continuing time-dependent deformation [63, 64]. Creep or sinking of tip under constant force
into the specimen is the most common effect of viscoelasticity. For viscoelastic specimen, a
‘nose’ is observed on the unloading curve when there is no hold time which results in a negative
slope at the beginning of the unloading curve and makes it very difficult to measure the elastic
modulus [65]. Some correction has been proposed to minimize the creep effect in calculating
elastic modulus of the viscoelastic materials [66-68]. Other than this, some other models have
been developed to analyze the nanoindentation experimental data obtained from soft tissue like
viscoelastic materials [56, 63, 69, 70].

Another problem associated with indenting soft tissue samples is the adhesion between
the indenter and the sample [71, 72]. It has been reported that modulus calculation is

significantly affected due to adhesion between the tip and the soft tissues [71, 72]. JKR [73]
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model has been reported to be more accurate to minimize the contact effect between the soft
samples and the indenters while measuring elastic modulus [71, 72, 74]. More complicated
approaches have also been reported combining JKR model and viscoelastic analysis [74-76].
Overall, as instrumentation capabilities improve, including improved and reliable
feedback mechanisms, the capability to conduct AFM force curve experiments and
nanoindentation is likely to become routine and thus present itself as a new and novel
mechanistic approach to understanding disease progression as well as diagnostics. Next
generation medical treatments and research will see a large increase in evaluation of mechanics
using these techniques. The critical advances will arise from making implicit connections
between gene expression and other traditional biochemical assays evaluated for disease
diagnostics and mechanisms and mechanics of the cell during the time evolution of the disease

state.
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CHAPTER 7. MECHANOBIOLOGICAL EVALUATION OF PROGRESSION OF
PROSTATE CANCER METASTASIS TO BONE IN AN IN VITRO PROSTATE
CANCER TEST BED®

This chapter presents the evaluation of nanomechanical properties prostate cancer cells
using nanoindentation experiment and establishing a correlation between changes in
nanomechanical properties and alteration in cytoskeletal orientation. The content of this chapter
is submitted for publication and is currently under review. The submitted article is coauthored by

MD. S. Molla; D. R. Katti; and K.S. Katti.

7.1. Introduction

Prostate cancer exhibits a propensity to metastasize to bone often leading to morbidity in
patients. Bone metastasis is characterized by complex biochemical, morphological,
pathophysiological, and genetic changes to cancer cells as they colonize at remote bone sites.
These changes can be captured in sum by changes to nanomechanical properties of cancer cells
during metastasis. In this study, we report changes to nanomechanical properties of prostate
cancer cells during mesenchymal to epithelial transition (MET) and during the progression of the
disease at the metastatic site. A nanoindenter has been used to assess the elastic modulus of
living cells. Bone-mimetic tissue engineered 3D nanoclay scaffolds have been used to create an
in vitro metastatic site for prostate cancer cells. Immunocytochemistry and gRT-PCR

experiments illustrate the correlation between cytoskeletal vicissitudes and nanomechanical

This chapter was co-authored by MD. S. Molla, Kalpana Katti, and Dinesh Katti. MD. S.
Molla had 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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changes of prostate cancer cells. We observed significant softening of prostate cancer cells
during MET and then further softening during the disease progression at the metastatic site. We
found a significant reduction in elastic modulus of prostate cancer cells during MET arising from
actin reorganization and depolymerization. This is the first study that reveals changes to
nanomechanical characteristics of prostate cancer cells with correlation to cytoskeletal changes
during MET and progression of the disease at the bone metastatic site.

The investigation of the relationship between mechanical properties of cells and tissues
and the state of disease condition has been a topic of immense scientific engagement in recent
years due to the advances in imaging techniques, and novel experimental capabilities [1-3]. In
recent years, considerable interest has grown to investigate the mechanisms relating the
nanomechanical properties of cells to a state of the disease since it has been shown that
abnormalities in the biophysical characteristics of cells are associated with disease pathogenesis
and progression [4-7]. In this aspect cancer is a paradigmatic case [8]. Stiffness of cells measured
using AFM has been established as a potential biomarker for the disease progression [9, 10]. Yet
studies of nanomechanical behavior of cancer cells at the secondary metastatic site are lacking.
Also not well understood is the association of nanomechanical changes during the metastatic
cascade with the structural changes inside cells. Many studies have demonstrated that
nanomechanical characteristics or deformability of individual cells play a significant role in cell
growth, motility, and cancer metastasis [4]. Several studies have shown that cancer cells possess
different nanomechanical properties, such as elastic modulus and stiffness, as compared to their
normal counterparts [11-15]. Biophysical studies have shown that the metastatic potential is
correlated with the stiffness of cancer cells [9, 13, 16, 17]. An AFM based study reported that

Young’s modulus of cancer cells is reduced during malignant progression [17] while another
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reported increase in Young’s modulus of cancer cells during invasion into collagen matrices
[18]. Considering all these observations, it appears that the nanomechanical properties of cancer
cells vary during different stages of the metastatic cascade depending on the biomolecular and
biochemical restructure. Unrevealing the changes in biophysical properties of cancer cells during
the disease progression could be very crucial in understanding the mechanism of metastasis and
ultimately lead to its prevention.

A wide variety of experimental techniques have been used to evaluate the mechanical
properties of cells at different scale level [19]. However, the design and development of
techniques to characterize the nanomechanical properties of live cells are still under active
investigation. Among these techniques, use of nanoindentation instruments involves the
application of a controlled load/displacement to penetrate an indenter into the surface of a cell
and use the recorded load-displacement curve to measure the stiffness, elastic modulus, and,
various other nanomechanical characteristics of the cells. A nanoindenter instrumented with
AFM apparatus allows better control of the indentation load and displacement [20]. A cell
consists of dynamically deformable rheology that is highly complex due to the heterogeneous
local structure. A nanoindenter with an in situ AFM allows to characterize the localized
microstructure of a cell and provide a fingerprint of the heterogeneous cellular structure.
Different theoretical models have been applied to describe the Young’s modulus of load-
displacement (L-D) curves obtained from cellular indentation [21]. In the last few years, many
advances have been made to raise the accuracy and flexibility in evaluating Young's modulus of
living cells [22]. In these studies, various L-D curve fitting models, indenter geometries,
displacements, substrate stiffnesses have been used [21, 23]. Despite using different

methodologies, significant amount of works revealed consistency in the difference of Young’s
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modulus between healthy and cancerous cells as healthy cells exhibit larger resistance to
deformation which results in a larger force [4, 12, 24, 25]. These studies motivated our current
research to investigate the changes to the elastic modulus of cells during cancer progression.

Cancer metastasis is a variegated process requiring dramatic remodeling of the cell
cytoskeleton, an interconnected network of filamentous polymers and regulatory proteins [26].
The nanomechanical properties of human cells are predominantly directed by their cytoskeleton
[27]. Recent works have shown that during cancer metastasis, physical forces act through the
cytoskeleton to affect local mechanical properties of cancer cells [28]. Two very significant
events occur during cancer metastasis, one is epithelial to mesenchymal transition (EMT) at the
primary tumor site when epithelial cancer cells gain mesenchymal phenotype to invade
surrounding tissues and another at the secondary metastatic tumor site when the reverse of EMT
process happens which is known as mesenchymal to epithelial transition (MET) [29]. The
metastatic cascade of prostate cancer cells is depicted in the schematic diagram of figure 1a.
Continuous remodeling and reorganizing of the cytoskeletal structure from thin cortical bundles
in epithelial cells to thick, parallel, contractile bundles in mesenchymal cells are accompanied by
progressive changes in cellular morphology during these two events [30]. However, how the
mechanical properties of cancer cells change and its cause-effect relationship with cytoskeletal
changes during these two events, remain unknown.

Prostate cancer is rarely life-threatening when localized and detected at primary site with
a 5-year survival rate of about 99%, but the prognosis deteriorates dramatically to about 29% for
a 5-year survival rate when detected under metastatic conditions [31, 32]. This alarming statistic
is often the result of metastasis of prostate cancer cells to bone. Currently, treatment for

preexisting bone metastatic prostate cancer is only palliative. Hence, translational models that

198



mimic skeletal metastasis of prostate cancer are very critical for investigation of the late stage of
the disease [33]. The time and expense of animal models and the fact that metastasis to bone is
preceded by death in most animal models as well as limited availability of human prostate cancer
samples necessitate the use of humanoid in vitro models. 3D in vitro tumor models recently
become enticing to a greater extent for investigating cancer metastasis [34, 35].

