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ABSTRACT

Breast cancer shows a high affinity towards the bone, causing bone-related complications
leading to poor clinical prognosis. Approximately 80% of breast cancer patients die within five
years after primary cancer has metastasized to the bones. The tumor stage strongly influences the
survival rates of patients with breast cancer that has spread to bone at the time of diagnosis.
There are currently no effective therapeutics available for bone metastases due to the failure of
animal models and the scarcity of human bone metastasized samples, as most patients with
advance stages of cancer are already in palliative care. Therefore, it is imperative to develop
translational models to elucidate disease mechanisms at the cellular and molecular level. Here,
we report the development of tissue-engineered nanoclay-based bone-mimetic three-dimensional
(3D) in vitro model for studying later stages of cancer pathogenesis at the metastatic bone site
using osteogenically-differentiated human mesenchymal stem cells (MSCs) and human breast
cancer cells (MDA-MB-231 and MCF-7). This 3D model provides an ideal microenvironment
suitable for cell-cell and cell-matrix interactions while retaining the behavior of breast cancer
cells with different metastatic potential along with mimicking mesenchymal to epithelial
transition (MET) of breast cancer cells. Sequential cultures of MSCs with MCF-7 gave rise to
tumoroids, while sequential cultures of MSCs with MDA-MB-231 formed disorganized clusters
of cells with poor cell-cell adhesion. We further evaluated how cancer-derived factors and
cytokines affect bone leading to up to metastasis and conferring drug resistance, respectively.
Results showed that Wnt/B-catenin and interleukin-6 (IL-6) mediated IL-6/STAT3 pathways are
responsible for bone-related complications and conferring drug resistance, respectively.

Furthermore, we have utilized the 3D in vitro model to develop methods for non-invasive

and rapid prediction of cancer progression using various biophysical techniques such as



spectroscopy and nanoindentation. Spectroscopy methods showed significant contributions of
proteins, lipids, and nucleic acids, while the nanoindentation method showed F-actin mediated
softening of cancer cells during cancer progression at the metastatic bone site, respectively.
Collectively, 3D in vitro model provides an ideal platform for studying the molecular mechanism
of breast cancer progression at the metastatic bone site, drug development, and discovery of

biomarkers for cancer progression.
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Cancer metastasis involves a series of well-defined steps including cellular
detachment or dissemination at the primary site, invasion at basement membrane,
intravasation or vascular invasion, circulation or migration through blood vessels
or lymph nodes, extravasation, survival, proliferation, angiogenesis, and
secondary tumor growth at metastatic site. Epithelial cancer cells undergo
epithelial to mesenchymal transition (EMT) to acquire mesenchymal phenotype
with increased motility and invasiveness. Newly acquired invasiveness makes the
cells disseminate from primary tumors, invade basement membrane, and enter the
bloodstream to become circulating tumor cells. These circulating tumor cells
migrate into a distant organ (bone), and in response to microenvironment, cells
start to colonize to pave the way for secondary micrometastases via Mesenchymal
to epithelial transition (MET). When cancer cells undergo MET, they lose their
mesenchymal traits followed by gaining of epithelial phenotype. ... 4

A gamut of different growth factors and cytokines govern the vicious cycle of
bone metastasis, such as vascular endothelial growth factor (VEGF), Interleukin -
8 (IL-8), Interleukin-11 (IL-11), parathyroid hormone-related protein (PTHrP).
Studies have identified that these factors mentioned above destabilize the balance
between bone resorption and bone formation. RANKL dictates the pathway of
osteoclastogenesis, and it causes differentiation of progenitor cells in the bone
marrow into osteoclasts. Breast cancer cells secrete PTHrP along with tumor
necrosis factor-alpha (TNF-a), which activates RANKL and inhibits
osteoprotegerin (OPG), a decoy receptor of RANKL, resulting in bone resorption.
Bone resorption increases the secretion of PTHrP by cancer cells, and PTHrP, in
turn, upregulates tumor growth factor- g (TGF-p), resulting in severe osteolysis. ............ 5

Schematic showing the concept of tissue engineering. Cells are isolated from the

patient and cultured on two-dimensional (2D) cell culture flask for efficient

expansion. Next, the cells are seeded in porous scaffolds together with growth

factors to aid regeneration. The scaffolds serve as a mechanical support during

tissue growth, and their porous structure provides nutrient supply and helps waste
removal. Once a functioning tissue has been successfully engineered, the

construct is transplanted on the defect to restore fuNCtioNn. ...........ccoovveeii i 8

Schematic showing Wnt/ B-catenin signaling pathway. Wnt signaling is mediated

by activation of low-density lipoprotein (LDL) receptor-related protein 5 (LRP-5)

and Frizzled 4 (FZD4) by secreted Wnt ligands. (a) In the absence of Wnt signal,
[-catenin is phosphorylated by casein kinase 1 (CK1) and the glycogen synthase
kinase-3p (GSK-3p)/adenomatous polyposis coli (APC)/Axin 2 complex, leading

to ubiquitination and proteasome degradation of B-catenin. (b) In the presence of

Whnt signal, the co-receptor LRP5/6 forms complex with Wnt-bound FZD which

in turn promotes nuclear translocation of B-catenin and stimulates osteogenesis. ........... 12
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2.3.
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Schematic showing IL-6/STAT3 signaling pathway. Interleukin-6 (IL-6), a pro-
inflammatory cytokine produced in the tumor microenvironment by stromal cells,
fibroblasts, and cancer cells. Binding of I1L-6 to its receptor IL-6R on the cell
membrane activates Janus Kinase 2 (JAK2) kinases. Activated JAK2 mediates
phosphorylation, dimerization, and nuclear translocation of Signal Transducer and
Activator of Transcription 3 (STAT3). STAT3 signaling mediates the expression
of various genes, including p53, Bcl-2, multidrug resistance-associated protein 1
(MRP1), and ATP-binding cassette subfamily G member 2 (ABCG2). Bcl-2 and
p53 are associated with regulation of apoptosis while overexpression of drug
transporters MRP1, ABCG2 has been shown to mediate efflux of drugs from
cancer cells, thus decreasing intracellular drug concentration leading to drug
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Schematic representation of energy transitions in Raman and IR spectroscopy. ..........

(A) Schematic showing the steps of sequential culture experiment. (B) Cell
viability of 2D and 3D monoculture of MCF 7. (C) Cell viability of 2D and 3D
monoculture of MM 231.(D) Cell viability of 3D sequential cultures (3D SC) and
MSCs 3D. (n=3; two-way ANOVA followed by post hoc Tukey test,
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ALP activity of (A) MSCs alone (n=3; one-way ANOVA followed by post hoc
Tukey test, *p <0.05, **p <0.01, ***p <0.001); (B) 3D sequential cultures (SC)
of MSCs with breast cancer cells and MSCs 3D. (n=3; two-way ANOVA

followed by post hoc Tukey test, *p <0.05, **p <0.01, ***p <0.001). ....ceocvrvrcrrnnnnn,

Representative immunofluorescence microscope images of MSCs cultured on
PCL/in situ HAPclay scaffolds after immunostaining for nuclei and Runx2. We
found an increase in the Runx2 protein levels at day 4, day 8, and day 16
compared to day 1 but we observed a decrease in the protein levels after day 16.
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(A-C) SEM micrographs of sequential culture of MCF-7 cells at days (23+5),
(23+10) and (23+15) (White circles/ellipses represent tumoroids); (D-E)
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Representative immunofluorescence microscope images of MM 231 and MCF-7
cells cultured in 2D and 3D sequential culture after immunostaining for nuclei, E-
cadherin (A), Vimentin (B), VEGF (C&E) and Cytokeratin 18 (D). Scale bars: 50
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Schematic showing metastatic cascade involved in breast cancer progression and
metastasis. Cancer cells at the primary tumor site undergo EMT to generate
mesenchymal cells with enhanced motility and invasiveness. The loss of E-
cadherin and FGFR2 expressions and gain of Twistl and Vimentin expressions
are hallmarks of epithelial-mesenchymal transition of cancer cells. Newly
acquired invasiveness makes the cells invade basement membrane and enter the
bloodstream to become circulating tumor cells. These circulating tumor cells
migrate into a distant organ (bone), and in response to microenvironment, cells
start to colonize to pave the way for secondary micrometastases via MET. When
cancer cells undergo MET, they re-express E-cadherin while Twist1 and
Vimentin expressions downregulate. HIF-1 and VEGF expressions are also

increased due to initiation of blood vessel formation during tumorigenesis. ................

Schematic showing the steps of sequential culture experiment............cccocevvviervenene.

Osteogenic differentiation of MSCs and bone tissue formation on nanoclay-based
scaffolds. (a) Quantitative real-time PCR of gene expression for osteogenic
markers.RUNX2, ALP, and OCN. (b) OCN released into culture medium,
indicative of bone maturation. *p <0.05, **p <0.01, and ***p <0.001 indicate
significant difference between 8 days and 23 days MSCs constructs. (c)
Immunofluorescence staining for RUNX2 and OCN of 8 days and 23 days MSCs
construct. Arrows indicate nuclear translocation of RUNX2. Scale bars, 50 um.
(d) Alizarin Red S staining and quantification absorbance assay of 8 days and 23
days MSCs constructs. Scale bar, 1 mm. #p <0.01, and *p < 0.001 indicate
significant difference between control and MSCs seeded constructs. ***p <0.001

indicates significant difference between 8 days and 23 days MSCs constructs. ...........
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3.3.

3.4.

3.5.

3.6.

3.7.

Osteogenesis in nanoclay-based scaffolds is mediated by Wnt/p-catenin signaling
pathway. (a) Quantitative real-time PCR of gene expression for Wnt-related

factors Wnt5a, B-catenin, AXIN2, FZD4, and LRPS5. *p <0.05, **p <0.01

indicate significant difference between 8 days and 23 days MSCs constructs. (b)
Immunofluorescence staining for f-catenin of 8 days and 23 days MSCs

construct. Arrows indicate nuclear translocation of 3-catenin. Scale bars, 50 pm.

(c) Expression of B-catenin assessed by western blotting..........c.ccccoovvvievieiiiie e, 85

Morphology of breast cancer cells (a) MM 231 and (b) MCF-7 grown on bone-
mimetic nanoclay scaffolds. Arrows indicate cells while * indicate scaffold. ................. 86

Osteogenesis in 3D in vitro model of breast cancer bone metastasis. (a)
Quantitative real-time PCR of gene expression for late-stage osteogenic marker
OCN. (b) OCN released into culture medium, indicative of bone maturation.

*p <0.05, ***p <0.001 indicate significant difference between 33 days MSCs and
(23+10) days sequential cultures of MSCs with breast cancer cells constructs. (c)
Immunofluorescence staining for OCN of 33 days MSCs and (23+10) days
sequential cultures of MSCs with breast cancer cells constructs. Scale bars, 50
pum. (d) Alizarin Red S staining and quantification absorbance assay of 33 days
MSCs and (23+10) days sequential cultures of MSCs with breast cancer cells
constructs. Scale bar, | mm. ***p <0.001 indicates significant difference between
33 days MSCs and (23+10) days sequential cultures of MSCs with breast cancer
CEIIS CONSIIUCES. ...ttt ettt st nrenreas 89

Wnt/B-catenin signaling regulates osteogenesis in 3D in vitro model of breast

cancer bone metastasis. (a) Quantitative real-time PCR of gene expression for
Whnt-related factors Wnt5a, B-catenin, AXIN2, and LRP5. *p <0.05, **p <0.01,

and ***p <0.001 indicate significant difference between 33 days MSCs and

(23+10) days sequential cultures of MSCs with breast cancer cells constructs.

(b) Immunofluorescence staining for p-catenin of 33 days MSCs and (23+10)

days MSCs grown in 1:1 MSCGM: Breast cancer-derived CM. Arrows indicate
nuclear translocation of B-catenin. Scale bars, 50 um. (c) Expression of 3-

catenin assessed by Western BIOtHING........c.ooeiiiiiiiiii e 90

Breast cancer-derived factors DKK-1 and ET-1 regulate Wnt/p-catenin signaling
pathway. (a) Quantitative real-time PCR of gene expression for DKK-1, and ET-

1. (b) DKK-1 and ET-1 released into culture medium. **p <0.01, ***p <0.001

indicate significant difference between (23+10) days sequential cultures of MSCs

with MCF-7 and (23+10) days sequential cultures of MSCs with MM 231. (c)
Mechanisms of inactivation and stimulation of Wnt/p-catenin signaling pathway

by DKK-1 and ET-1, reSPeCLIVEIY. .....ccviiiiieiie ettt 91
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4.1.

4.2.

4.3.

4.4,

4.5.

4.6.

(A) Quantitative real-time PCR of gene expression for late-stage osteogenic

marker OCN. (B) OCN released into culture medium, indicative of bone

maturation.**p <0.01, and ***p <0.001 indicate significant difference between

day 0 and day 23 MSCs constructs. (C) Alizarin Red S staining and quantification
absorbance assay of day 0 and day 23 MSCs constructs. Scale bar, 1 mm.