A biomimetic 3D in vitro tumor model designed and developed in our previous studies to
mimic the bone metastasis of prostate cancer cells [36-38], is used to obtain prostate cancer
tumor samples. Bone tissue engineering scaffolds using nanoclays are used to develop
remodeling bone structures [39-41] in vitro that are known to be the niche to which prostate
cancer cells migrate to. The polymer-clay nanocomposite was designed using a simulation
guided methodology called “altered phase theory’[42] that elucidates how properties of clay
nanocomposites can be tailored with use of appropriate clay modifications. Vesicular delivery of
calcium minerals to the extracellular matrix, widely regarded as the mechanism of
biomineralization in skeletal tissues [43, 44], was observed to occur on the tissue-engineered
bone [45] indicating that the in vitro bone mimics the biological mineralization processes. In
addition this tissue-engineered bone exhibits the lower Ca\P stoichiometry of mineral
characteristic of remodeling bone[45] the niche to which prostate cancer cells are known to
migrate to. Further, the sequential culture of prostate cancer cells on the tissue-engineered bone
led to the development of large tumoroids of prostate cancer which were observed to be in the
MET stage of metastasis on analysis of gene expressions characteristic of MET [36, 38]. In this
study, we sought to probe the nanomechanical changes of prostate cancer cells and tumoroids
during the progression of the disease at the metastatic site. An in situ displacement-controlled

nanoindentation technique (using Hysitron Triboscope) was used to perform nanomechanical
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characterization of living cells. A sample stage with culture media and temperature control for
indenting live cells was developed earlier [46, 47]. The L-D curves were analyzed to measure
elastic modulus, the maximum force required for a specific displacement and the residual
indentation depth at different stages of the disease. In addition, we have also investigated the
relationship between the cell stiffness and the cytoskeletal changes of prostate cancer cells at the
bone metastatic site. We observed a significant reduction in stiffness of prostate cancer cells
during MET which is attributed to the reorganization and depolymerization of actin filaments
during the progression of the disease. We also have observed a steady decrease of cell stiffness
during the progression of the disease at the metastatic site. This is the first study that reveals
changes to nanomechanical properties of prostate cancer cells at the metastatic bone site during

MET and progression of cancer.

7.2. Materials and methods
7.2.1. Preparation of 3D porous scaffolds

Osteoinductive 3D porous scaffolds for bone tissue engineering was prepared using
modified NaMMT clay, hydroxyapatite (HAP), and polycaprolactone (PCL). NaMMT clay was
purchased from Clay Minerals Respiratory at the University of Missouri, Columbia and then
modified with 5-aminovaleric acid as described in prior studies [48]. In situ HAP was
biomineralized on intercalated nanoclay (modified clay) to achieve osteoconductivity following
the protocol described in our previous studies [39]. Finally, 3D porous scaffolds were prepared
by adding 10 wt% PCL polymer into the in situ HAPClay using the freeze-drying method as
illustrated in our previous study [39]. Before using the scaffolds for tissue culture, they were

cylindrically shaped into 12 mm diamter and 3 mm thckness.

200



7.2.2. Cell lines and culture reagents

Human prostate cancer cell line MDA PCa 2b was purchased from American Type
Culture Collection (VA, USA) and maintained in the media consisting of 80% BRFF-HPC1
(AthenaES, 0403) and 20% fetal bovine serum (ATCC, 30-2020). Human bone marrow-derived
mesenchymal stem cells (MSCs) were purchased from Lonza, Walkersville (PT-2501), and
maintained in MSCGM™ Bulletkit™ medium (Lonza, Walkersville, PT-3001). The Bulletkit™
medium was prepared by adding MSCGM™ SingleQuots™ (Lonza, Walkersville, PT-4105) to
MSCBM™ (Lonza, Walkersville, PT-3238). All the cells were maintained at 37 °C and 5% CO2
in a completely humidified incubator. Also, cell culture media was changed in evry alternative
days.
7.2.3. 3D sequential culture to mimic MET

Mesenchymal to epithelial transition (MET) of PCa cells (cell line MDA PCa 2b) were
recapitulated using bone tissue-engineered PCL/HAPclay 3D scaffolds following the protocol
described in our previous studies [38]. Initially, the cylindrical-shaped 3D scaffold with12 mm
diameter and 3 mm thickness were sterilized and placed in 24-well plates for cell seeding. MSCs
were seeded on each scaffold at a density of 5x10* and cultured for 23 days to allow bone tissue
formation. MSCs were maintained in MSCGM™ Bulletkit™ medium, and fresh media was
added every other day. After 23 days, MDA PCa 2b cells were added into the newly formed
bone tissue containing scaffolds at a density of 5x10% per scaffolds. For the sequential culture,
MSCs and PCa media was used in a ratio of 1:1. The detailed schematic diagram of the
sequential culture technique is illustrated in figure 7.1b. Also, cell culture media was changed in

evry alternative days.
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Figure 7.1. Tumoroid formation in the sequential culture. Prostate cancer cells (PCa) cells form
multicellular tumoroids when sequentially cultured with mesenchymal stem cells (MSCs)
mimicking the last stage of prostate cancer bone metastasis. (a) Schematic diagram showing the
multistep process of prostate cancer metastasis to bone. It includes the sequence of phases: local
invasion, intravasation, circulation, extravasation, and colonization. (b) Schematic diagram
showing the sequential culture of PCa cells with MSCs. MSCs were cultured in osteoinductive
3D scaffolds for 23 days. After 23 days when bone tissue is formed by MSCs, PCa cells were
seeded where they formed multicellular tumoroids. (¢) SEM micrographs showing PCa single
cells and tumoroids formed by PCa cells at day 23+5, 23+10, and day 23+20 (day 23+X means
MSCs cultured for 23 days to form bone tissue and then PCa cells cultured on bone tissue for X
days). The length of the micron bar is 10 um.
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7.2.4. Nanoindentation experiment

Cell culture medium

Tip holder
— 3D printed petri dish(D=15 mm) Shallow
v Indenter with long shaft indentation

%7 Cells seeded on TCPS/films SC O %

~———TCPS/ film glued with petri dish — —

Figure 7.2. Experimental set up of nanoindentation experiment on living cells.

For nanomechanical characterization of PCa cells, a Hysitron Triboscope
nanomechanical instrument (Minneapolis, MN) equipped with multimode AFM (Nanoscope llla
controller and J-type piezo scanner system) (Veeco Metrology, Santa Barbara, CA). For testing
in a fluid environment, a special fluid cell was designed, consisting of a steel disk glued onto a
steel disc glued on the bottom of a custom-made 3D printed petri dish. A piece of tissue culture
polystyrene (TCPS) was fixed with the steel disk. Then the petri dish was filled with culture
media (BRFF-hPC1+2%FBS) and PCa cells were seeded onto TCPS for nanoindentation.
Tumoroids from the 3D scaffolds were extracted using TrypLE Reagents (Thermofisher
Scientific, 12605036) and then seeded into 3D printed Petri dishes for nanoindentation. A
Berkovich diamond indenter fluid tip (three-sided pyramidal; 100-200 nm tip radius) with long
shaft was used that allowed liquid levels to be maintained well above the sample surface and also
ensured the instrument calibration in the liquid. The petri dish containing cell-seeded TCPS
samples were placed onto the nanoindentation stage, and the whole assembly is heated and
maintained at 37 °C. Schematic description of the indenter-sample assembly is shown in figure
7.2. The stage temperature was maintained using a MultiMode™ low-temperature heater from
Veeco Metrology (Santa Barbara, CA) was used. All the indentation experiments were
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completed within two hours. Displacement controlled nanoindentation tests on PCa cells were
performed at maximum displacements of 500 nm and 1000 nm at a loading and unloading rate of
10 nm/s. Methodologies described in our previous study were followed to identify cellular
response and differentiate between cellular and substrate nanomechanical response [46, 47]. In
this current study, only cellular indentation response is presented.
7.2.5. Analysis of nanomechanical response

Oliver & Pharr method was used to calculate contact stiffness by applying a power—law
fit to the initial unloading portion of the load-displacement (L-D) curve and analytically
differentiating the power—law relation [49]. HYSITRON analysis software was used to obtain the
reduced modulus from the stiffness and contact area measurements. Elastic moduli of the PCa

cells were calculated from the reduced modulus using the following equation:

1 _(1—V§)+(1—V12)
Er  E E;

Where Er =reduced elastic modulus, Eg=elastic modulus of the sample, E;=elastic modulus of
indenter which is =1141 GPa for diamond, v¢= Poisson’s ratio of the sample which is considered
as 0.5 v;=Poisson’s ratio of the indenter which is = 0.07 for diamond. For all types of cell
samples, at least 22 indentation is reported in this study. To ensure repeatability and
reproducibility, all the experiments were repeated on at least triplicate samples. To ensure
repeatability and reproducibility, all the experiments were repeated on at least triplicate samples.
Distribution of elatic modulus is presented as box plots in this study where median value, 25"
percentile and 75" percentile are indicated. Statistical analyses were performed on all the elastic

modulus data obtained from PCa single cells and tumoroid cells indentation experiments.
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7.2.6. Scanning electron microscopy

Scanning electron microscopy was performed to determine the morphology of the PCa
tumoroids formed in bone tissue engineered scaffolds. A JEOL JSM 6490LV scanning electron
microscope was used. The tissue-cultured scaffold samples were removed from the culture
condition and washed with PBS. The tissue-cultured scaffold samples were then fixed with 2.5%
glutaraldehyde followed by ethanol series treatment (10%, 30%, 50%, 70%, and100% v/v) for
dehydration. The samples were dried using hexamethyldisilazane after alcohol treatment. The
samples were then gold-coated and mounted on SEM stubs for observation using the scanning
electron microscope. Samples were collected for scanning electron microscopy in predetermined
specific days.
7.2.7. Immunocytochemistry, phalloidin staining and analysis

Immunocytochemical analysis was performed for F-Actin Tubulin and Nuclei of the PCA
single cells and Tumoroid cells formed in MSCs+PCa SC (Sequential culture of MSCs with
prostate cancer cells). Tumoroid cells were analyzed at day 23+5, 23+10 and 23+20. PCa single
cells and Tumoroid samples were fixed with 4% paraformaldehyde (PFA) for 30 minutes and
then washed three times with fresh 1X PBS (Each wash for five minutes). Samples were treated
with 0.5% Triton X-100 in PBS for 5 minutes to permeabilize cells followed by 45 minutes
blocking with 1% fish skin gelatin (FSG). For alpha-tubulin staining, samples were incubated
overnight with Anti a-Tubulin antibody (Abcam, ab18251) at 4°C (1:150 dilution of anti-alpha-
tubulin with 1% FSG in PBS). Further, samples were washed with fresh PBS three times and
then incubated with Goat Anti-Rabbit IgG H&L Alexa Fluor® 488 for an hour at room
temperature. For staining F-actin, Rhodamine-Phalloidin (ThermoFisher Scientific, R415) was

used to stain F-actin following manufacturer’s protocol. For staining the nuclei, samples were
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treated with 4',6-diamidino-2-phenylindole (DAPI) for 5 minutes. Zeiss Axio Observer Z1 was
used for inverted confocal microscopy. Z-stacked images obtained from Zeiss Axio Observer Z1
was deconvoluted using the software Autoquant X3. Deconvoluted Z-stacked images were used
for 3D surface reconstruction. Imaris software developed by Bitplane was used for surface
reconstruction of F-actin, a-tubulin and nuclei surfaces. Volumes of F-actin, a-tubulin and
nuclei were calculated in Imaris using developer’s protocol. The size of individual cells were
measured using the Z-stack images of single and tumoroid cells.
7.2.8. qRT-PCR experiment and gene expression analysis

For the qRT-PCR experiment, mMRNAs were extracted from the PCa single cells and
tumoroids using TRI reagent (Sigma) and purified using Direct-zol™ RNA MiniPrep (Zymo
Research). For tumoroid samples, RNAs were collected from the sequential culture at day 23+5,
23+10, and 23+20. Then, cDNA was reverse transcribed from the Total RNA collected from the
cells using random primers and M-MLYV reverse transcriptase (Promega). A 7500 Fast Real-
Time PCR system (Applied Biosystems, USA) and SYBR Green Master MIX (ThermoFisher
Scientific) were used for template amplification with a primer for each of the transcripts by
following manufacturer’s protocol. The samples were incubated for 2 minutes at 50 °C, and PCR
was performed at 95 °C for 10 minutes followed by 40 cycles of 15 seconds denaturation at 95
°C, 30 seconds annealing at primer specific temperature and elongation at 60 °C for 1 minute.
Gene expression of GAPDH, N-WASp, Arp2/3, Thymosin 34, CDC42, and Cortactin was
evaluated for PCa single cells and tumoroids and each characterization assessed in triplicate.
GAPDH served as the house-keeping gene, and PCa single cell culture served as control. Target
gene expressions were calculated as 2722, Primer sequences were obtained from the primer

bank. The primer sequences used in this experiment are listed in the table 7.1.
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7.2.9. Statistical analysis

Statistical analysis was performed using Student's t-test to compare two conditions.
Differences were considered significant at *P<0.05, **P<0.005, and ***P<.001. For the
distribution of Elastic modulus, E; maximum force, maxF; and residual indentation depth, hs;
Tukey’s box-and-whiskers plots were used indicating median value, 25" percentile, and 75%
percentile. All experiments were done with minimum 3 biological replicates. The column bar

data is represented as a mean + standard deviation.

7.3. Results
7.3.1. Sequentially cultured (with MSCs) PCa cells form multicellular tumoroids

A unique tissue engineered bone microenvironment was created as a secondary
metastatic site for human prostate cancer (PCa) cells using the sequential culture (SC) technique
that has been described in our previous study [36, 38]. Human prostate cancer (PCa) cell line
MDA PCa 2b was sequentially cultured with human mesenchymal stem cells (MSCs). A
schematic diagram of the sequential culture is shown in the figure 7.1b. Initially, human
mesenchymal stem cells (MSCs) were seeded on osteoinductive porous 3D scaffolds and
cultured for 23 days to generate mineralized bone tissue. After 23 days, human prostate cancer
(PCa) cells were seeded on the mineralized bone tissue. As observed earlier[38], at the bone
tissue engineered microenvironment, the PCa cells had undergone mesenchymal to epithelial
transition (MET) and formed multicellular tumoroids to mimic the last stage of prostate cancer
bone metastasis. The morphology of the tumoroids is probed using scanning electron microscopy

(SEM). The SEM micrographs of the tumoroids are sh own in the figure 7.11c. Figure 7.6a also
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Figure 7.3. PCa cells become softer when they undergo MET and form tumoroids at the bone
microenvironment. (a) The distribution of elastic modulus, at the maximum indentation depths
500 nm and 1000 nm shown by Tukey’s Boxplot. (b) Representative load-displacement (L-D)
curves of PCa single cells and tumoroid cells at the maximum indentation depth 500 nm and
1000 nm. (c) The table shows the mean value of the elastic modulus, E of PCa single cells and
tumoroid cells at the maximum indentation depths 500 nm and 1000 nm. (d) The distribution of
the maximum force required (maxF) to indent 500 nm for PCa single cells and tumoroid cells
shown by Tukey’s Boxplot. (e) The distribution of the maximum force required (maxF) to indent
1000 nm for PCa single cells and tumoroid cells shown by Tukey’s Boxplot. (f) Representative
L-D curves indicate maxF for PCa single cells and Tumoroids at maximum indentation depth
500 nm. (g) Representative L-D curves indicate maxF for PCa single cells and Tumoroids at
maximum indentation depth 1000 nm.
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shows the immunostained confocal micrographs of the tumoroids. These SEM and confocal
micrographs show that in the tumoroids, the PCa cells are organized in a grape-like morphology
with tight cellular junctions, distinguishable cellular boundaries, and hypoxic core regions. On
the other hand, PCa cells before seeding to the bone tissue scaffolds (figure 1B, 5A), are mostly
unattached without cellular junctions and hypoxic regions. In this study, we termed these PCa
cells (those are not seeded to the tissue engineered scaffolds) as ‘single cells.’
7.3.2. PCa cells soften as they undergo MET and form tumoroids

To assess how the nanomechanical properties of prostate cancer cells alter during
mesenchymal to epithelial transition (MET), we performed displacement-controlled
nanoindentation experiments at maximum indentation depths 500nm and 1000 nm using a
nanoindenter instrumented with AFM apparatus (Hysitron Triboindenter). The box plot in Figure
7.3a shows the distribution of elastic modulus, E of prostate cancer (PCa) cells before (single
cells) and after (tumoroid cells) undergoing MET at maximum indentation depths of 500 nm and
1000 nm. The box plot indicates the median values, 25" percentile, and 75" percentile of elastic
modulus E. The outliers are indicated by whiskers. Figure 7.3a evidently indicates that the elastic
modulus, E of tumoroid cells is significantly lower than the elastic modulus of single cells. It
also indicates that elastic moduli are independent of indentation depth. At both 500 nm (P-
value=1.04E-14) and 1000 nm (P-value=1.32E-36) indentation depths, the tumoroid cells exhibit
significantly lower elastic moduli as compared to single cells. In the case of both tumoroid cells
and single cells, there are no significant differences observed between elastic modulus values at
indentation depth 500nm and 1000 nm. The representative load-displacement (L-D) curves for
tumoroid cells and single cells at the indentation depth 500 nm and 1000 nm are shown in figure