#5<0.05, and ##p <0.001 indicate significant difference between control and

MSCs seeded constructs. ***p <0.001 indicates significant difference between

day 0 and day 23 MSCS CONSIIUCES. ........eiveriirieriiriesiieieee e 117

(A) Schematic showing the steps of sequential culture experiment. (B)
Morphology of breast cancer cells MM 231 and MCF-7 grown on bone-mimetic
nanoclay scaffolds. Arrows indicate cells while * indicate scaffold. .................ccccen. 118

(A & B) Cytotoxic effects of paclitaxel in 2D cultures breast cancer cells (MM

231 & MCF-7) and 3D sequential cultures of MSCs with breast cancer cells (MM

231 & MCEF-7). Cells were treated with 0.2, 2, 20, and 200 uM of paclitaxel for

48 h. Cell viability was evaluated using a WST-1 assay. Half maximal inhibitory
concentration (1Cso) values were calculated on Graph Pad Prism using nonlinear
FEQrESSION ANAIYSIS. ...iviiiiiie ettt e e e esreen e neesreeae s 118

(A & B) Representative dot plot presenting the fluorescence channel analysis of

2D MM 231 & 3D MSCs + MM 231 SC, and 2D MCF-7 & 3D MSCs + MCF-7

SC cells following double staining with Annexin V and Propidium lodide. Cells

were treated with their respective 1Cso values mentioned in Table 4.2 for 24 h and

stained with Annexin V (horizontal) and Propidium lodide (vertical axis) before

analysis with flow cytometry. The percentage of cell apoptosis was calculated by
subtracting control (% early apoptosis) from 1Cso (% early apoptosis) for each

culture type. *p < 0.05 indicates significant differences between 2D MM 231

and 3D MSCs + MM 231 SC. **p <0.01 indicates significant difference

between 2D MCF-7 and 3D MSCS + MCF-7 SC......cocooiiiiiiiiinieiee s 120

(A & B) Quantitative real-time PCR of gene expression for p53 and Bcl-2.

*p <0.05, **p <0.01 indicate significant difference between significant difference
between 2D cultures of breast cancer cells (MM 231 & MCF-7) and 3D

sequential cultures of MSCs with breast cancer cells (MM 231 & MCF-7).
Immunofluorescence staining for p53 and Bcl-2 of 2D breast cancer cultures

(MM 231 & MCF-7) and 3D sequential cultures of MSCs with breast cancer cells

(MM 231 & MCEF-7). Arrows indicate nuclear localization of p53. Scale bars, 50
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(A & B) Quantitative real-time PCR of gene expression for MRP1 and ABCG2.

*p <0.05 indicates significant difference between significant difference between

2D cultures of breast cancer cells (MM 231 & MCF-7) and 3D sequential cultures

of MSCs with breast cancer cells (MM 231 & MCF-7). (C) Immunofluorescence

staining for MRP1 of 2D breast cancer cultures (MM 231 & MCF-7) and 3D

sequential cultures of MSCs with breast cancer cells (MM 231 & MCF-7). Scale
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4.7.

5.1.

5.2.

5.3.

(A & B) Quantitative real-time PCR of gene expression for IL-6. ELISA Assay
for quantification of released IL-6 into culture medium. *p <0.05, **p <0.01
indicate significant difference between 2D cultures of breast cancer cells (MM
231 & MCF-7) and 3D sequential cultures of MSCs with breast cancer cells (MM
231 & MCF-7). Immunofluorescence staining for pSTAT3 (Y705) of 2D breast
cancer cultures (MM 231 & MCF-7) and 3D sequential cultures of MSCs with
breast cancer cells (MM 231 & MCF-7). Arrows indicate nuclear localization of
pSTATS3. Scale bars, 50 um. (C) Proposed mechanism of IL-6/STAT3 mediated

drug-resistance in 3D sequential cultures MSCs with breast cancer cells.....................

(A) Schematic showing steps of sequential culture MSCs/breast cancer followed
by workflow of nanoindentation experiments. Dotted arrow pointing downwards
indicates the amount of deformation applied (P) onto cell construct to yield
nanomechanical response of cell. (B) Morphology of breast cancer cells MM 231
and MCF-7 grown on 3D bone-mimetic nanoclay scaffolds. Arrows indicate cells

WhHile * INAICALE SCATTONA. ..o e e

(A) Representative load-displacement (L-D) curves of MCF-7 as received and 3D
bone-mimetic scaffolds-derived MCF-7 cells at the maximum depth of 1000 nm
and 2000 nm. (B) Elastic modulus of MCF-7 as received and 3D bone-mimetic
scaffolds-derived MCF-7 cells at the maximum depth of 1000 nm and 2000 nm.
*p<0.05, **p<0.01, and ***p<0.001 indicate significant difference between
MCEF-7 as received and 3D bone-mimetic scaffolds-derived MCF-7 cells;
#p<0.05, #p<0.01, and **p<0.001 indicate significant difference between
scaffolds-derived MCF-7 (d5), and other scaffolds-derived cells (i.e., MCF-7
(d10) and MCF-7 (d15)); $p<0.05, ¥¥p<0.01, and %**p<0.001 indicate significant

difference between scaffolds-derived MCF-7 (d10) and MCF-7 (d15).......c.cccceveneee.

(A) Representative load-displacement (L-D) curves of MM 231 as received and
3D bone-mimetic scaffolds-derived MM 231 cells at the maximum depth of 1000
nm and 2000 nm. (B) Elastic modulus of MM 231 as received and 3D bone-
mimetic scaffolds-derived MM 231 cells at the maximum depth of 2000 nm and
2000 nm. *p<0.05, **p<0.01, and ***p<0.001 indicate significant difference
between MM 231 as received and 3D bone-mimetic scaffolds-derived MM 231
cells; #p<0.05, #p<0.01, and *#p<0.001 indicate significant difference between
scaffolds-derived MM 231 (d5), and other scaffolds-derived cells (i.e., MM 231
(d10) and MM 231 (d15)); $p<0.05, *¥p<0.01, and **¥p<0.001 indicate significant

difference between scaffolds-derived MM 231 (d10) and MM 231 (d15)...................
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5.4.

5.5.

5.6.

(A) Variation of storage modulus (E") for (i) MCF-7 as received and 3D bone-

mimetic scaffolds-derived MCF-7 cells; (ii) MM 231 as received and 3D bone-

mimetic scaffolds-derived MM 231 cells. (B) Variation of loss modulus (E") for

(i) MCF-7 as received and 3D bone-mimetic scaffolds-derived MCF-7 cells; (ii)

MM 231 as received and 3D bone-mimetic scaffolds-derived MM 231 cells. (C)
Variation of loss tangent (tan d) for (i) MCF-7 as received and 3D bone-mimetic
scaffolds-derived MCF-7 cells; (ii) MM 231 as received and 3D bone-mimetic
scaffolds-derived MM 231 cells. Intersections with the horizontal dashed line at

tan & =1 of the vertical lines occur at transition freqUencies, Mtransition.«««....veervveerrrreernen. 154

Log2 ratios of (A) storage modulus (E’), (B) loss modulus (E'’), and (C) loss

tangent (tan ) for MCF-7 and MM 231 across samples (mean + SD, averaged

across frequency). *p<0.05, **p<0.01, and ***p<0.001 indicate significant

difference between as received and 3D bone-mimetic scaffolds-derived breast

cancer cells; #p<0.05, #p<0.01, and *#p<0.001 indicate significant difference

between scaffolds-derived breast cancer cells (d5), and other scaffolds-derived

breast cancer cells (i.e., (d10) and (d15)); ®p<0.05, *¥p<0.01, and ***p<0.001

indicate significant difference between scaffolds-derived breast cancer cells (d10)

AN (A15). ettt 156

(A) Representative immunofluorescence images showing distribution of F-actin in
(i) MCF-7 as received and MCF-7 cells grown on 3D bone-mimetic scaffolds.
Scaffolds grown MCF-7 formed an F-actin band (white arrows) between adjacent
cells; (if) MM 231 as received and MM 231 cells grown on 3D bone-mimetic
scaffolds. Scaffolds grown MM 231 neither formed an F-actin band between
adjacent cells nor stress-fibers. (B) Quantification of corrected of total cell
fluorescence (CTCF) of F-actin for (i) MCF-7 as received and MCF-7 cells grown
on 3D bone-mimetic scaffolds; (ii) MM 231 as received and MM 231 cells grown
on 3D bone-mimetic scaffolds. *p<0.05, **p<0.01, and ***p<0.001 indicate
significant difference between as received and 3D bone-mimetic scaffolds-grown
breast cancer cells; *p<0.05, #p<0.01, and ##p<0.001 indicate significant
difference between scaffolds-grown breast cancer cells (d5), and other scaffolds-
grown breast cancer cells (i.e., (d10) and (d15)); ®p<0.05, $¥p<0.01, and
$$$p<0.001 indicate significant difference between scaffolds-grown breast cancer
Cells (d10) AN (AL15). ..veeieeeecieee e 157

xXii



5.7.

5.8.

5.9.

(A) Representative immunofluorescence images showing distribution of tubulin in
(i) MCF-7 as received and MCF-7 cells grown on 3D bone-mimetic scaffolds; (ii)
MM 231 as received and MM 231 cells grown on 3D bone-mimetic scaffolds. (B)
Quantification of corrected of total cell fluorescence (CTCF) of tubulin for (i)
MCF-7 as received and MCF-7 cells grown on 3D bone-mimetic scaffolds; (ii)
MM 231 as received and MM 231 cells grown on 3D bone-mimetic scaffolds.
*p<0.05, **p<0.01, and ***p<0.001 indicate significant difference between as
received and 3D bone-mimetic scaffolds-grown breast cancer cells; #p<0.05,
#1<0.01, and *#p<0.001 indicate significant difference between scaffolds-grown
breast cancer cells (d5), and other scaffolds-grown breast cancer cells (i.e., (d10)
and (d15)); ®p<0.05, ¥¥p<0.01, and **¥p<0.001 indicate significant difference

between scaffolds-grown breast cancer cells (d10) and (d15)......cccccevvveiiiinieeriennnnne

Quantitative real-time PCR of gene expression for actin-dynamics related genes
CDC42, ARP2, ARP3, N-WASP, CTTN, and CFL2. *p<0.05, **p<0.01, and
***p<0.001 indicate significant difference between MCF-7 as received and MCF-
7 cells grown on 3D bone-mimetic scaffolds; *p<0.05, #p<0.01, and *#p<0.001
indicate significant difference between MCF-7 (d5) cells grown on 3D bone-
mimetic scaffolds, and other MCF-7 cells grown on 3D bone-mimetic scaffolds
(i.e., MCF-7 (d10) and MCF-7 (d15)); ®p<0.05, *¥p<0.01, and $¥¥p<0.001 indicate
significant difference between MCF-7 (d10) and MCF-7 (d15) cells grown on 3D

DONE-MIMELIC SCAFFOIAS .....eeee oo et e e

Quantitative real-time PCR of gene expression for actin-dynamics related genes
CDC42, ARP2, ARP3, N-WASP, CTTN, and CFL2. *p<0.05, **p<0.01, and
***p<0.001 indicate significant difference between MM 231 as received and MM
231 cells grown on 3D bone-mimetic scaffolds; *p<0.05, #p<0.01, and ##p<0.001
indicate significant difference between MM 231 (d5) cells grown on 3D bone-
mimetic scaffolds, and other MM 231 cells grown on 3D bone-mimetic scaffolds
(i.e., MM 231 (d10) and MM 231 (d15)); ®p<0.05, *¥p<0.01, and ¥**p<0.001
indicate significant difference between MM 231 (d10) and MM 231 (d15) cells

grown on 3D bone-mimetic SCaffolds. .........ccovviieiiiiiie e

xXiii

.. 161



5.10.

5.11.

6.1.
6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

(A) In mesenchymal cells, E-cadherin is not present, and the actin cytoskeleton
undergoes several changes, leading to a shift of actin and its regulatory proteins
and complexes such as N-WASP, cortactin, and Arp2/3 complex from the cortex
towards the leading edge to form lamellipodia. In contrast, epithelial cells form
tight junctions to create an intracellular barrier separating the tissue from the
outside world and adherens junction between adjacent cells that bestow
mechanical stability by connecting with the actin cytoskeleton and E-cadherin.
Furthermore, E-cadherin maintains adherens junction integrity by providing a
basis for sequestration of actin nucleation proteins in non-motile cells. Cortactin,
a scaffolding protein, binds to both N-WASP and E-cadherin to recruit Arp2/3
complex to adherens junctions. (B) E-cadherin inhibits CDC42, a small GTPase
of the Rho family, which in turn prevents actin interacting regulatory proteins (N-
WASP, ARP2/3, and CTTN) from taking part in actin nucleation, at the same
time stimulating the activity of actin severing protein CFL2, thereby promoting
depolymerization Of CtiN. ........cccooiiiiiie s 163

(A&B) Quantitative real-time PCR of gene expression for CHD1 for as received
MCF-7/MM 231 and MCF-7/MM 231 cells grown 3D bone-mimetic scaffolds.