7.3b, and the respective elastic moduli, or E values are indicated in the figure. The table in the
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figure 7.3c shows the mean elastic modulus for each type of cells at indentation depths of 500
nm and 1000 nm. At 500 nm indentation depth, the elastic modulus of tumoroid cells is 5.7 MPa
(Standard Deviation 0.69) which is ~4.8 times lower than the elastic modulus of single cells
(E=27.74, Standard Deviation= 19.3). At 1000 nm indentation depth, the elastic modulus of
tumoroid cells is 5.8 MPa (Standard Deviation 2.09) which is ~4.1 times lower than the elastic
modulus of single cells (E=24.28 MPa, Standard Deviation= 8.4). Though there is statistical
difference between the mean E values for the single cells at 500 nm and 1000 nm indentation
depths due to large standard deviation I both cases, the median E values are fairly close. The
median E values for the single cells at 500 nm and 1000 nm indentation depth are 19.43 MPa and
20.52 MPa respectively. We further analyzed the maximum force required in each indent for
each type of cells at the indentation depths 500nm and 1000 nm. We were motivated by the fact
that stiffer cells exhibit larger resistance to deformation which results in a larger force. The
distribution of the maximum force required for indenting tumoroid and single cells at the
indentation depth 500 nm is shown in the figure 7.3d and at the indentation depth 1000 nm in the
figure 7.3e. At the indentation depth 500 nm (figure 7.3d), the median maximum forces required
for tumoroid cells and single cells are 3.78 uN and 12.06 uN respectively. At the indentation
depth 1000 nm (figure 7.3e), the median maximum forces required for tumoroid cells and single
cells are 10.48 uN and 51.26 uN respectively. For both indentation depths 500 nm (P-
Value=8.13E-13) and 1000 nm (P-Value=7E-42), the maximum force required to indent
tumoroid cells is significantly lower than for the single cells. In the figure 7.3f and figure 7.3g,
the representative L-D curves indicating maximum force needed are shown for tumoroid cells
and single cells at the indentation depths 500 nm and 1000 nm respectively. It is also evident that

the L-D curves for single cells are much steeper than the tumoroid cells. All the data in figure 7.3
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Figure 7.4. Tumoroid cells become softer with the cancer progression at the metastatic bone
site. (a) The distribution of elastic modulus, E of PCa cells in the tumoroids. (b) The table shows
the mean value of the elastic modulus, E of PCa cells in the tumoroids at the maximum
indentation depths 500 nm and 1000 nm on day 23+5, day 23+10 and day 23+20. (c)
Representative L-D curves obtained from indenting PCa cells in the tumoroids at maximum
indentation depth 500 nm. (d) Representative L-D curves obtained from indenting PCa cells in
the Tumoroids at maximum indentation depth 1000 nm. (e) The distribution of the maximum
force required (maxF) to indent 500 nm for PCa cells in the tumoroids on day 23+5, day 23+10
and day 23+20 shown by Tukey’s Boxplot. The median, 25th percentile and 75th percentile are
indicated. Error bars indicate 5th and 95th percentiles. Whiskers indicate outliers. ***p < 0.001,
**p < 0.005. (f) The distribution of the maximum force required (maxF) to indent 1000 nm for
PCa cells in the tumoroids on day 23+5, day 23+10 and day 23+20 shown by Tukey’s Boxplot.
The median, 25th percentile and 75th percentile are indicated. Error bars indicate 5th and 95th
percentiles. Whiskers indicate outliers. **p < 0.005.
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indicates that the stiffness of prostate cancer cells downturns significantly after mesenchymal to
epithelial transition (MET) and tumoroid formation.
7.3.3. Tumoroids soften with the cancer progression

To probe how the nanomechanical characteristics of prostate cancer (PCa) tumoroid cells
alter during the progression of the disease, we performed nanoindentation experiments at day 5,
10 and 20 after seeding the cancer cells on bone tissue-engineered scaffolds. PCa cells were
seeded on the scaffolds after 23 days of initial MSCs seeding, and the progression of the disease
is indicated as day 23+5, 23+10 and 23+20 throughout this article. The distribution of elastic
modulus, E for tumoroid cells at day 23+5, 23+10, and 23+20 for two different indentation
depths 500 nm and 1000 nm is shown in figure 7.4a by the box plot. At the indentation depth
1000 nm, the differences between Ezz+s and Ezs+10, as well as Ezz+10 and Ezs+20 are not statistically
significant (E2s+x= Elastic modulus of tumoroid cells at day 23+X). But Ez3+20 is significantly
lower than the Ez3+s (P-value=0.00342). At the indentation depth 500 nm, E23+10 is significantly
lower than Ezs+s (P-value=0.0031), and Ezs+20 is significantly lower than Ezs+10 (P-value=1.39E-
06). The table in figure 7.4b indicates that at the indentation depth of 2000 nm, the elastic
modulus of tumoroid cells decreased by ~25.55% from day 23+5 to day 23+20. At the
indentation depth 500 nm, the elastic modulus of tumoroid cells decreased by ~10.58% from day
23+5 to day 23+10, by ~18.52% from day 23+10 to day 23+20, and by ~27.15% from day 23+5
to day 23+20. In the figure 7.4c and figure 7.4d, the representative L-D curves indicating
respective elastic modulus, E for tumoroid cells during the progression of the disease are shown
at the indentation depths 500 nm and 1000 nm respectively. It appears that the slopes of the L-D
curves reduce during the disease progression from day 23+5 to day 23+20. Additionally, we

analyzed the maximum force required in each indent for the tumoroid cells during the
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progression of the disease at the indentation depths 500nm and 1000 nm. The distribution of the
maximum force (maxF) needed for each indent at the indentation depth 500 nm and 1000 nm are
shown in the figure 7.4e and figure 7.4f respectively. At the indentation depth 1000 nm, the
differences between maxFzs+s and maxFzs+10, as well as maxF2s+10 and maxFas+2o are not
statistically significant (maxF23+x= maximum force required to indent tumoroid cells at day
23+X). But maxF2z+20 is significantly lower than the maxF2z+s (P-value=0.007). At the
indentation depth 500 nm, maxF23+10is significantly lower than maxF2z+5 (P-value=0.0024), and
maxF23+20 is significantly lower than Ezs+10 (P-value=5.69E-05). Here is apparent from the figure
7.4 that there is a progressive reduction in the stiffness of prostate cancer cells at the bone-
metastatic site with progression of the disease.
7.3.4. Mechanical plasticity of tumoroid cells increases with the disease progression

The load-displacement curves obtained from indentation experiments suggest that there is
incomplete shape recovery by cancer cells after each indentation. This incomplete shape
recovery of cancer cell structure during indentation experiment can occur due to plastic
deformation of cellular components [50]. To assess how the plastic deformation of cancer cells
alters during the disease progression at the metastatic site, we analyzed the residual indentation
depth (unrecovered displacement) from the L-D curves for the single cells and tumoroid cells at
day 23+5, day 23+10, and day 23+20. The distributions of residual indentation depth, hs for the
single cells and tumoroid cells at day 23+5, day 23+10, and day 23+20 are shown in the figure
7.5a for the indentation depth 1000 nm and in the figure 7.5b for the indentation depth 500 nm
by the box plots. At the indentation depth 1000 nm (figure 7.5a), hs3+s) is significantly higher

than hreingley (P-Value=0.00037; hres+x) is the residual indentation depth for tumoroid cells at
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Figure 7.5. Mechanical plasticity of the PCa cells increases with disease progression at the
metastatic site. (a) The distribution of the residual indentation depth (unrecovered deformation)
for the maximum indentation depth 1000 nm obtained from indenting PCa single cells and PCa
cells in the tumoroids on day 23+5, day 23+10 and day 23+20 shown by Tukey’s Boxplot. The

median, 25th percentile and 75th percentile are indicated. Error bars indicate 5th and 95th

percentiles. Whiskers indicate outliers. ***p < 0.001. (b) The distribution of the residual
indentation depth (unrecovered deformation) for the maximum indentation depth 500 hm
obtained from indenting PCa single cells and PCa cells in the tumoroids on day 23+5, day 23+10
and day 23+20 shown by Tukey’s Boxplot. The median, 25th percentile and 75th percentile are
indicated. Error bars indicate 5th and 95th percentiles. (c) Representative L-D curves obtained
from indenting PCa cells in the tumoroids at maximum indentation depth 2000 nm on day 23+5,
day 23+10 and day 23+20 indicating respective residual indentation depth, hf.