(C) Log2 ratios of CHD1 gene expression of as received and cells grown on 3D
bone-mimetic scaffolds for both breast cancer cells. (n=3; one-way ANOVA

followed by post hoc Tukey test, *p <0.05, **p <0.01, ¥***p <0.001). ..ccoeevrirrrrnnnnn 164
Schematic illustration of the steps of sequential culture experiment............cccccoevvevveenee. 185
Schematic representation of the workflow of FTIR experiment. ...........cccocevviininennnn. 186

Representative SEM micrographs of (a) MCF-7 MC, (b) MCF-7 SC, (c) MM 231
MC, and (d) MIM 231 SC.....oooieieiee ettt sresneeneeneas 188

Representative FTIR spectra of (a) MCF-7 SC, (b) MCF-7 MC, (c) MM 231 SC,
and (d) MM 231 MC at different incubation times in the region of 3600-930 cm™....... 189

Representative second-derivative spectra of (a) MCF-7 SC, MCF-7 MC, (b) MM
231 SC, MM 231 MC at different incubation times in the region of 3050-930 cm"
ettt ettt ettt s e ettt s et 192

Representative curve-fitted amide region (1708-1482 cm™) of MCF-7 MC (a-c),

and MCF-7 SC (d-f); lipid region (2990-2800 cm*) of MCF-7 MC (g-i), and

MCF-7 SC (j-I); nucleic acid region (1180-930 cm™) of MCF-7 MC (m-0), and

MCF-7 SC (p-r) for different incubation time. ...........cccocvvevie i 195

Representative curve-fitted amide region (1708-1482 cm™*) of MM 231 MC (a-c),

and MM 231 SC (d-f); lipid region (2990-2800 cm™) of MM 231 MC (g-i), and

MM 231 SC (j-I); nucleic acid region (1180-930 cm™*) of MM 231 MC (m-0), and

MM 231 SC (p-r) for different incubation time. ...........cccoveve i 198
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6.8.

6.9.

7.1.

7.2.

7.3.

7.4.

7.5.

Intensity ratios of Amide I/Amide Il (a and d), CH, asymmetric/ CH2 symmetric
stretch (b and e), RNA/DNA (c and f) of monocultures (MC) and sequential
cultures of MCF-7 and MM 231, respectively, at different incubation time. (n=3,
two-way ANOVA followed by post hoc Tukey test,*p<0.05, **p<0.01, and

00010 OO 201

The results of PCA applied to 2 groups of second derivative spectra (MCF-7 MC
and MCF-7 SC) in the region of 3050-2800 and 2000-930 cm™* (a), and a PC-1
correlation loading plot (b); the results of PCA applied to 2 groups of second
derivative spectra (MM 231 MC and MCF-7 SC) in the region of 3050-2800 and
2000-930 cm™ (c), and a PC-1 correlation loading plot (d); the results of PCA
applied to 2 groups of second derivative spectra (MM 231 SC and MCF-7 SC) in
the region of 3050-2800 and 2000-930 cm (e), and a PC-2 correlation loading

0] (0] B TSRS ROPS 203

Schematic showing sequential culture of MSCs/prostate cancer cells and the

workflow of Raman eXperiment. ..........cccoiviiiiieiiee e 225

(A) Mean Raman spectra of 2D PCa (n=20) and 3D MSCs + PCa SCs (n=20). (B)
The corresponding difference spectra calculated from the mean Raman spectra

between 2D culture and three different 3D CUNUIES. .....coovveeveee e, 230

(A) PCA score plot spanned by PC1, and PC2 illustrating the intrinsic clustering
of 2D PCa and 3D MSCs + PCa SCs. (B) The first two PCs accounting for 92.9%
of the total variation in the Raman spectral dataset, revealing the significant

Raman spectral features for the classification of cancer cells. ...........ccooevivviiiieieennnnn. 233

Histogram displaying intensities of Raman bands (A) 1002 cm™, (B) 1261 cm™,
(C) 1444 cm™, and (D) 1654 cm™ across samples. (n=20, one-way ANOVA
followed by post hoc Tukey test, *p<0.05, **p<0.01, and ***p<0.001 indicate
significant difference between 2D PCa and 3D MSCs + PCa SCs; #p<0.05,
#1<0.01, and ##p<0.001 indicate significant difference between day (23+5), and
other days of 3D MSCs + PCa SCs; ®p<0.05, *¥p<0.01, and ***p<0.001 indicate
significant difference between day (23+10) 3D MSCs + PCa SC and day (23+15)

3D MSCS + PCA SC). .ttt bbbt 234

Raman mapping images of 2D PCa and three 3D MSCs + PCa SCs for vibrational

signatures of: (A) 1002 cm™, (B) 1261 cm?, (C) 1444 cm, and (D) 1654 cm™........... 235
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7.6.

1.7.

7.8.

Cluster analysis of 2D PCa and PCa cells seeded on bone-mimetic scaffolds for 5,
10 and 15 days, (A) optical images of samples used in Raman Imaging, (B)
clusters indicating actin-rich regions colored in red and the red stripe on the top of
the image constitutes digitally introduced reference actin, (C) clusters indicating
DNA rich regions colored in blue and the blue stripe on the top of the image
constitutes digitally introduced reference DNA, (D) average spectra from ten
randomly collected spectra from the actin-rich regions on day 15 and the
reference spectra for actin, (E) average spectra from ten randomly collected
spectra from the DNA rich regions on day 15 and the reference spectra for actin.
The bone-mimetic scaffolds are created by seeding MSCs on 3D nanoclay based
scaffolds and culturing for 23 days for regeneration of bone tissue. PCa cells are
seeded after the MSC culture period of 23 days is completed. The 2D PCa cells

indicate PCa cells not seeded 0N SCAFFOIAS. ........oooveeeeeeeee e 236

(A) Reference Actin spectra used for cluster analysis. (B) Cluster map of 3D
d(23+15) MSCs+PCa SC indicating actin-rich regions colored in red and the red
stripe on the top of the image constitutes digitally introduced reference actin,
boxes (a,b, and ¢) drawn on the cluster map indicate random location on actin-rich
region. (C) Spectra from randomly chosen location on actin-region showing

similar features as referE&NCE ACTIN. ....oeeeeeeeee e 237

(A) Reference Myosin spectra used for cluster analysis. (B) Cluster map of 3D
d(23+15) MSCs+PCa SC indicating myosin-rich regions colored in red and the
red stripe on the top of the image constitutes digitally introduced reference
myaosin, boxes (a,b, and c) drawn on the cluster map indicate random location on
myosin-rich region. (C) Spectra from randomly chosen location on myosin-region

showing similar features as reference MyoSin. ........cccccevveviiieeiie e 238
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LIST OF ABBREVIATIONS

MSCS... it Mesenchymal Stem Cells.

RUNXZ ..o Runt related transcription factor 2.

DLX5 it Distal-less homeobox 5.

OSX et Osterix.

BSP e Bone sialoprotein.

OCN . Osteocalcin.

COL i Collagen Type I.

M-CSF... e Macrophage Colony Stimulating Factor.

RANKL ..o Receptor Activator of Nuclear factor Kappa B
Ligand.

EMT e Epithelial to Mesenchymal transition.

MET Lo Mesenchymal to Epithelial transition.

VEGF ..o Vascular Endothelial Growth Factor.

IL-8 e Interleukin-8.

IL-20 e Interleukin-11.

PTHIP oo Parathyroid Hormone-related Protein.

TNF-0Leeie e Tumor Necrosis Factor-alpha.

OPG... e Osteoprotegerin.

TGP Tumor Growth Factor- .

HAP . ..o Hydroxyapatite.

PP Pyrophosphate.

2D Two-dimensional.

3D Three-dimensional.

PLG oo Poly-lactide-co-glycolide.
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PCN ..ot Polymer-Clay Nanocomposite.

Na-MMT oo Sodium Montmorillonite.

ChilPGA. ... Chitosan-Polygalacturonic acid.

PCL o Polycaprolactone.

LRP-5/6....ccviiiiiiiieiieie e Low-density lipoprotein receptor-related protein
5/6.

FZD oo Frizzled

CKIL Casein Kinase 1.

(] LG ] SRS Glycogen Synthase Kinase-3.

APC Adenomatous Polyposis Coli.

D] S S Dickkopf homolog 1.

ET-1 Endothelin-1.

IL=6 o Interleukin-6.

JAKZ ..o Janus Kinase 2.

STATS e Signal Transducer and Activator of Transcription 3.

MRPL ..o Multidrug Resistance-associated Protein 1.

ABCCL....oooiiiieceec e ATP-binding Cassette Subfamily C Member 1.

ABCG2 ..ot ATP-binding Cassette Subfamily G Member 2.

WASP ..ottt Wiskott - Aldrich syndrome Protein.

ARP2/3..o Actin-related Proteins-2/3.

WAVEZ......c.o oot \2Nisk0tt-AIdrich syndrome protein family member

AFM Atomic Force Microscopy.

BrCa ..o Breast Cancer.

HBCC...oo e Human Breast Cancer Cell.

ATCC e American Type Culture Collection.
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DMEM ...ttt Dulbecco’s Modified Eagle Medium.

EMEM. ..ot Eagle’s Minimum Essential Medium.
PBS .o Phosphate Buffered Saline.

UV s Ultraviolet.

S i —————— Sequential Culture.

ALP o Alkaline Phosphate.

SEM o Scanning Electron Microscope.
DAPI .o 4', 6-diamidino-2-phenylindole.
MMP-9 ... Matrix Metalloproteinase 9.

ELISA .o Enzyme-Linked Immunosorbent Assay.
PCR et Polymerase Chain Reaction.
GAPDH........ooiiiiie s Glyceraldehyde 3-Phosphate Dehydrogenase.
FGFR2....c.oi e Fibroblast Growth Factor Receptor 2.
HIF-1 e Hypoxia-Inducible Factor 1.

FSG i Fish Skin Gelatin.

ECM .o Extracellular Matrix.

SDF-1 i Stromal Cell-Derived Factor-1.
TCPS Tissue Culture Polystyrene.

PEA Paraformaldehyde.
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CHAPTER 1. INTRODUCTION

1.1. Bone

Bone is a three-dimensional, highly structured, dynamic tissue with an organized
extracellular matrix consisted of organic and inorganic components. It not only provides support
and structural integrity to the body but also regulates metabolic activity by governing
interactions between bone microarchitecture and heterogeneous population of bone cells, and
their aggregate response to various mechanical stimuli such as mechanical loading, fluid flow,
and substrate deformation, etc. Bone remodeling is a highly complex process, governed by a
gamut of biochemical signaling and mechanical cues generated by its highly structured matrix.
Remodeling helps maintain mineral homeostasis and acclimatize to mechanical changes [1, 2].
Osteoblasts, osteoclasts, and osteocytes typically control bone homeostasis. Osteoblasts and
osteoclasts independently govern bone formation and bone resorption process, respectively [3].
However, excessive bone formation by osteoblasts without osteoclast activity leads to
osteopetrosis [4, 5], while the contrary results in bone loss and osteoporosis [6, 7].
1.1.1. Bone cells
1.1.1.1. Osteoblasts

Osteoblasts are derived from osteoprogenitor lineage of mesenchymal stem cells (MSCs).
Induction of osteogenic differentiation is characterized by increased expression of transcription
factors such as runt related transcription factor 2 (Runx2), and osterix (Osx), as well as
homeobox protein distal-less homeobox 5 (DIx5) while maturation of osteoblasts is marked by
increased expression of Osx and secretion of bone matrix proteins such as bone sialoprotein

(BSP) I/11, osteocalcin (OCN), and collagen type | (COL 1) [8-14]. Osteoblasts reside along the



bone surface and participate in the deposition and mineralization of the bone matrix during bone
remodeling.
1.1.1.2. Osteoclasts

Osteoclasts are derived from mononuclear cells of the hematopoietic stem cell lineage
that fuse to form pre-osteoclasts [9]. Macrophage colony stimulating factor (M-CSF) and
receptor activator of nuclear factor kappa B ligand (RANKL) secreted by osteoblast,
osteoprogenitor mesenchymal cells, and other stromal cells in microenvironment, promote pre-
osteoclasts to differentiate into multinucleated, activated osteoclasts that resorb bone during bone
remodeling [6, 15]. However, excessive osteoclast activity without bone formation causes
osteoporosis, a bone disease characterized by dysfunctional bone matrix with poor mechanical
stability leading to bone fractures [16]. In case of bone metastasis, abnormal activation of
osteoclasts together with impaired osteoblastic activity leads to osteolytic lesions [17].
1.1.1.3. Osteocytes

Osteocytes are the most abundant cells in the bone matrix derived from the mature
osteoblasts, which become embedded in the mineralized bone matrix [18, 19]. They display
multiple (up to 50 per cell) cytoplasmic dendritic extensions, which run along narrow canaliculi
and establish a connection to neighboring osteocytes, osteoblasts, and the lining cells at the bone
surface [12, 20]. Thus, osteocytes act as mechanosensors and provide a means by which bone
adapts to mechanical load by changing in microarchitecture, shape, or mass [12].
1.2. Breast Cancer Bone Metastasis

Breast cancer is one most common form of cancer worldwide, and based on
current incidence rates, 12.4 % of women born in the United States today may develop breast

cancer at some time during their lives [21]. In 2020, an estimated 279,100 cases of breast cancer



will be diagnosed among those 276,480 will be women and 2,620 will be men, respectively.
Furthermore, an estimated 42,690 deaths are expected due to breast cancer in 2020 [22]. Breast
cancer has the propensity to spread to other organs and bone is the most common site for breast
cancer metastases, causing bone-related complications (such as hypercalcemia, excruciating
pain, and bone fractures) leading to poor clinical prognosis [17, 23, 24]. Approximately 80% of
breast cancer patients die within five years after primary cancer has metastasized to the bones
[25]. The survival rate of the patients with breast cancer metastasized to bone is highly
influenced by the tumor stage at the time of diagnosis. Breast cancer cells colonize within the
bone marrow and impede bone remodeling processes either by activation of osteoclast
differentiation or by the promotion of osteoblast activity [26, 27].

Cancer metastasis involves a series of well-defined steps including cellular detachment or
dissemination at the primary site, invasion at basement membrane, intravasation or vascular
invasion, circulation or migration through blood vessels or lymph nodes, extravasation, survival,
proliferation, angiogenesis, and secondary tumor growth at metastatic site [28]. Epithelial cancer
cells undergo epithelial to mesenchymal transition (EMT) to acquire mesenchymal phenotype
with increased motility and invasiveness. Newly acquired invasiveness makes the cells
disseminate from primary tumors, invade basement membrane, and enter the bloodstream to
become circulating tumor cells. At the gene level, EMT is characterized by loss of E-cadherin
expressions together with increased expressions of Snail, Twist, Slug, and vimentin [29]. These
circulating tumor cells migrate into a distant organ (bone), and in response to microenvironment,
cells start to colonize to pave the way for secondary micrometastases via mesenchymal to
epithelial transition (MET). When cancer cells undergo MET, they lose their mesenchymal traits

followed by gaining of epithelial phenotype [30] (Figure 1.1).
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Figure 1.1. Cancer metastasis involves a series of well-defined steps including cellular
detachment or dissemination at the primary site, invasion at basement membrane, intravasation
or vascular invasion, circulation or migration through blood vessels or lymph nodes,
extravasation, survival, proliferation, angiogenesis, and secondary tumor growth at metastatic
site. Epithelial cancer cells undergo epithelial to mesenchymal transition (EMT) to acquire
mesenchymal phenotype with increased motility and invasiveness. Newly acquired invasiveness
makes the cells disseminate from primary tumors, invade basement membrane, and enter the
bloodstream to become circulating tumor cells. These circulating tumor cells migrate into a
distant organ (bone), and in response to microenvironment, cells start to colonize to pave the way
for secondary micrometastases via Mesenchymal to epithelial transition (MET). When cancer
cells undergo MET, they lose their mesenchymal traits followed by gaining of epithelial
phenotype.

The interactions between the bone microenvironment and breast cancer cells have been
shown to contribute towards the development of bone metastases [31]. A gamut of different
growth factors and cytokines govern the vicious cycle of bone metastasis, such as vascular
endothelial growth factor (VEGF), Interleukin-8 (IL-8), Interleukin-11 (IL-11), parathyroid
hormone-related protein (PTHrP). Studies have identified that these factors mentioned above

destabilize the balance between bone resorption and bone formation [32, 33].
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Figure 1.2. A gamut of different growth factors and cytokines govern the vicious cycle of bone
metastasis, such as vascular endothelial growth factor (VEGF), Interleukin -8 (IL-8), Interleukin-
11 (IL-11), parathyroid hormone-related protein (PTHrP). Studies have identified that these
factors mentioned above destabilize the balance between bone resorption and bone formation.
RANKL dictates the pathway of osteoclastogenesis, and it causes differentiation of progenitor
cells in the bone marrow into osteoclasts. Breast cancer cells secrete PTHrP along with tumor
necrosis factor-alpha (TNF-a), which activates RANKL and inhibits osteoprotegerin (OPG), a
decoy receptor of RANKL, resulting in bone resorption. Bone resorption increases the secretion
of PTHrP by cancer cells, and PTHrP, in turn, upregulates tumor growth factor- 3 (TGF-p),
resulting in severe osteolysis.

RANKUL dictates the pathway of osteoclastogenesis, and it causes differentiation of
progenitor cells in the bone marrow into osteoclasts [34]. Breast cancer cells secrete PTHrP
along with tumor necrosis factor-alpha (TNF-a)), which activates RANKL and inhibits
osteoprotegerin (OPG), a decoy receptor of RANKL, resulting in bone resorption [35]. Bone
resorption increases the secretion of PTHrP by cancer cells, and PTHrP, in turn, upregulates
tumor growth factor- B (TGF-B), resulting in severe osteolysis [36] (Figure 1.2). Although

improved understanding of the pathophysiology of bone metastases has been useful in



elucidating pathways of cancer using several experimental and animal models, experimental
models that faithfully replicate the events that occur in individuals with breast cancer
metastasized to the bones are still scarce and limited in unraveling molecular mechanism
underlying the later stages of breast cancer pathogenesis to bones.
1.3. Current Therapies for Breast Cancer Bone Metastases

The currently available therapies for patients with bone metastases include
bisphosphonate-based treatments to improve bone stability along with pain management,
orthopedic surgery to repair bone fractures, and radiotherapy to alleviate pain/or prevent bone
fractures [37]. Bisphosphonates are pharmacological agents that help increase bone stability by
inhibiting osteoclast-mediated bone resorption activity [38, 39]. Bisphosphonates exhibit a high
affinity for hydroxyapatite (HAP) owing to its structural resemblance with pyrophosphate (PPi)
[38]. Thus, bisphosphonates primarily get assimilated into the areas of active bone remodeling
due to the availability of a large number of HAP binding sites [38]. However, bisphosphonates
neither target tumor nor repair bone directly. Recently, Denosumab, a humanized, synthetic
monoclonal antibody, has been shown to bind to RANKL, thereby inhibiting the differentiation
and activation of premature and mature osteoclasts, respectively, thus impeding bone resorption
[40]. Although radiotherapy has long been used for the treatment of localized pain, there have
been complaints of increased risk of bone fractures post-radiotherapy [37].
1.4. 3D Cell Culture Models in Cancer

Unraveling the metastatic cascade at the cellular level is the first step towards developing
new and effective therapeutic approaches against bone metastases at early stages to improve
patient survival rates. Cell culture studies have been an integral part of cancer drug development

for decades now. To date, cancer researchers have heavily relied on two-dimensional (2D)



monolayer cell culture systems for the discovery of signaling pathways and drugs. However,
conventional 2D monolayer culture systems do not recapitulate cell behavior in a human body
where cells exist in a three-dimensional (3D) environment, wherein cell-cell, cell-matrix
interactions play a major in regulating the behavior of cancer cells [41, 42]. Although animal
models provide a native 3D microenvironment, where human cancer cells can be injected, or
human bone fragments can be implanted into immune-deficient animals to create metastatic
xenograft; their species difference, immuno-deficiency, and complex disease pathogenesis most
often reduce the correlation between clinical trials and animal studies [43, 44]. Therefore, the
development of accurate and efficient models to recapitulate cell-cell/cell-matrix interactions to
mimic native tumor microenvironment and achieve better drug response is paramount to identify
targets for drug development. In recent years, 3D culture systems have received a great deal of
attention owing to their ability to mimic in vivo tissue microenvironment, leading to altered focal
adhesions, growth kinetics, metabolic activity, cytokine production, morphology,
genotypic/phenotypic traits, and in vivo-like drug response [45-51].
1.5. Tissue-Engineered 3D Models of Breast Cancer Bone Metastases

Tissue engineering is an interdisciplinary field of research that combines the principles of
engineering and life sciences towards developing biological constructs to augment or restore
tissue function [52, 53]. Tissue engineering strategies are relatively less invasive and capable of
healing damaged and injured tissues by the natural process as compared to conventional
treatments [54]. Cells, growth factors, and scaffolds are critical components of tissue
engineering. Scaffolds provide required biophysical and biochemical cues to the cells for tissue
formation in a 3D environment similar to in vivo environment. A schematic showing the concept

of tissue engineering is shown in Figure 1.3 .
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Figure 1.3. Schematic showing the concept of tissue engineering. Cells are isolated from the
patient and cultured on two-dimensional (2D) cell culture flask for efficient expansion. Next, the
cells are seeded in porous scaffolds together with growth factors to aid regeneration. The
scaffolds serve as a mechanical support during tissue growth, and their porous structure provides
nutrient supply and helps waste removal. Once a functioning tissue has been successfully
engineered, the construct is transplanted on the defect to restore function.

In recent years, tissue engineering approaches have attracted substantial attention owing
to its potential to model diseases to delineate the molecular mechanism of disease progression
efficiently. There have been a lot of studies focusing on the development of 3D in vitro models
for studying breast cancer bone metastases to date. For instance, Pathi et al. demonstrated the
crucial role of the bone mineral hydroxyapatite in governing breast cancer bone metastasis using
porous poly-lactide-co-glycolide (PLG) scaffolds [32]. Further, MSCs-modified bone model was
developed to recapitulate metastatic characteristics of various breast cancer cells [55]. Talukdar
& Kundu developed 3D silk fibroin-based scaffolds to study interactions between cancer cells

and osteoblasts [49] while Mastro et al. showed interactions of cancer cells with bone tissue in

real-time with the help of a bioreactor [56]. In another study, silk fibroin scaffolds-based co-
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culture model of osteoblasts and breast cancer cells was developed to evaluate the efficacy of
targeted delivery of doxorubicin-loaded folate conjugated fibroin nanoparticles [57]. In a recent
study, Zhu et al. fabricated a 3D-printed co-culture model of osteoblasts and breast cancer cells
to evaluate drug-resistance of breast cancer cells against chemotherapeutic drug 5-Fluorouracil
[58]. Although these studies have been able to shed light on disease pathogenesis regarding
cytokine production, altered gene/protein expression, and targeted therapies; one of the major
limitations of co-culture systems is simultaneous seeding of both cells on scaffolds while
colonization of breast cancer cells in bone microenvironment is mediated by chemokines, and
growth factors released by already growing bone cells, stromal cells, etc. To this end, we
implemented a sequential culture system [48] in which we cultured MSCs on nanoclay scaffolds
for 23 days to obtain bone-like extracellular matrix deposition. Then, we seeded breast cancer
cells (MDA-MB-231, MCF-7) on the scaffolds bearing newly formed bone to mimic metastatic
condition. The details of nanoclay scaffold system will be described in section 1.6.
1.6. Nanoclay-based Scaffolds for Bone Tissue Engineering

The primary focus of tissue engineering has been the development of materials with
adequate mechanical properties that favor tissue growth and regeneration. There has been a
continuous effort from researchers across the globe to develop composite systems with polymers
and nano/micro-sized fillers to tailor properties of polymers, including biodegradability,
bioactivity, biocompatibility, surface roughness, and mechanical strength for applications in
tissue engineering. Researches related to polymer-clay nanocomposites (PCNSs) since 1990 have
shown that the addition of clay in small quantities not only improves mechanical strength [59-66]

but also influences properties such as biodegradability [67], flammability [68, 69], and gas



permeability [70-72]. PCNs are composites with polymer matrix in which the dispersed phase is
the clay particles having at least one of their dimensions in the nanometer range [73, 74].
Modification of clays has been shown to play an essential role in the preparation of
nanocomposites due to its ability to alter the final properties of the nanocomposites. Attempts
made using both computational and experimental approaches to get more insight into the
modification of sodium montmorillonite (Na-MMT) clay with various organic modifiers led to
the development of “altered phase” model. This model highlights the effect of interactions
among polymer, clay, and organic modifiers on the crystallinity and nanomechanical properties
of PCNs [65]. In a related work from our group, it was shown that the backbone chain length and
the functional groups in modifiers influenced the crystallinity and nanomechanical properties of
PCNs [75]. All these observations prompted us to use unnatural amino acid such as 5-amino
valeric acid for modification of clay, which not only increased interlayer d-spacing but also
improved its biocompatibility [76]. In a subsequent study, our group biomineralized HAP into
intercalated nanoclay galleries to obtain in situ HAPclay [77]. We further used in situ HAPclay
as a reinforcement filler while preparing composites from chitosan-polygalacturonic acid
(Chi/PgA) [78] and polycaprolactone (PCL) [79]. It was shown that incorporation of in
situ HAPclay significantly enhanced mechanical property along with bioactivity of the
composites [78, 79]. Studies have been done to evaluate the feasibility of ChiPgA/in
situ HAPclay composites [78]. Previous studies from our group have reported osteogenic
differentiation of human mesenchymal stem cells on in situ HAPclay-scaffolds without the use
of osteogenic supplements via Wnt/p-catenin pathway [79, 80]. MSCs cultured on nanoclay-
based composites mediated mineralization by vesicles containing crystalline calcium minerals

[81]. Upon investigation, Ca/P ratio in these vesicles was found to be lower than the
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stoichiometric Ca/P ratio of HAP, indicating new bone formation and remodeling of bone [81].
Increasing evidence shows that breast cancer metastasizes to remodeling bone
microenvironment, which prompted us to use this system in the present research study.