day 23+X, and hsgingle) is the residual indentation depth for single cells). The difference between

hf23+5)and hfs+10) is not statistically significant. But hses+20) is significantly higher than the

ht23+5) and hfs+10) (P-value=0.029 and 0.00087 respectively). At the indentation depth of 500 nm

(figure 7.5b), the difference between hsr values are not significant possibly due to the shallow
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indentation. In figure 7.5c¢ the representative L-D curves (indicated by red arrows) show gradual
increase of residual indentation depth for tumoroid cells from day 23+5 to day 23+20. All the
data from figure 7.5 patently suggest that the mechanical plasticity of tumoroid cells increases
with the disease progression at the bone-metastatic site.
7.3.5. Softening of PCa cells is mediated by actin

The cytoskeleton of a cell, an interconnected network of filamentous polymers and
regulatory proteins such as actin and tubulin, is the structural framework that principally shapes a
cell and provides mechanical integrity. The alteration in the cytoskeletal organization of prostate
cancer (PCa) cells during MET and then during the disease progression at the bone-metastatic
site was detected by immunofluorescence confocal microscopy to determine its relationship with
alteration in nanomechanical properties. The PCa single cells and tumoroid cells were
immunostained for F-actin (red stained) and a-tubulin (green stained), and the representative
micrographs are shown in the figure 7.6a (additional micrographs are provided in figure 7.7).
From the immunocytochemical analysis, we observed that the density of F-actin is significantly
lower in tumoroid cells as compared to single cells, but regardless of cell type, there is no
significant difference in the density of o -tubulin. To further confirm the observation that the
amount of F-actin is reduced but there were no significant changes of a-tubulin in the tumoroid
cells after undergoing MET, we calculated the total volume of F-actin and o -tubulin per cell in
the single cell and tumoroid samples (The calculation method is described in the materials and
method section). Figure 7.6b indicates that the volume of F-actin per cell is significantly reduced

in the tumoroid cells as compared to single cells (P-value=0.00054). As figure 7.6¢ suggests,
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Figure 7.6. Softening of PCa cells with disease progression is mediated by F-actin. (a)
Immunostained confocal micrographs of PCa single cell and PCa cell in the tumoroid stained
with Phalloidin (F-actin, red), Anti-a-tubulin (a-tubulin, green), and DAPI (Nucleus, blue).
Arrows indicate localization of F-actin at the cellular junctions in the tumoroid. The length of the
micron bar is 5 um. (b) The volume of F-actin/cell in the PCa single cells and tumoroids. Data
presented as meantstandard deviation. ***p < 0.001. (c) The volume of a-tubulin/cell in the PCa
single cells and tumoroids. Data presented as meanzstandard deviation. (d) 3D reconstructed
immunostained confocal micrographs of PCa single cell and PCa cell in the tumoroid stained
with Phalloidin (F-actin, red), Anti-a-tubulin (a-tubulin, green), and DAPI (Nucleus, blue).
Arrows indicate localization of F-actin at the cellular junctions in the tumoroid. The length of the
micron bar is 5 um.
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Figure 7.7. Immunostained confocal micrographs of PCa cell in the tumoroids staind with
Phalloidin (F-actin, red), Anti-a-tubulin (a-tubulin, green), and DAPI (Nucleus, blue). The
length of the micron bar is 10 pum.

there were no significant changes in the amount of o -tubulin after MET in the tumoroid cells
(statistically nonsignificant). From the micrographs (figure 7.6a) we can there were no
significant changes in the amount of a -tubulin after MET in the tumoroid cells (statistically
nonsignificant). From the micrographs (figure 7.6a) we can observe that green stained a -tubulin
exhibit well defined fibrous structure arising from the perinuclear region. o -tubulins are
randomly spread to the cytoplasm, and there are no significant differences in their distribution
between the single cells and the tumoroid cells. In both single and tumoroid cells, F-actin fibers

are not well defined and exhibit a diffuse distribution in the cytoplasm. F-actin molecules are
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distributed throughout the cell body of the single cells. But in tumoroid cells, F-actin is
predominantly concentrated at the cell-junctions. In order to obtain better insight of the
cytoskeletal structure in the cancer cells, we reconstructed the 3D structure of F-actin, o -tubulin
and nucleus of the cells from the immunostained confocal micrographs using the software
IMARIS (Detail of the reconstruction method is described in the materials and method section ).
Representative 3D reconstructed images are shown in figure 7.6d (additional photos are shown in
figure 7.8) These images clearly reveal the significant presence of F-actin on the apical region of

the single cells but localization of F-actin mostly at the cellular junctions in the tumoroid cells.

F-actin F-actin+Nuclei

10um 1Qum

Figure 7.8. Surface reconstructed images of F-actin and Nuclei in a tumoroid showing
localization of F-actin in the cell-cell junction region.
7.3.6. Actin-associated genes downregulate with the cancer progression
From the immunocytochemical analysis, we found that actin is predominantly associated
with regulating nanomechanical properties of cancer cells. So to further investigate the role of
actin, we evaluated the expression of genes related to actin dynamics using gqRT-PCR
experiment. The schematic diagram in the figure 7.9a describes the role of different molecules

associated with actin.
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Figure 7.9. Actin regulatory genes downregulate with the cancer progression at the metastatic
site. (a) The schematic diagram shows the role of different proteins in actin dynamics. (b)
Relative gene expression levels of N-WASp, Arp2/3, thymosin 34, CDC42, and cortactin for
PCa tumoroid cells on day 23+5, day 23+10 and day 23+20. Expression levels are normalized to
GAPDH, and PCa single cells served as a control. Results are shown as a mean + standard
deviation. *p < 0.05.
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We evaluated the expression of N-WASp, Arp2, Arp 3, thymosin 4, CDC42 and
cortactin in mMRNA level. Figure 7.9b shows the expression of these genes in the tumoroid cells
at day 23+5, day 23+10, and day 23+20 where PCa single cells (PCa cells before undergoing
MET) served as control and GAPDH was used as a housekeeping gene. There were no
significant changes of N-WASp in the tumoroid cells at day 23+5 and day 23+10, but N-WASp
downregulated ~3 fold at day 23+20 as compared to PCa single cells. Arp 2 downregulated ~2
fold at day 23+10 and ~8.5 fold at day 23+20 in the tumoroid cells as compared to PCa single
cells. There were no significant changes of Arp 3 expression in the tumoroid cells at day 23+5
and day 23+10, but Arp 3 downregulated ~4 fold at day 23+20 as compared to PCa single cells.
Thymosin B4 significantly downregulated in the tumoroid cells and fold change was ~8, ~9 and
~58 at day 23+5, 23+10, and 23+20 respectively as compared to PCa single cells. CDC42
downregulated ~17 fold, ~28 fold, and ~108 fold at day 23+5, 23+10, and 23+20 respectively in
the tumoroid cells as compared to PCa single cells. There were no significant changes of
cortactin in the tumoroid cells at day 23+5 and day 23+10, but cortactin downregulated ~5 fold
at day 23+20 as compared to PCa single cells.

7.3.7. Size of nucleus and cells decreases with the disease progression

Alteration in the size of the nucleus has been reported as one of the morphological
changes that have been observed in cancer cells with the disease progression [51]. The nucleus
and cellular size measurement were performed using ImageJ software developed by NIH (figure
7.10). Size of the nucleus in the single cells is significantly higher as compared to tumoroid cells
(P-value=1.81E-26). The difference of median nucleus size of the cells in the tumoroid between
day 23+5 and day 23+10 is not statistically significant. However, the median size of the nucleus

in the tumoroids at day 23+20 is significantly lower as compared to day 23+5 and day 23+10
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Figure 7.10. Alteration in nucleus and cell size. Nucleus and cell size distribution of the single
cells and the tumoroid cells at day 23+5, day 23+10, and day 23+20 shown by Tukey’s Boxplot.
The median, 25th percentile and 75th percentile are indicated. Error bars indicate 5th and 95th
percentiles. Whiskers indicate outliers. ***p < 0.001, **p < 0.005, *p < 0.05. Size of the nucleus
in the single cells is significantly higher as compared to tumoroid cells (P-value=1.81E-26). The
difference of the median cell size in the tumoroids between day 23+10 and day 23+20 are is not
statistically significant. F-actin stained confocal micrographs were used for measuring the
cellular size, and DAPI stained micrographs were used to measure the nucleus size.