1.7. Wnt/p-catenin Pathway Mediated Osteogenesis at Metastases

The Wnt/ B-catenin pathway plays a crucial role in the bone regenerative process
including fracture healing [82, 83]. Wnt signaling is mediated by activation of low-density
lipoprotein (LDL) receptor-related protein 5/6 (LRP-5/6) and Frizzled (FZD) by secreted Wnt
ligands [84]. In the absence of Wnt signal, B-catenin is phosphorylated by casein kinase 1 (CK1)
and the glycogen synthase kinase-3p (GSK-3f)/adenomatous polyposis coli (APC)/Axin
complex, leading to ubiquitination and proteasome degradation of B-catenin [85-87] (Figure
1.4a). In the presence of Wnt signal, the co-receptor LRP5/6 forms complex with Wnt-bound
FZD which in turn promotes nuclear translocation of B-catenin and activates of transcription of
target genes, such as c-myc, RUNX2, and cyclin D1 [88-90] (Figure 1.4b).

Although Wnt/ B-catenin pathway is well studied for osteogenesis [80, 91-94], little is
known about regulation of Wnt/ 3-catenin pathway by breast cancer-derived factors such as
dickkopf homolog 1 (DKK-1) and endothelin-1 (ET-1) during osteogenesis in breast cancer
induced bone metastasis. DKK-1, an inhibitor of canonical Wnt signaling, operates by
sequestering LRP-5/6 from FZD and thus blocks Wnt/ 3-catenin pathway mediated osteogenesis

[95-97].
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Figure 1.4. Schematic showing Wnt/ B-catenin signaling pathway. Wnt signaling is mediated by
activation of low-density lipoprotein (LDL) receptor-related protein 5 (LRP-5) and Frizzled 4
(FZD4) by secreted Wnt ligands. (a) In the absence of Wnt signal, 3-catenin is phosphorylated
by casein kinase 1 (CK1) and the glycogen synthase kinase-33 (GSK-3p)/adenomatous polyposis
coli (APC)/Axin 2 complex, leading to ubiquitination and proteasome degradation of -catenin.
(b) In the presence of Wnt signal, the co-receptor LRP5/6 forms complex with Wnt-bound FZD
which in turn promotes nuclear translocation of p-catenin and stimulates osteogenesis.

Increased DKK1 expressions has been associated with osteolytic bone metastases [98].
Breast cancer cells have also been shown to control the secretion of DKK1 during bone
metastasis via ET-1. ET-1 has been shown to downregulate secretion of DKK-1, causing
increased osteoblastic activity and bone formation [99].
1.8. IL-6/STAT3 Pathway Mediated Drug Resistance at Metastases

Drug resistance has been a major roadblock in successful cancer chemotherapy.
Activation of IL-6/STAT3 signaling pathway has been shown to mediate drug resistance in many

cancers, including breast [100, 101], ovarian [102], colorectal [103], prostate [104, 105], and

gastric cancer [106]. Interleukin-6 (IL-6), a pro-inflammatory cytokine produced in the tumor
12



microenvironment by stromal cells, fibroblasts, and cancer cells [107]. Binding of IL-6 to its
receptor IL-6R on the cell membrane activates Janus Kinase 2 (JAK2) kinases. Activated JAK2
mediates phosphorylation, dimerization, and nuclear translocation of Signal Transducer and
Activator of Transcription 3 (STAT3) [108]. STAT3 signaling mediates the expression of
various genes, including p53 [109], Bcl-2 [110], multidrug resistance-associated protein 1
(MRP1) or ATP-binding cassette subfamily C member 1 (ABCC1) [111], and ATP-binding
cassette subfamily G member 2 (ABCG2) [112]. Bcl-2 and p53 are associated with regulation of
apoptosis [113] while overexpression of drug transporters MRP1, ABCG2 has been shown to

mediate efflux of drugs from cancer cells, thus decreasing intracellular drug concentration

Increased efflux of drugs =~ @ -

Resistance to apoptosis

Figure 1.5. Schematic showing IL-6/STAT3 signaling pathway. Interleukin-6 (IL-6), a pro-
inflammatory cytokine produced in the tumor microenvironment by stromal cells, fibroblasts,
and cancer cells. Binding of I1L-6 to its receptor IL-6R on the cell membrane activates Janus
Kinase 2 (JAK?2) kinases. Activated JAK2 mediates phosphorylation, dimerization, and nuclear
translocation of Signal Transducer and Activator of Transcription 3 (STAT3). STAT3 signaling
mediates the expression of various genes, including p53, Bcl-2, multidrug resistance-associated
protein 1 (MRP1), and ATP-binding cassette subfamily G member 2 (ABCG2). Bcl-2 and p53
are associated with regulation of apoptosis while overexpression of drug transporters MRP1,
ABCG2 has been shown to mediate efflux of drugs from cancer cells, thus decreasing
intracellular drug concentration leading to drug resistance.
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leading to drug resistance [114] (Figure 1.5). ABCC1 and ABCG2 have also been shown to
transport a variety of organic anions, including conjugates of sulfate, glucuronide, and
glutathione; and various anticancer agents, including mitoxantrone, camptothecins, and
anthracyclines, respectively [114].
1.9. Evaluation of Raman and Infrared Spectroscopy as Diagnostic Tools for Cancer
Progression

The current gold standard for determining the prognosis of cancer in patients is a basic
histopathological examination [115]. Immunohistopathology has also been used extensively for
the analysis of biopsy samples in the last decade. Nevertheless, the use of immunohistochemistry
is restricted due to the scarcity of large volume of tissue sections for staining and the inability to
detect multiple signals at once [116]. Also, the reproducibility and robustness of genomic data
remain a concern due to the heterogeneity of tumors [117, 118]. It is, therefore, necessary to
develop robust diagnostic and classification tools that have reproducibility and clinical potential.

Raman spectroscopy uses the inelastic scattering of light by an object, and C.V. Raman
first documented it in 1928 [119]. When a monochromatic light interacts with a substance, most
of the energy is scattered at the same frequency as the incident light (Rayleigh scattering),
together with a minimal quantity of photons scattered at frequencies that differ from the incident
radiation (inelastic scattering). The fraction of photons scattered from molecules with higher
energy than they had before the interaction is called anti-Stokes scattering. In contrast, the
photons with reduced energy than those of the incident radiation are termed as Stokes scattering
(Figure 1.6). Raman spectroscopy is based on a change in polarizability of a molecule on the
absorption of photons (Raman spectroscopy can be used to obtain spectral information from a

homo-nuclear molecule), whereas, the complementary IR spectroscopy depends on a change in
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the dipole moment. Vibrations of nonpolar, symmetric bonds tend to be active in Raman spectra,
whereas polar asymmetric groups are active in IR spectra. For example, O-H vibrations of water

give rise to a strong band in IR spectra, whereas Raman water signal is very weak.
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Figure 1.6. Schematic representation of energy transitions in Raman and IR spectroscopy.

Thus, Raman spectroscopy is more suitable for biological applications. However, Raman
spectroscopy is inherently weak, with only a small quantity of photons exhibiting Raman
scattering (~10). Therefore, longer spectral acquisition is required to obtain an adequate signal
to noise ratio in Raman as compared to IR spectroscopy. Raman spectroscopy is an information-
rich spectroscopic method, like IR, capable of detecting specific groups and the environment-
sensitive cell surface composition of biological macromolecules consisting of carbohydrates,
proteins, DNA, RNA, and lipids. Thus, Raman and IR spectroscopy methods provide a
molecular fingerprint that is especially suited for biological macromolecules in a label-free,

rapid, and non-destructive manner [120].
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1.10. Cellular Nanomechanics as a Biomarker for Cancer Progression at Metastases

With the advent of new technologies in the realm of nanotechnology, there has been an
increasing interest in investigating the mechanical properties of individual cells to delineate
disease mechanisms [121, 122]. Increasing evidence supports that altered mechanical properties
highly influence cancer pathogenesis and progression at the cellular level. Several studies have
reported that cancer cells are softer than their healthy counterparts [123-130], whereas a few
studies showed otherwise [131, 132]. It has been shown that dysregulation in the actin
cytoskeleton can lead to softening in cancer cells [133-136]. The epithelial monolayer, a
multicellular system composed of firmly connected adjacent cells via adherens junctions, has
been shown to give rise to most of the human cancers [137, 138]. The actin cytoskeleton of
healthy epithelial cells is attached to adherens junctions to counteract internal and external
mechanical stimuli and bestow mechanical stability [139, 140]. In contrast, cancerous epithelial
cells most often exhibit disruption in stable cell-cell adhesion due to alterations in either
adherens junctions or actin cytoskeleton [141-144].

Loss of cell-cell adhesion and gain of the invasive mesenchymal phenotype are hallmarks
of epithelial-mesenchymal transition (EMT) of cancer cells, a process that promotes cancer cells
to invade the basement membrane; a physical barrier made up of their adjacent cells [29].
Upregulation of several actin-cytoskeletal-associated proteins, including myosin light chain, a-
actinin, integrins, and tropomyosin, has been associated with EMT while reduced expression of
pseudopod-enriched proteins including Wiskott-Aldrich syndrome protein (WASP) family
members, the actin-related proteins-2/3 (Arp2/3) complex, cortactin is associated with reversal of
EMT or mesenchymal-epithelial transition (MET) [142, 145-150]. Moreover, altered expression

of Arp2/3 complex and Wiskott-Aldrich syndrome protein family member 2 (WAVE?2) have
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been linked with poor prognosis of breast cancer, indicating a significant role of actin
cytoskeleton dynamics in cancer progression [151]. To date, atomic force microscopy (AFM) has
widely been used for measuring the mechanical properties of cancer cells [127, 128, 152-167].
However, AFM-based indentation methods have shown limitations in regards to the effects of
indentation depth and substrate stiffening [168, 169]. These effects can lead to erroneous results
during mechanical measurements of cells. In contrast, nanoindentation, a depth-sensing
technique, has been proven to be more efficient in obtaining bulk cellular behavior using
controlled strain experiments, which cannot be carried out with low load AFM force curves
[170]. Nanoindentation techniques are very useful in probing mechanical properties at lower
degrees of length scale with the help of the displacement-controlled nanoindentation module.
Nanoindentation techniques have been extensively used to obtain nanoscale mechanical
properties of cells [171-173], cell-biomaterials composite [173], soft and mineralized tissues
[174-179], biological composites [180-182], and dental materials [183, 184]. Molecular
modeling has also been used simultaneously to obtain the mechanics of cancer cells for
developing robust predictive methodologies for disease progression [185].
1.11. Research Objectives

The specific objectives of the current research are as follows:

1. To develop a physiologically relevant tissue-engineered nanoclay scaffolds-based
3D in vitro model that mimics later stages of breast cancer pathogenesis to bone
for anti-cancer therapeutic studies.

2. To study the interactions between breast cancer cells and bone microenvironment.

3. To understand the role of Wnt/B-catenin pathway in osteogenesis at metastases.

4. To evaluate the role of IL-6/STATS3 pathway in drug resistance at metastases.
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5. To study the influence of cellular nanomechanics in disease progression at
metastases.
6. To evaluate the feasibility of vibrational spectroscopy techniques such as Infrared
(IR) and Raman spectroscopy as diagnostic tool for disease progression at
metastases.
1.12. Organization of this dissertation

This dissertation is organized into different chapters as follows:

Chapter 1. It initially provides a brief background of bone, breast cancer bone metastasis,
and a brief overview of current state in therapeutic-treatments for bone metastases. Then, it
shortly describes the importance of 3D cell cultures in cancer research followed by examples of
tissue engineered 3D cancer models, and a brief description of development of nanoclay-based
scaffolds for bone tissue engineering. Afterward, it describes a brief background of Wnt/p-
catenin, IL-6/STAT3 pathways and their involvements in skeletal complications and drug
resistance, respectively. The next sections of introduction cover development of methods for
non-invasive and rapid prediction of cancer progression at metastases using biophysical
techniques such as nanoindentation and spectroscopy (IR & Raman).

Chapter 2. This chapter describes the development of a biologically relevant, 3D tissue-
engineered in vitro model which mimics mesenchymal to epithelial transition of breast cancer
cell at metastatic bone site.

Chapter 3. This chapter describes the critical role of Wnt/B-catenin pathway in regulating
bone-related complications in breast cancer bone metastasis.

Chapter 4. This chapter describes cytokine-mediated drug resistance in 3D tissue-

engineered model of breast cancer bone metastasis.
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Chapter 5. This chapter describes the significant role of actin cytoskeleton in governing

cellular nanomechanics leading up to breast cancer progression at metastatic bone site.

Chapter 6. This chapter describes the feasibility of Infrared spectroscopy in evaluating

breast cancer progression at metastatic bone site.

Chapter 7. This chapter demonstrates Raman spectroscopy as a powerful imaging method

for prostate cancer bone metastasis diagnosis.

Chapter 8. This chapter presents summary and major conclusions of the research presented

in this dissertation.

Chapter 9. The future directions for the research in this field are discussed in this chapter.
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CHAPTER 2. TISSUE-ENGINEERED NANOCLAY-BASED 3D IN VITRO BREAST
CANCER MODEL FOR STUDYING BREAST CANCER METASTASIS TO BONE!
This chapter describes the development of a biologically relevant, 3D tissue-engineered
in vitro model which mimics mesenchymal to epithelial transition of breast cancer cell at
metastatic bone site. The contents of this chapter have been published in S. Kar, MD S Molla,
D.R. Katti, K.S. Katti; “Tissue-engineered nanoclay-based 3D in vitro breast cancer model for
studying breast cancer metastasis to bone”, Journal of Tissue Engineering and Regenerative
Medicine 13 (2) (2019) 119-130.
2.1. Introduction
Breast cancer (BrCa) is the most common form of cancer worldwide and based on current

incident rates, 12.4% of women born in the United States today may develop breast cancer at
some time during their lives [1]. In 2018, an estimated 266,120 cases of breast cancer will be
diagnosed including 263,570 women and 2550 men. Furthermore, an estimated 41400 deaths are
expected due to breast cancer in 2018 [2]. BrCa has the propensity to spread to other organs and
bone is the most common site for breast cancer metastases [3]. Approximately 70% breast cancer
patients eventually develop bone metastasis [4]. BrCa mediated bone metastasis results into
either osteolytic lesions which typically induce a vicious cycle by inhibiting osteoblastic activity
while stimulating osteoclastic activity or osteoblastic lesions which promote osteoblasts to
rapidly produce an excess bone matrix, leading to mechanically unstable and dysfunctional bone
matrix [5]. The interaction between cancer cells and the host microenvironment has been

responsible for the establishment of metastatic lesions [4].

This chapter was co-authored by S. Kar, MD. S Molla, D.R. Katti, and K.S. Katti. Sumanta Kar had the primary
responsibility for preparing samples, conducting all tests, and drafting this chapter. Kalpana Katti and Dinesh Katti
directed the research orientation and revised this chapter.
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To study the bone metastasis, numerous 2D models and in vivo animal models have been
developed. However, these models suffer from severe limitations, such as controllability,
reproducibility, and flexibility of design [6]. In a 2D system, the cells lose their in vivo
morphology, and this affects the cell-cell and cell-matrix interactions [7]. As a result, it fails to
recapitulate the in vivo cancer microenvironment. In vivo animal models contain their own set of
limitations, such as expensive, time-consuming and most often lead to uncertain pathogenesis of
bone metastasis after injection of tumor cells [8], and often result in the death of animals before
bone metastasis. To address the above-mentioned drawbacks of traditional cancer models along
with the lack of availability of human bone metastasized breast cancer samples necessitates the
need for reliable 3D in vitro models of metastasis. There have been a lot of studies on the
development of 3D models for breast cancer bone metastases to date. For instance, Pathi et al.
demonstrated the crucial role of the bone mineral hydroxyapatite in governing breast cancer bone
metastasis [9]. Further, MSCs modified bone model was developed to recapitulate metastatic
characteristics of various breast cancer cells has been developed [10]. The role of
hydroxyapatite (HAP) nanoparticles in regulating breast cancer bone metastasis have been
studied using degradable scaffolds [11] while 3D silk fibroin-based scaffolds have been used to
evaluate direct and indirect interactions between tumor cells and osteoblasts [12]. Mastro et al.
showed interactions of cancer cells with bone tissue in real time with the help of a bioreactor
[13]. Also, Holen et al. reported the use of the 3D model to evaluate tumor cell-bone cell
interactions [14]. In a recent study, polyurethane foam scaffolds models have also been used to
create 3D models for breast cancer bone metastasis [15]. However, none of these studies have
been able to shed on light on the mechanism that governs later stage of breast cancer

pathogenesis in bone. Therefore, the primary goal of this study is to develop a 3D in vitro model
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which mimics later stage of cancer pathogenesis in bone using nanoclay based scaffolds,
developed in our previous study for bone tissue engineering [16]. Our group has previously
investigated nanoclays for preparation of bone tissue engineering scaffolds [16-18]. These
studies are based on a simulation-based design methodology for design of polymer clay
nanocomposites [19-22].

There have also been a few studies on the use of commercially available nanoclays in
preparation of bone tissue engineering scaffolds [23-25]. Our previous studies showed
osteogenic differentiation of human bone marrow mesenchymal stem cells (MSCs), and MSCs
mediated mineralization through the biomimetic process of vesicular delivery on nanoclay based
scaffolds without the use of osteogenic supplements [16, 26]. We have previously shown early
colonization stage of prostate cancer bone metastasis using the sequential culture of MSCs with
prostate cancer cells on nanoclay based scaffolds [27-29].

In this study, we hypothesized, that sequential culture of MSCs with BrCa cells on our
bone mimetic porous scaffolds recapitulate native microenvironment for BrCa metastasis. To
corroborate this hypothesis, we sequential cultured MSCs with two BrCa cell lines MCF-7 and
MDA-MB-231 and evaluated cellular growth, osteogenesis, morphology, migration, MMP-9
activity, gene, and protein expressions. The collective observations from this study suggest a
successful development of a biologically relevant, 3D tissue-engineered in vitro breast cancer

model for bone metastasis using nanoclay based scaffolds.
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2.2. Materials and Methods
2.2.1. Preparation of Polycaprolactone (PCL)/in situ HAPclay 3D Scaffolds and 2D Films

We started off with modifying Na-MMT (Clay Minerals Respiratory at the University of
Missouri, Columbia) with 5-aminovaleric acid (Sigma-Aldrich) following the procedure
described in prior studies to increase the d-spacing of Na-MMT clay [30]. Further, we
biomineralized HAP on modified clay (in situ HAPclay) using the methodology illustrated in our
previous study [31]. Briefly, we used a wet-precipitation method to prepare in situ HAPclay from
Na;HPOsand CaCl, (J.T. Baker). Finally, 3D PCL/in situ HAPclay scaffolds were prepared
using freeze extraction method described in our previous study [32]Ambre, Katti, & Katti, 2015).
In brief, polycaprolactone (PCL) (average Mn 80,000; Sigma Aldrich) was dissolved in 1, 4
dioxane (Sigma-Aldrich) and then 10 wt. % in situ HAPclay was added into it to prepare the
solution for the scaffolds. The same solution was subjected to room temperature evaporation for
the preparation of PCL/in situ HAPClay 2D films.
2.2.2. Cell Lines and Culture Media

Human bone marrow Mesenchymal stem cells (MSCs) were obtained from Lonza (PT-
2501) and maintained in MSCGM Bulletkit medium (Lonza, PT-3001). Human breast cancer
cell (HBCC) lines MDA-MB-231 (shortened as -MM 231) (ATCC HTB-26) (highly metastatic)
and MCF-7 (ATCC HTB-22) (low metastatic) were purchased from American Type Culture
Collection (ATCC) maintained in medium comprised of 90% Dulbecco’s Modified Eagle
medium DMEM-F-12(1:1) from Hyclone, 10% FBS (ATCC), and 1% Pen-Strep antibiotic
solution (Gibco); and Eagle’s Minimum Essential Medium (EMEM) (ATCC), 10% FBS

(ATCC), 0.01 mg/ml human recombinant insulin (Invitrogen) and 1% Pen-Strep Solution
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(Gibco), respectively. All cell cultures were maintained at 37 °C and 5% CO; in a humidified
incubator.
2.2.3. Cell Culture

PCL/in situ HAPclay scaffolds were cut into small pieces (with a diameter of 12 mm and
thickness of 3 mm) and placed in 24-well plates. Before cell seeding, scaffolds were sterilized
under UV light for 45 min, kept in 70% ethanol for 12 h, washed with PBS, and then stored in
humidified incubator immersed in culture medium for 24 h until further use. For all the
monocultures, 5 x 10* number of cells were seeded per scaffold with 500 pl of culture medium.
For 2D cultures, an equal number of cells were seeded on PCL/in situ HAPclay films.
2.2.4. Sequential Culture (SC) with MSCs

A schematic describing the sequential culture system is shown in Figure 2.1A. Human
bone marrow mesenchymal cells (MSCs) were seeded on scaffolds (5 x 10* number of MSCs in
500 pl culture medium). After 23 days, 5 x 10* HBCCs were seeded per scaffold on the top of
the MSCs, and the culture was continued for different periods of time. For SC, 1:1 ratio of MSCs
and HBCCs (MM 231 & MCF-7) media was used. The media was changed every 3 days, and for
all the experiments 500 pl of the media was used per scaffold.
2.2.5. Cell Viability

Cell viability and proliferation was determined using WST-1 (Roche) as per the
manufacturer’s protocol. In brief, cell-seeded scaffolds were removed from the culture medium
at predetermined time points, washed with PBS and placed in a new 24-well plate with a solution
consisting of 450 ul DMEM-12 (1:1) and 50 pl WST-1 reagent per well and incubated for 4 h in

a humidified incubator. Then scaffolds were removed from the 24-well plates and the intensity of
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yellow color, which directly represents the quantity of live cells, was measured at 450 nm using a
microplate spectrophotometer (Bio-Rad).
2.2.6. Alkaline Phosphate (ALP) Activity

ALP assay was performed for MSCs, MM 231 3D SC and MCF-7 3D SC. Samples were
washed with PBS and placed in 24-well plates with 850 pl Triton X-100 (1% v/v solution)
(Sigma-Aldrich, X-100) per well and two freeze-thaw cycles (-70 °C to 37 °C) were used 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 h at room temperature.
Subsequently, 70 pl of 3N NaOH was added to each well and absorbance was taken at 405 nm
using a microplate spectrophotometer (Bio-Rad).
2.2.7. Cellular Morphology

Cell adhesion to scaffolds and cell-scaffold interaction was determined using JEOL JSM-
6490LV scanning electron microscope (SEM). Samples were removed from the culture medium,
washed with PBS, and 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) (5 mins each stage) to dehydrate and then
dried using hexamethyldisilazane. Samples were then coated with gold and mounted on SEM
stub to observe under scanning electron microscope (SEM).
2.2.8. Cellular Migration

Cancer cells were trypsinized from 25 cm? flasks, and 1.5x10* cells were seeded into
each Transwell insert (Corning) of 8.0 um pore size in serum-containing media. The cells were
allowed to migrate towards the serum-containing media in the lower chamber (control) or bone
scaffold immersed in serum-containing media in the lower chamber as shown in Figure 2.5A.