(P-value is 2.59E-05 and .0015 respectively). Size of the cells in the single cell samples is
significantly higher as compared to tumoroid cells (P-value=3.50E-43). The difference of the
median cell size in the tumoroids between day 23+10 and day 23+20 are is not statistically
significant. However, the median size of the cells in the tumoroids at day 23+5 is significantly
higher as compared to day 23+10 and day 23+20 (P-value is 0.0045 and 1.16E-06 respectively).
F-actin stained confocal micrographs were used for measuring the cellular size, and DAPI
stained micrographs were used to measure the nucleus size. As the micrographs in the figure 7.6,
7.7, and 7.8 show, F-actin is mostly concentrated at the cell-junctions, the cellular boundaries

were distinctly visible to calculate the area of the cells. Cell size analysis was performed using

the area of the cells from top view. Orthogonal view (figure 7.11) of the cells indicates height of
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Figure 7.11. Top view and orthogonal view of the single cells and the tumoroid cells stained with
F-actin (red), a-tubulin and nuclei (blue). Bar is 10 um. Orthogonal view of the cells indicates
height of the tumoroid and single cells are almost same (~10 um).

the tumoroid and single cells are almost same (~10 um) which justifies the use of area from top
view to be used to calculate cell size. We observed a gradual reduction of the nucleus size in the
tumoroid cells with the cancer progression. We observed a gradual reduction of the nucleus size
in the tumoroid cells with the cancer progression. Mechanically stiffer PCa single cells possess
significantly larger nucleus size. So, it is possible that a larger nucleus size is responsible for a
stiffer mechanical response and smaller nucleus size is responsible for a softer mechanical
response of the PCa cells. A similar observation was made by Zhou et al. who reported cells with

smaller nucleus size possess lower elastic modulus values [15].
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7.3.8. A 3D finite element model for cancer cell mechanics and cytoskeletal behavior

The computational model of a single cancer cell developed in a previous study described
cellular mechanics and role of cytoskeleton degradation on overall elastic properties of the
cancer cell [52]. This modeling study was a necessary first step to develop robust predictive
methodologies for cancer progression. This study indicates that the cytoskeleton of cancer cells
significantly influences the mechanical properties. The finite element modeling study evidently
shows that the mechanical response of the cell is dramatically affected by the mechanical
degradation of the cytoskeleton. From the nanoindentation experiment and immunocytochemical
analysis we concluded that the dramatic reduction in mechanical properties of prostate cancer
cells is mostly regulated by F-actin degradation and reorganization. Similar results were obtained
from the 3D finite element model that was reported by our research group [52]. From the
modeling study it was observed that the load-displacement response of the cell with nondegraded
cytoskeleton has a larger inelastic response than the cell with the degraded cytoskeleton. It has
been reported in the modeling study that the force-displacement response of the cancer cells is
attributed to movement and rearrangement of cytoskeleton elements during loading. The load-
displacement response of the cancer cell obtained from FEM simulations under increasing load
mimicking nanoindentation tests indicates that the stiffness of cells decreases with the increased
degradation of cytoskeletal components. Nondegraded cells exhibit stiffer response as compared
to the cells with degraded cytoskeleton. Similar observation was made in this current study. We
have observed that tumoroid cells exhibit softer response in nanoindentation experiment as
compared to single cells and total amount of F-actin in the tumoroid cells is significantly lower
as compared to single cells. Lower amount of total F-actin per cell in the tumoroids is possibly

because of degradation of F-actin during the mesenchymal to epithelial transition (MET).
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7.4. Discussion

In this study, we report changes to nanomechanical properties of prostate cancer cells and
tumoroids during mesenchymal to epithelial transition (MET) and with the progress of the
disease in a tissue-engineered in vitro bone microenvironment. We evaluated mechanical
properties of living PCa cells under physiological conditions using a nanoindenter instrumented
with AFM. A pyramidal shaped Berkovich tip, with 100-200 nm tip diameter, was used for
obtaining localized nanomechanical responses from PCa single cells and tumoroid cells. In
previous studies, for indenting human biological tissue samples, a blunt tip was recommended by
investigators [53] while a several studies have also
shown that stiffness of cells measured by using sharp indenters is similar to stiffness measured
by blunt tips [54, 55]. Moreover, sharp indenters allow probing localized cellular mechanics
from deeper penetration into the probed sample with no detrimental effect, given a certain
amount of applied force [47, 55, 56]. These facts justify the use of Berkovich indenter in this
study. Nanomechanical properties of human cells assessed by indentation experiment are
routinely described by the elastic modulus [15, 17, 18, 57]. But it remains debatable to date if the
cell mechanics can be described by elastic modulus due to the unreliability of the theoretical
models to derive elastic modulus [21, 58]. Analysis based on the Hertz model has been
traditionally applied for the studies of soft biological samples [59]. However, for deeper
indentation, human cells exhibit heterogeneous nonlinear elastic behavior which does not satisfy
the assumptions of the Hertz model [21]. In this study, we applied Oliver and Pharr analysis
method[49] to derive the elastic modulus of the PCa cells. The disadvantage of Oliver and Pharr
method is that it does not consider the adhesion between tip indenter and the sample which leads

to overestimation of elastic modulus [60]. Some other challenging procedures associated with
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measuring accurate elastic modulus include precise calibration of the indenter spring constant
[61], the accurate depiction of the indenter geometry [62], and precise identification of the
contact point [63]. To overcome the theoretical and practical limitations of Oliver & Pharr
method for calculating elastic modulus from L-D curves, several alternatives equations have
been proposed [21, 58, 60, 62, 64]. To analyze the appositeness of these models to estimate the
elastic modulus from the L-D curves, we obtained by indenting PCa cells is beyond the scope of
the current study. In this study, the magnitude of changes in nanomechanical properties of PCa
cells has been described quantitatively by using the relative value of the elastic’s modulus. A
more precise calculation of elastic modulus is still required, but this does not compromise the
significance of our current nanoindentation experiment results describing the changes of
nanomechanical properties with cancer progression and hence the use of mechanics as a potential
new biomarker for cancer metastasis.

Indentation depth has been reported to influence the measurement of elastic modulus of
cells. Most of the indentation studies on human cells are performed within an indentation depth
range of ~300-500nm [55]. Structurally, human cells consist of a complex-multilayered-
structures with distinct mechanical properties for distinct components. The mechanical properties
observed at shallow indentation arises mostly from actin filaments, whereas, at deeper
indentation (~500-1400 nm), the overall mechanics of whole cells can be observed [65]. At
shallow indentation, no difference was found in elastic moduli between cancerous and benign
cells, but significant lower elastic modulus of cancer cells was reported as compared to their
normal counterparts at deeper indentation [65]. Considering these facts, we used two different
indentation depths, 500 nm and 1000 nm for displacement controlled nanoindentation

experiments. Since the sizes of most of the PCa cells observed were >10 um, an indentation
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depth >1000 nm was not used to avoid substrate effect on the measured elastic moduli [66]. We
found no significant difference between the calculated elastic moduli for the same type of
samples at two different indentation depths.

EMT and MET are two very critical stages in cancer progression and metastasis and
unfolding the underlying mechanisms of these processes is the first step to forestall the
dissemination of cancer cells to a distant organ. In this study, we found that the stiffness of PCa
cells is decreased (figure 7.3/7.4) but mechanical plasticity is increased (figure 7.5) suggesting
PCa cells become significantly softer when they undergo MET and further with the disease
progression. It has been reported that cell softening is associated with the induction of EMT (the
reverse process of MET at the primary tumor site) in human lung and tongue squamous cancer
cells [15, 17]. But it has also been reported that metastatic cancer cells stiffen after EMT during
the invasion into surrounding tissues [18]. Since we found that PCa cells soften after undergoing
MET which is a reverse process of EMT, so our observation is in agreement with the noted
mechanical behavior of cancer cells during the induction of EMT and after undergoing EMT
during the invasion into surrounding tissues.