After 16 h, cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% TritonX-
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100 for 5 min. The nuclei of the cells were stained with 4', 6-diamidino-2-phenylindole (DAPI)
for 5 min and 5X images were acquired using Zeiss Axio Observer Z1 LSM 700 and analyzed
using ImagePro.
2.2.9. Quantification of MMP-9 Secretion

The amount of MMP-9 released by sequential, mono- and 2D cultures of MM 231, MCF-
7, and MSCs in the conditioned medium at the predetermined time points was determined using
MMP-9 ELISA assay according to the protocol provided by Boster Biological Technology Co.
Briefly, the antibody specific for MMP-9 was pre-coated onto the wells of a microplate. The
standards and samples were pipetted into the wells. After removal of any unbound substances,
the biotin-conjugated antibody specific for MMP-9 was added to the wells. After washing
avidin-conjugated peroxidase was added to the wells. Following a wash to remove any unbound
avidin-enzyme reagent, tetramethylbenzidine solution was added to the wells, and the blue color
was developed in proportion to the amount of the proteins. The absorbance was determined at
450 nm, and the concentration of released MMP-9 was determined using a standard curve.
2.2.10. RNA Extraction and Quantitative RT-PCR Analysis

Total RNA was extracted and quantified from cells cultured on PCL/in situ HAPclay 2D
films and 3D scaffolds using Direct-zol RNA MiniPrep kit (Zymo Research) and Nanodrop ND
2000 (Nanodrop products, Wilmington DE, USA) spectrophotometer, respectively. Further,
cDNA was reverse transcribed from 2 pg of RNA using random primers and M-MLV reverse
transcriptase from Promega. SYBR Green Master Mix (Thermo Fisher 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). The thermal profile of the

SYBR Green real-time PCR program consisted of 2 min at 50 °C, 10 min at 95 °C, 40 cycles of
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15sat 95 °C and 1 min at 60 °C, and a dissociation stage at the end of the run from 60 °C to 95
°C. The gene expressions of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), E-Cadherin
(E-cad), vascular endothelial growth factor (VEGF), Receptor activator of nuclear factor kappa-
B ligand (RANKL), fibroblast growth factor receptor 2 (FGFR2), Hypoxia-inducible factor 1
(HIF-1), Twist, Vimentin, and Endothelin-1 (ET-1) was studied in the 3D monocultures of BrCa
cells (MCF-7 3D, MM 231 3D) at days 10, and 3D sequential cultures of MSCs with BrCa cells
(MCF-7 3D SC, MM 231 3D SC) at days 33 (23+10). GAPDH served as the housekeeping gene
while 2D cancer cultures (MM 231 and MCF-7) (at day 10) served as control. Target gene
expressions were calculated as 224, The primer sequences used in this experiment are listed in
Table 2.1.
2.2.11. Immunocytochemistry

MM 231 3D SC, MCF-7 3D SC and control 2D BrCa samples were fixed with 4%
paraformaldehyde (PFA) for 30 min and permeabilized with 0.2% TritonX-100 in PBS for 5
min. For immunofluorescence, the fixed and permeabilized samples were blocked with 0.2% fish
skin gelatin (FSG) for 45 min and incubated with a primary antibody overnight at 4 °C.
Vimentin, VEGFA, E-cadherin, Cytokeratin 18, and Runx2 (all antibodies were obtained from
Abcam) antibodies were diluted in a blocking buffer (0.2% FSG in PBS containing 0.02%
Tween20). All the primary antibodies were used at a dilution of 1:150. Alexa Flour 488 or Alexa
Flour 647 conjugated secondary antibodies corresponding to the origin of the primary antibody
were added at a dilution of 1:250 and incubated for 45 min at 25 °C. The nuclei of the cells were
stained with DAPI. Zeiss Axio Observer Z1 LSM 700 was used for inverted confocal

microscopy, and Imaris software was used for image analysis.
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2.2.12. Statistical Analysis

All data were expressed as mean + standard deviation (SD). Statistical comparisons
between two groups were done using Student’s unpaired t-test while multiple comparisons were
done using one-way/two-way ANOVA followed by post hoc Tukey test (GraphPad Prism
v7.04). Differences at p values of less than 0.05 were considered statistically significant (*), p
values less than 0.01 were considered statistically highly significant (**), and p values less than
0.001 were considered statistically very highly significant (***). All error bars were presented as
SD.

Table 2.1. The primer sequence used for the quantitative reverse transcription-polymerase chain
reaction experiment.

Gene Forward primer Reverse primer
GAPDH 5’-CATCTTCTTTTGCGTCGCCA-3’ 5’-TTAAAAGCAGCCCTGGTGACC-3’
E-cadherin 5’-AAG TGA CCG ATGATGAT-3’ 5’-CTC TGT CCA TCT CAG CG-3’
VEGF 5’-GAC AAG AAA ATC CCT GTGGGC-3*  5’-AAC GCG AGT CTG TGT TTT TGC-3’
RANKL 5’-CAACATATCGTTGGATCACAGCA-3’ 5’GACAGACTCACTTTATGGGAACC-3’
HIF-1 5’CATAAAGTCTGCAACATGGAAGGT3’ 5S’ATTTGATGGGTGAGGAATGGGTT-3’
Endothelin-1  5’-AGAGTGTGTCTACTTCTGCCA-3’ 5’-CTTCCAAGTCCATACGGAACAA-3’
Twistl 5’-GTCCGCAGTCTTACGAGGAG -3’ 5’-CCAGCTTGAGGGTCTGAATC -3’
Vimentin 5’-GAGAACTTTGCCGTTGAAGC -3’ 5’-TCCAGCAGCTTCCTGTAGGT -3’
FGFR2 5’-GAGAAGGAGATCACGGCTTC-3’ 5’-AAGTCTGGCTTCTTGGTCGT-3’

2.3. Results

2.3.1. Growth of BrCa Cells, MSCs, and Sequential Culture

Initially, we compared cell growth and viability of 2D and 3D monoculture system at
days 5, 10 and 15. The highest cell growth was observed at day 15 on the 2D monoculture as
well as on 3D monoculture matrices for both BrCa cell lines. Nevertheless, the overall growth

profile observed in 3D monoculture was higher than that achieved in the 2D [Figure 2.1(B-C)].
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Figure 2.1. (A) Schematic showing the steps of sequential culture experiment. (B) Cell viability
of 2D and 3D monoculture of MCF 7. (C) Cell viability of 2D and 3D monoculture of MM
231.(D) Cell viability of 3D sequential cultures (3D SC) and MSCs 3D. (n=3; two-way ANOVA
followed by post hoc Tukey test, *p <0.05,.**p <0.01,.***p <0.001).

For sequential culture, 3D scaffolds were first seeded with MSCs and the cells were
allowed to differentiate, and regenerate bone tissue for 23 days[16]. Subsequently, BrCa cells
were seeded on the bone mimetic scaffolds and cell viability assay was performed at days 5, 10
and 15 after seeding of cancer cells and results were compared with control MSCs. The cell
viability of 3D sequential cultures of MSCs with BrCa cells (MCF -7 3D SC, MM 231 3D SC)
significantly increased over time as compared to MSCs while MSCs showed insignificant

differences in cell viability over time. The highest cell growth for sequential cultures of MSCs

with BrCa cells was observed at day 38 (23+15) (Figure 2.1D).
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2.3.2. Osteogenesis in MSCs, and Sequential Culture

ALP is a well-known osteogenic marker [33]. At first, we performed ALP assay on
MSCs seeded constructs to see if MSCs were converting into bone cells. It has previously been
shown that the ALP levels diminish when extracellular matrix (ECM) formation comes into
effect [34]. In line with this observation, we saw a significant increase in ALP levels at day 8

compared to day 4. Nevertheless, ALP activity starts to decrease after day 16 (Figure 2.2A).
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Figure 2.2. ALP activity of (A) MSCs alone (n=3; one-way ANOVA followed by post hoc
Tukey test, *p <0.05,.**p <0.01,.***p <0.001); (B) 3D sequential cultures (SC) of MSCs with
breast cancer cells and MSCs 3D. (n=3; two-way ANOVA followed by post hoc Tukey test,
*p<0.05, **p<0.01, ***p <0.001).

We further performed immunocytochemistry to analyze protein levels of runt-related
protein 2 (Runx2), a transcription factor involved in the initial stages of osteoblastic
differentiation. Runx2 induces the differentiation of multipotent mesenchymal cells into
immature osteoblasts, directing the formation of immature bone but the protein levels of Runx2
in osteoblasts reduces during bone development, and osteoblasts acquire mature phenotypes
required for mature bone formation [35-37]. In accordance with these observations, we found an

increase in the protein levels at day 4, day 8, and day 16 compared to day 1 but we observed a

decrease in the protein levels after day 16 (Figure 2.3).
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Figure 2.3. Representative immunofluorescence microscope images of MSCs cultured on PCL/in
situ HAPclay scaffolds after immunostaining for nuclei and Runx2. We found an increase in the

Runx2 protein levels at day 4, day 8, and day 16 compared to day 1 but we observed a decrease
in the protein levels after day 16. Scale bars: 50 um.

Next, we evaluated ALP activity of sequential culture of MSCs with BrCa cells to
evaluate the effect of BrCa cells on the osteogenesis. ALP activity of MSCs 3D, MM 231 3D
SC, MCF-7 3D SC is shown in Figure 2.2. We observed a significant reduction in ALP levels of
MM 231 3D SC compared to MSCs 3D over time (Figure 2.2B). In contrast, the MCF-7 3D SC
showed a substantial ALP production over time compared to MSCs 3D; day 33 (23+10) being

the highest as compared to other days (Figure 2.2B).
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2.3.3. Morphology of Sequential Cultured BrCa Cells

To investigate the evolution of the morphology of cells over time upon culturing on
PCL/in situ HAPclay scaffolds, SEM imaging was performed. The sequential culture of MSCs
with MCF-7 not only gave rise to well-defined 3D tumoroids with distinguishable cellular
boundaries but also the size of tumoroids (several 100 um) was observed to increase over time
[Figure 2.4(A-C)]. Similarly, the sequential culture of MSCs with MM 231 showed good
interaction with bone scaffolds and formed disorganized clusters of cells with poor cell-cell
adhesion owing to its inherent property [Figure 2.4(D-F)].
2.3.4. In vitro Migration of BrCa Cells Towards Bone Scaffolds

To evaluate whether 3D bone scaffolds could influence the migratory properties of BrCa
cells, we performed migration assay followed by DAPI staining of nuclei of cells (Figure 2.5B).
We observed a significant increase in migration of MM 231 and MCF-7 cells in the presence of
bone scaffolds as compared to controls. MM 231 cells showed overall highest migration (Figure
2.5C).
2.3.5. MMP-9 activity of BrCa Cells, MSCs, and Sequential Culture

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that
are known to degrade extracellular matrix components. Matrix metalloproteinase 9 (MMP-9),
also known as gelatinase B, is an MMP that plays a crucial role in tumor progression by aiding
angiogenesis and stromal remodeling [38]. As seen in [Figure 2.6(A-B)], the MMP-9 activity
was observed to be higher in cancer cells cultured on 3D than 2D systems. MSCs 3D showed no
secretion of MMP-9 at day 28 (23+5) while a little secretion of MMP-9 was observed at day 33

(23+10). On the other hand, MM 231 3D SC showed a significant increase in MMP-9 secretion
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over time while MCF-7 3D SC showed a substantial reduction in MMP-9 secretion with time

(Figure 2.6C).

Figure 2.4. (A-C) SEM micrographs of sequential culture of MCF-7 cells at days (23+5),
(23+10) and (23+15) (White circles/ellipses represent tumoroids); (D-E) sequential culture of
MM 231 cells at days (23+5), (23+10) and (23+15). (Black circles/ellipses represent
disorganized clusters). (X+Y days: MSCs were cultured on PCL/in situ HAPclay scaffolds for X
days, then cancer cells were seeded and culture was continued for Y more days).
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Figure 2.5. (A) Schematic showing flowchart of migration assay. (B) Represented images of
migrated MM 231 cells (a) control, (b) with bone scaffold; migrated MCF-7 cells (c) control, (d)
with bone scaffold. Nuclei are stained with DAPI. The scale bar represents 50 um. (C) Percent
migration of MCF 7 and MM 231 in presence and absence of bone scaffold (control). (n=3; one-
way ANOVA followed by post hoc Tukey test, *p <0.05, **p <0.01, ***p <0.001).
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Figure 2.6. Secretion of MMP-9 in 2D, 3D monocultures of MCF 7 cells (A), MM 231 cells (B),
and (C) 3D sequential cultures of cancer cells and MSCs. (n=3; two-way ANOVA followed by
post hoc Tukey test, *p <0.05, **p <0.01, ***p <0.001).
2.3.6. Invasiveness, Angiogenicity and Bone Homeostasis in Sequential Cultures

In most of the cases, metastasis at the primary site is initiated by an event known as
epithelial-mesenchymal transition (EMT) while mesenchymal-epithelial transition (MET) plays a
key role in the early phase of metastatic cancer cell colonization [39]. The loss of epithelial

properties and the gain of mesenchymal features during EMT are believed to aid the invasion

and migration of cells from the primary tumor to the site of metastasis [40].
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Figure 2.7. mRNA levels of Twist, Vimentin, E-cad, and FGFR2 in MM 231 3D & MM 231 3D
SC (A-B) and (C-D) MCF-7 3D & MCF-7 3D SC. (n=3; Student’s unpaired t-test,
*p <0.05, **p <0.01, ***p <0.001).

To investigate if sequentially culturing MSCs with BrCa cells altered the invasiveness of
BrCa cells, we analyzed the mRNA levels of known EMT markers such as Twistl and Vimentin.
Twistl is a transcription factor that has been shown to induce EMT [41] while Vimentin [42] is
an intermediary filament that is highly expressed in mesenchymal cells. The mRNA levels of
Twistl and Vimentin were significantly downregulated in MM 231 3D SC compared to MM 231
3D (Figure 2.7A). Similarly, Vimentin was not detected at the protein level in MM 231 cells
grown on 3D SC while it was present in 2D cells (Figure 2.9B). MCF 7 cells do not express

Twistl and Vimentin. We observed further downregulation of these genes in both MCF-7 3D

and MCF-7 3D SC (Figure 2.7C).
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E-cadherin is a cell adhesion molecule that plays a key role in the formation of
homotypic junctions across epithelial cells [43]. The loss of E-cadherin is associated with
epithelial to mesenchymal transition of cancer cells [44]. Also, FGFR2 is highly expressed in the
epithelial phenotype of cancer cells during colonization at the secondary metastatic site [45]. We
observed a significant increase in MRNA levels of both E-cadherin and FGFR2 in MCF 7 3D SC
as opposed to MCF-7 3D (Figure 2.7D).