The changes to the mechanical properties of cancer cells has been linked to the
deformability of the cytoskeleton, which has long been known to play a major role in metastasis
[17, 67]. Among different components of cytoskeleton, F-actin, which mostly localized at the
periphery of the cells under the membrane, provides maximum resistance to deformation and is
the predominant factor that determines mechanical cell elasticity [68, 69]. From the
immunocytochemical analysis in this study, we observed that PCa single cells possess a more
pronounced network of F-actin filaments as compared to PCa tumoroid cells. The amount of F-

actin is decreased with the decreased elastic modulus of PCa cells, but there were no significant

226



changes in the amount of a-tubulin suggesting a lower level of F-actin is mostly responsible for
cell softening. It has been reported that a decrease in the elastic modulus of cancer cells is
accompanied by a reduction in the amount of F-actin [14]. Several studies have reported sharp
cutback of cell stiffness with the depolymerization of F-actin but not with the depolymerization
of microtubules [70, 71]. Also, we observed a significant reduction of F-actin on the apical
regions of PCa cells in the tumoroids and organization of the F-actin at the cellular junctions
(figure 7.6a, indicated by white arrows). We have reported tight cell-cell junction in the tumoroid
cells is associated with the overexpression of E-cadherin in our previous study [38]. It is well
known that trans-membrane adhesion molecule E-cadherin binds to F-actins via 3-catenin to
stabilize tight junctions [72, 73], and that could be the possible reason of F-actin to assemble into
the cell junctions. Since phalloidin only stains filamentous F-actin but not monomeric G-actin,
we could not observe the depolymerized actins on the apical regions of tumoroid cells suggesting
radical depolymerization of F-actin is associated with the gradual decrease of stiffness in the
tumoroid cells with the disease progression. Dramatic depolymerization of F-actin is further
confirmed by the gene expression analysis study of actin regulatory molecules. N-WASp
activates Arp 2/3 and activated Arp 2/3 nucleates new F-actin [74]. Cortactin recruits Arp2/3 in
the cortical region of a cell [74]. CDC42 help initiates actin reorganization and localize the N-
WASp-Arp2/3 complex to the plasma membrane [74]. Thymosin (4 also plays a role in actin
polymerization [74]. Dramatic downregulation of these genes suggests a reduction of F-actin
polymerization with the disease progression.

In summary, here we report for the first time how nanomechanical properties of prostate
cancer cells change during mesenchymal to epithelial transition (MET) and with the disease

progression at the metastatic site. This demonstrates the use of mechanics as a biomarker for
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disease progression at metastasis. Our immunocytochemical and gene expression analysis results
suggest that softening of PCa cells in the tumoroids is induced by depolymerization and
reorganization of F-actin to the cellular junctions. Our data indicates the mechanical properties of
prostate cancer cells could be used as possible biomarker of prostate cancer cell progression.

This study could be pivotal in understanding the biophysical mechanism associated with skeletal

metastasis of prostate cancer cells.

Table 7.1. Primer sequences used in gRT-PCR experiments.

Gene Forward Primer Reverse Primer

N-WASp | 5’ -ACTGTTAGACCAGATACG 5’-TGCAGGTGTTGGTGGTGT
ACAGGGT-3’ AGA-3’

Arp2 5’-GGAGTTGGTGTTGCTGAAT-3> | 5>-TAGTAGACCCTCCAGAAAGC-3’

Arp 3 5’-CAATCCTTGGAAACTGCTA-3> | 5>-CCATTTTGACCCATCTGTA-3’

CDC42 5’-ATGCAGACAATTAAGTGTG 5’- TCATAGCAGCACACACC
TTGTTGTGGGCGA-3’ TGCGGCTCTTCTT-3’

Thymosin | 5'-GGCCACTGCGCAGACCAG 5'-CTTGATCCAACCTCTTTGCAT

p4 ACT-3' CTTACAA-3’

Cortactin | 5’>-AAAGCTTCAGCAGGCCAC-3’ 5’-TTTGGTCCTGTTTCAAGT

TCC-3’
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CHAPTER 8. SUMMARY AND CONCLUSION

Design and development of a new scaffold system using nanoclays seeded with a
sequential culture of human mesenchymal stem cells followed by human prostate cancer cells are
evaluated as a model to study cancer cell interaction with bone microenvironment as well as the
efficacy of anticancer drugs. In this dissertation, we present a novel sequential cell culture
system in 3D in vitro bone model which can provide a unique environment, mimicking the
physiological cell-cell and cell-matrix interactions and leading more relevant osteotropic cancer
cell behavior. The scaffolds with newly formed bone tissue are seeded with two different
prostate cancer cell lines, MDA PCa 2b and PC-3. In this dissertation, we investigate the effects
of sequential culture of MDA PCa 2b prostate cancer cells with MSCs in the PCL/HAPClay
scaffolds on the regulation of key genes involved in bone metastasis of prostate cancer cells. The
sequential culture of MDA PCa 2b with MSCs (PCa SC) on the scaffolds has shown organized
tight cellular junctions, or tumoroids. The hMSCs or differentiated hMSCs are quite
distinguishable from the prostate cancer cells due to their flattened morphology and arrangement
on the surface of the scaffolds. We analyzed key genes expression related to skeletal metastasis
of prostate cancer cells by qRT-PCR experiment in the sequential culture of MDA PCa 2b with
MSCs (PCa SC) and other culture methods. The results indicate that PCa SC in PCL/HAPClay
scaffolds closely mimics early stage of osteoblastic PCa colonization by developing tight
junction tumoroids and inducing MET. To further confirm MET and angiogenesis, we performed
immunocytochemical analysis of the proteins involved in these to processes in the PCa SC. We
demonstrated that tight junction tumoroids were formed and MSCs differentiated to matured

osteoblasts in PCa SC. The gene expression and immunocytochemical analysis data are
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indicative of inhibited EMT, enhanced MET, and increased angiogenesis by hypoxia when MDA
PCa 2b cells were sequentially cultured with MSCs in PCL/HAPClay scaffolds.

We have repeated the same set of experiments for the sequential culture of highly
metastatic PC-3 cells with MSCs (PC-3 SC). Unlike MDA PCa 2b cells, PC-3 cells formed
multicellular tumoroid like clusters with both tight junctions and gap junctions. Like PCa SC, we
have also observed inhibited EMT, enhanced MET, and increased angiogenesis by hypoxia when
PC-3 cells were sequentially cultured with MSCs in PCL/HAPClay scaffolds.

In this dissertation we have investigated the effect of metastasized prostate cancer cells
on bone regeneration, degradation, mineralization, and collagen synthesis using two different
prostate cancer cell lines, PC-3 and MDA PCa 2b. By performing tranwell migration assay we
found that PC-3 is highly metastatic cell line while MDA PCa 2b is less metastatic in nature.
Experiments such as ELISA, gRT-PCR immunocytochemical analysis, SEM imaging, FESEM
imaging, and cell-based assays were performed to investigate the effect of metastasized prostate
cancer cells on bone microenvironment. From all these experiments we concluded that MDA
PCa 2b cells created an osteolytic lesion whereas, PC-3 cells caused an osteoblastic lesion in the
tissue-engineered bone microenvironment.

The in vitro 3D tumor model has been developed using a unique sequential culture
technique and mesenchymal stem cells to study the interaction between prostate cancer cells and
bone microenvironment. Our in vitro model does not entirely recapitulate the bone tumor
microenvironment found in a patient with metastatic disease, but with the inclusion of human
MSCs and sequential culture technique, it certainly provides an improved reproducible and
controllable system which is a useful tool to elucidate the osteotropism of prostate cancer cells.

The model may be extended by including more human components, such as human
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hematopoietic stem cells, to provide osteoclast and immune cells in the bone microenvironment.
This model provides an intriguing opportunity to dissect the role of genes, proteins, and other
factors in the bone microenvironment subsequent to the arrival of prostate cancer cells with a
significant contribution to the understanding of the molecular, cellular and mechanical
mechanism. The model can be used to investigate the various aspect of prostate cancer-bone
interaction at a cellular, molecular and genetic level as well as to test various cancer therapeutics.

In this dissertation we report for the first time how nanomechanical properties of prostate
cancer cells change during mesenchymal to epithelial transition (MET) and with the disease
progression at the metastatic site. This demonstrates the use of mechanics as a biomarker for
dieses progression at metastasis. Our results suggest that softening of prostate cancer cells in the
tumoroids is induced by depolymerization of F-actin. This study could be pivotal in
understanding the biophysical mechanism associated with skeletal metastasis of prostate cancer
cells.

The 3D prostate cancer test-bed platform, which strikes a balance between experimental
efficiency and retention of biological complexity, could be used for studying osteotropic cancer

cell biology in the early stage cell colonization and in vitro testing of anticancer drugs.
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CHAPTER 9. FUTURE DIRECTIONS
In this study, we reported the first MET based prostate cancer bone metastatic model
using tissue-engineered PCL/nanoclay scaffolds that closely resemble in vivo bone. This study
serves as a successful proof-of-concept that this in vitro 3D cancer test-bed has the potential of
providing new insight into the crosstalk between bone and metastatic prostate cancer cells. Based
on the understanding gained about the interactions between prostate cancer cells and bone

microenvironment during this work following suggestions can be made for future research.
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Figure 9.1. The incorporation of more cellular features and dynamic fluid flow in 3D tumor
model might help to increase our understanding of the dynamic interactions between
metastasized prostate cancer and bone microenvironment.
e 3D models have dramatically improved over the last decade. However, animal models
have some advantages over 3D in vitro models since they can be used to study cancer
dissemination, blood flow, angiogenesis, the role of immune cells, fibroblast, endothelial

cells and metabolic-systemic influences on cancer all within the same animal. In vitro 3D

tumor models are becoming ever more refined as bioreactors are being incorporated to
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better model in vivo fluid dynamics and mechanical stress. The incorporation of more
cellular features and dynamic fluid flow in 3D tumor model might help to increase our
understanding of the dynamic interactions between metastasized prostate cancer and bone
microenvironment (figure 9.1).

In this dissertation, we have reported the mimicking the last stage of prostate cancer
skeletal metastasis. Mimicking the first stage if prostate cancer metastasis by
incorporating normal prostate cells and prostate cancer cells in a prostate mimicking 3D
scaffold and joining the two different stages through a bioreactor could be helpful to
understand the overall mechanism of prostate cancer metastasis.

Katti’s research group has already begun modeling dynamic cellular components and
mechanical behavior of cells using computational models [1]. Computational models of
prostate cancer cells and the interactions of prostate cancer and bone microenvironment
might help us to develop a complete understanding of the prostate cancer metastasis and
to predict outcomes.

Usage of patient-derived bone cells in the 3D scaffolds to create a metastatic bone site
with the use of patient derive prostate cancer cells might help us to predict possible
patient outcomes to specific therapeutics.

In this dissertation, we have investigated the nanomechanical properties of prostate
cancer cells during the disease progression at the secondary metastatic site using the 3D
tumor model that we have developed. We have shown that tumor cells become softer
with the disease progression at the bone microenvironment. We have established that
nanomechanical properties of prostate cancer cells can be used as a potential biomarker

for the disease progression. Currently, there are no biomarkers available to study the
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progression of prostate cancer when prostate cancer cells metastasize to the bone. This is
because when prostate cancer metastasizes to bone, at that time patients are already in the
hospice. So, using mechanical properties of prostate cancer cells as a biomarker to study
the disease progression would be a considerable advantage in the endeavor of finding a
cure for the disease. Bone scanning can be performed on patients with bone metastasized
prostate cancer to locate the bone with metastasized prostate cancer. A bone scanning is a
nuclear imaging procedure when tiny amounts of radioactive materials (known as tracers)
are injected into a vein. Areas of the body where tissues and cells are remodeling take up
these tracers most actively. As metastasized prostate cancer initiates
osteoblastic/osteolytic bone remodeling, bone-metastatic site of prostate cancer takes a
higher amount of tracers which could be detected using Micro-Computed Tomography.
Once the bone metastatic site is detected, the biopsy samples could be collected by fine
needle aspiration. To study the progression of the disease, the mechanical properties of
the biopsy samples could be investigated. Though biopsy technique allows more detailed
investigation of mechanical properties of tumor cells, it is limited to very small samples
as large biopsy samples lead to significant discomfort to the patients. Elastography could
be an alternative for mechanical testing on biopsy samples. This technique creates a
distortion in the tissue, observes and processes the tissue response to translate the
mechanical properties of the cells, and then displays the results as an image. Mechanical
properties of cells are obtained in specialized imaging modes that can detect cell stiffness
in response to an applied shear or compression wave. Ultrasound elastography and
magnetic resonance elastography (MRE) techniques are the two most commonly used

elastography method to study the mechanical properties of tissues of a patient.
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Ultrasound elastography uses ultrasound-generated traveling shear wave stimuli to create
tissue distortion and has shown promising results for non-invasive assessment of
mechanical properties of tissue. In the 1990s, it was first described that ultrasound
elastography could be used to measure the mechanical properties of tissues [2]. In recent
years, this technique has been further refined for the quantitative analysis of cell stiffness
[3]. Magnetic resonance elastography (MRE) is another non-destructive imaging method
that quantitatively measures the stiffness of soft tissues by introducing shear waves and
imaging their propagation using MRI. The effective spatial resolution of the elastography
technique increases as the frequency of the applied waves is increased. Unfortunately,
high-frequency shear waves are attenuated more rapidly than low-frequency waves, so
there can be a compensation between the distance from the vibration source and the

spatial resolution in some applications.

9.1. References

[1] D.R. Katti, K.S. Katti, Cancer cell mechanics with altered cytoskeletal behavior and substrate
effects: A 3D finite element modeling study, Journal of the mechanical behavior of biomedical
materials 76 (2017) 125-134.

[2] J.L. Gennisson, T. Deffieux, M. Fink, M. Tanter, Ultrasound elastography: principles and
techniques, Diagnostic and interventional imaging 94(5) (2013) 487-495.

[3] I.Z. Nenadic, M.W. Urban, J.F. Greenleaf, J.-L. Gennisson, M. Bernal, M. Tanter, Ultrasound

Elastography for Biomedical Applications and Medicine, Wiley2019.

245



APPENDIX

Single Cell
10

600

Displacement (nm)

Single Cell
14

12 s
"3?
10 o' "
* l.

“O.
100 - @5 %0 200 300 400 500 600

-4

~ O 00

Load (uN)

N

Displacement (nm)
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Figure Al. L-D curve on PCa single cell at maximum displacement 500 nm (Continued).
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Figure Al. L-D curve on PCa single cell at maximum displacement 500 nm (Continued).

255



Single Cell

-100 300 500 700 900 1100

Displacement (nm)

Figure Al. L-D curve on PCa single cell at maximum displacement 500 nm (Continued).

256



Single Cell
30

25
20
15
10

Load (uN)

-200 0 400 600 800 1000 1200
Displacement (nm)

Single Cell
70

60
50
40
30
20
10

0

-200 49 O 200 400 600 800 1000 1200
Displacement (nm)

Load (uN)

Figure A2. L-D curve on PCa single cell at maximum displacement 1000 nm.

257



50

40

30

20

Load (uN)

10

-200
-10

50
40
30

< 20

Single Cell

600
Displacement (nm)
Single Cell
0 200 400 600
W:

Displacement (nm)

800

800

1000

1000

1200

1200

Figure A2. L-D curve on PCa single cell at maximum displacement 1000 nm (Continued).

258



Single Cell

0 200 400 600 800 1000 1200
Displacement (nm)

Single Cell

0 200 400 600 800 1000 1200

Displacement (nm)

Figure A2. L-D curve on PCa single cell at maximum displacement 1000 nm (Continued).

259



Single Cell

=
=
e
©
S
-200 0 200 400 600 800 1000 1200
10 powppmater
-20
Displacement (nm)
Single Cell
50
40
. 30
=
=
- 20
©
S
10
0
-200 200 400 600 800 1000 1200
-10

Displacement (nm)
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Figure A2. L-D curve on PCa single cell at maximum displacement 1000 nm (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A3. L-D curve on tumoroid at maximum displacement 500 nm (day 23+5) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).

287



Tumoroid (23+10 days)

Load (uN)
N

-100 100 200 300 400 500 600

Displacement (nm)

Figure A4. L-D curve on tumoroid at maximum displacement 500 nm (day 23+10) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).

297



Tumoroid (23+20 days)

4
3
= 2
=2
©
3 1
-100 0 100 200 300 400 500 600
-1
Displacement (nm)
Tumoroid (23+20 days)
2
o ao%s °
. 1 ® ..f..w“'o
= oo ®
= %o
©
(g4}
S
0
400 500 600
-1

Displacement (nm)

Figure A5. L-D curve on tumoroid at maximum displacement 500 nm (day 23+20) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).

305



Tumoroid (23+5 days)

12
10 M
8 /
_ £,
s s ’
- P
§ 4
2
-200 ) 0 200 400 600 800 1000
Displacement (nm)
Tumoroid (23+5 days)
25
=
=
©
O
S
-200 600 800 1000 1200

Displacement (nm)

Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A6. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+5) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).

317



Tumoroid 1000 nm 23+10 days

Load (uN)

-200 400 600

800 1000 1200

Displacement (nm)

Tumoroid 1000 nm 23+10 days

15
-
o" Q
10 'ﬁﬁ‘wﬁ‘
z s
<
48]
! 0
—
-200 800 1000 1200
-5
-10

Displacement (nm)

Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A7. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+10) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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Figure A8. L-D curve on tumoroid at maximum displacement 1000 nm (day 23+20) (Continued).
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