It should be noted that MM 231 cells are known to express low levels of E-cadherin
because of hypermethylation of the promoter [46]. Interestingly, we observed a significant
increase in the mRNA levels of E-cadherin in MM 231 3D SC as compared to MM 231 3D
(Figure 2.7B). Similarly, increased expression of E-cadherin was detected at the protein level in
MM 231 cells grown on 3D SC compared to those on 2D (Figure 2.9A). However, we observed
insignificant differences in the mRNA expression levels of FGFR2 between MM 231 3D SC and
MM 231 3D (Figure 2.7B). We further analyzed protein level expression cytokeratins that are
predominantly expressed in epithelial cells. [47]. We observed an increased expression of
cytokeratin 18 at the protein level in the sequential culture of MSCs with MCF-7 cells compared
to those on 2D (Figure 2.9D). Hence, the gene expression and immunostaining results showed
upregulation of MET markers along with downregulation of EMT markers in MM 231 3D SC
and demonstrated overexpression of MET markers in MCF 7 3D SC, thus indicating the
formation of MET of breast cancer on 3D in vitro model. Vascular endothelial growth factor
(VEGF) and hypoxia-inducible factor-1 (HIF-1) are well-known markers of angiogenesis. To
evaluate whether culturing MSCs sequentially with BrCa cells increased the angiogenicity of

BrCa cells, we quantified the mRNA levels of VEGF and HIF-1. MM 231 3D SC and MCF 7 3D
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SC showed a significant increase in VEGF mRNA levels as compared to MM 231 3D and MCF-

7 3D, respectively [Figure 2.8(A, C)].
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Figure 2.8. mRNA levels of VEGF, HIF-1, RANKL, and ET-1 in MM 231 3D & MM 231 3D
SC (A-B) and (C-D) MCF-7 3D & MCF-7 3D SC. (n=3; Student’s unpaired t-test,
*p<0.05, **p<0.01, ***p <0.001).

Similarly, increased expressions of VEGF were detected at the protein levels in the
sequential culture of both BrCa cells compared to 2D [Figure 2.9(C, E)]. MM 231 3D SC
showed insignificant differences in HIF-1 mRNA levels while MCF-7 3D SC showed significant
increase in HIF-1 levels compared to their respective controls [Figure 2.8(A, C)]. Previous
studies have shown that receptor activator of nuclear factor kappa-B ligand (RANKL) and

endothelin-1 (ET-1) mediate formation of osteoblastic and osteolytic metastatic lesions,

respectively [48, 49].
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Figure 2.9. Representative immunofluorescence microscope images of MM 231 and MCF-7 cells
cultured in 2D and 3D sequential culture after immunostaining for nuclei, E-cadherin (A),
Vimentin (B), VEGF (C&E) and Cytokeratin 18 (D). Scale bars: 50 pm.

RT-PCR results showed that RANKL expression was significantly enhanced in the
sequential culture of MSCs with MM 231 cells while sequential the culture of MSCs with MCF-
7 cells demonstrated significantly enhanced expression of ET-1 compared to their respective
controls [Figure 2.8(B, D)].

2.4. Discussion

In recent years, 3D cell culture system has received a great deal of attention owing to its
unique ability to mimic the in vivo like microenvironment [50]. Existing 3D models of breast
cancer bone metastasis have used either mineral or mineral reinforced polymer matrix to mimic

tumor microenvironment. However, none of these models have not been able to recreate the later

stage of cancer pathogenesis in bone. In contrast, our scaffolds allow MSCs cells to deposit bone
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ECM which eventually helps in recapitulating the bone microenvironment. It has previously
been shown that the presence of MSCs increases the growth of tumor cells in vitro and in vivo
[51]. Furthermore, a recent study showed that MSCs could migrate to orthopedically implanted
human breast tumors, leading to the promotion of BrCa cell bone metastasis in vivo [52]. A
similar phenomenon was observed in our engineered bone model via sequential culturing of
MSCs and BrCa cells on nanoclay scaffolds. Our 3D nanoclay scaffolds allowed cellular
attachment, ECM secretion, and growth in 3D, which on prolonged culture gave rise to
tumoroids.

The growth of cancer cells in the bone depends on the interaction between cancer cells
and the host cells in the bone microenvironment. The complex bone microenvironment produces
a gamut of cytokines and growth factors favorable for cancer cells. Their interaction with bone
cells further induces the release of cytokines that promote cancer growth [53]. Furthermore,
BrCa mediated bone metastasis involves cellular migration of cancer cells from the primary
tumor site to bone. The presence of chemokines, growth factors make the bone
microenvironment an ideal milieu for tumor-homing [5]. Our results show that deposited ECM
with biochemical cues maximizes the migration of BrCa cells. It has previously been reported
that chemokine receptors such as CXCR4, CXCRY7 are highly expressed on the surface of BrCa
cells, and their ligands are expressed at bone [4]. The stromal cell-derived factor-1 (SDF-1) [54]
and osteopontin [55] have also been shown to be involved in the chemotactic migration of BrCa
to bone.

We also demonstrated that the sequential culture of MSCs with BrCa cells upregulated
the expression of MET related genes while downregulating EMT related genes. VEGF is a

potent angiogenic stimulator that is highly expressed in many solid tumors resulting in poor
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prognosis of the disease [56]. A hypoxic core region is developed when a solid tumor is formed
inducing transcription of HIF-1 via stimulation of VEGF [57].Therefore, proangiogenic factors
such as VEGF, and HIF-1 encourage the growth and colonization of BrCa cells on bone
microenvironment to aid skeletal dissemination. The genes related to angiogenesis (VEGF and
HIF-1) were also upregulated in the sequential culture of MSCs with BrCa cells. BrCa mediated
bone metastasis results in either osteolytic or osteoblastic lesions. It has previously been
documented that ET-1 and RANKL mediate formation of osteoblastic and osteolytic metastatic
lesions, respectively [48, 49].

We observed upregulation of osteolytic metastasis marker RANKL in the sequential
culture of MSCs with MM 231 cells while the sequential culture of MSCs with MCF-7 cells
showed upregulation of osteoblastic metastasis marker ET-1. Earlier studies have demonstrated
that an increase in MMP-9 expression is also related to osteolytic metastasis mediated by MM
231 cells [58]. A similar phenomenon was observed in our study when MSCs were sequential
cultured with MM 231 cells on nanoclay scaffolds. In contrast, the sequential culture of MSCs
with MCF-7 showed a significant reduction in MMP-9 secretion, and this could be due to the
induction of osteoblastic metastasis. Previous studies have shown that MM 231-conditioned
medium inhibits the differentiation of osteoblasts while MCF-7-conditioned medium promotes it
[59-61]. In line with these observations, we found a significant decrease in the ALP levels of
sequential culture of MSCs with MM 231 cells while sequential culture of MSCs with MCF-7
cells exhibited a significant increase in ALP levels over time. Hence, ALP assay results further
strengthen our observation on MMP-9 assay and gene expression analysis. Together, these
results indicate that the 3D in vitro model retains and recapitulates the behavior of BrCa cells

based on their metastatic abilities.
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Figure 2.10. Schematic showing metastatic cascade involved in breast cancer progression and
metastasis. Cancer cells at the primary tumor site undergo EMT to generate mesenchymal cells
with enhanced motility and invasiveness. The loss of E-cadherin and FGFR2 expressions and
gain of Twistl and Vimentin expressions are hallmarks of epithelial-mesenchymal transition of
cancer cells. Newly acquired invasiveness makes the cells invade basement membrane and enter
the bloodstream to become circulating tumor cells. These circulating tumor cells migrate into a
distant organ (bone), and in response to microenvironment, cells start to colonize to pave the way
for secondary micrometastases via MET. When cancer cells undergo MET, they re-express E-
cadherin while Twistl and Vimentin expressions downregulate. HIF-1 and VEGF expressions
are also increased due to initiation of blood vessel formation during tumorigenesis.

In summary, the novel 3D in vitro tumor model provides a unique microenvironment
mimicking the physiological cell-cell and cell-matrix interactions, leading to more appropriate
BrCa cell behavior in the later stage of cancer metastasis in bone. The unique and distinct
behavior of various cells lines including the metastatic MM 231 and the low metastatic MCF-7
was observed at the bone metastasis site. The changes to migratory capabilities and invasiveness
of MM 231 in comparison to tumor growth with MCF-7 was directly observed on the 3D model.
The metastatic cascade responsible for breast cancer bone metastasis based on our results is

given in Figure 2.10. Further experiments need to be carried out to verify the suitability of our

model for studying initial stages in metastatic progression, i.e. cellular/tumoral dormancy. In the
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future, we plan to increase the complexity of our system by incorporating immunological,
hematopoietic, and vascular elements that are known to have key roles in regulating metastatic
progression.
2.5. Conclusion

This study marked a successful development of a biologically relevant, 3D tissue-
engineered breast cancer model for studying bone metastasis using nanoclay based scaffolds.
Here we demonstrate that the in vitro model can retain and recapitulate metastatic ability of
various BrCa cells, thus providing a promising tool for future BrCa metastasis study. The model
was able to be mimic MET stage of cancer metastasis, thus providing a platform for analyzing
the biochemical cues that underlie disease progression. Collectively, this 3D in vitro model
demonstrates a potential to serve as a testbed for studying later stage of breast cancer
pathogenesis in bone.
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CHAPTER 3. WNT/B-CATENIN SIGNALING PATHWAY REGULATES
OSTEOGENESIS FOR BREAST CANCER BONE METASTASIS: EXPERIMENTS IN
AN IN VITRO NANOCLAY SCAFFOLD CANCER TESTEBED?

This chapter describes the critical role of Wnt/B-catenin pathway in regulating bone-
related complications in breast cancer bone metastasis. The contents of this chapter have been
published in S. Kar, H. Jasuja, D.R. Katti, K.S. Katti; “Wnt/B-catenin Signaling Pathway
Regulates Osteogenesis for Breast Cancer Bone Metastasis: Experiments in an In Vitro Nanoclay
Scaffold Cancer Testbed”, ACS Biomaterials Science and Engineering (2019).

3.1. Introduction

Breast cancer shows a high affinity towards the bone, causing bone-related complications
leading to poor clinical prognosis [1]. Approximately 80% of breast cancer patients die within
five years after primary cancer has metastasized to the bones [2]. The survival rate of the patients
with breast cancer metastasized to bone is highly influenced by the tumor stage at the time of
diagnosis. The interactions between the bone microenvironment and breast cancer cells have
been shown to contribute towards the development of bone metastases [3]. Breast cancer cells
colonize within the bone marrow and impede bone remodeling processes either by activation of
osteoclast differentiation or by the promotion of osteoblast activity [4, 5]. Unraveling the
metastatic cascade at the cellular level would help us develop new and effective therapeutic
approaches to detect bone metastases at early stages to improve patient survival rates. To better
understand the metastatic cascade within the bone, in vivo mouse models and two-dimensional

(2D) in vitro models have been developed. In vivo mouse models offer a natural three-

2 This chapter was co-authored by S. Kar, H. Jasuja, D.R. Katti, and K.S. Katti. Sumanta Kar had the primary
responsibility for preparing samples, conducting all tests, and drafting this chapter. Kalpana Katti and Dinesh Katti
directed the research orientation and revised this chapter.
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dimensional (3D) microenvironment [6], where human-derived cancer cells can be injected, or
human bone fragments can be implanted into immune-deficient animals to create metastatic
xenograft [7]; however, these animal models are expensive, do not possess an immune system,
exhibit low efficiency in generating metastases [8]. In contrast to in vivo models, 2D in vitro
models offer simplicity and low-cost platform for cancer research. There have been a few studies
to recapitulate cancer-induced bone metastasis using 2D in vitro models. Breast cancer cells were
co-cultured with osteoblast to evaluate the role osteoblasts in proliferation and migration of
cancer cells [9, 10]; also, conditioned media has been extensively used to assess the paracrine
effect of cancer cells secreted cytokines [11-13].

However, 2D in vitro models simplify the inherent 3D microenvironment of cancer cells
due to lack of spatial cues. In contrast, 3D in vitro models represent a more physiologically
relevant environment, better at recapitulating the in vivo interactions between cancer cells and
bone microenvironment, leading to improved predictions [14]. There have been a lot of studies
focusing on the development of 3D in vitro models for studying breast cancer bone metastases to
date. Recent studies have shown a significant role of the hydroxyapatite (HAP) in regulating
breast cancer bone metastasis using porous poly-lactide-co-glycolide (PLG) scaffolds [15]. In
another study, 3D model was created by depositing bone-related proteins from differentiated
mesenchymal stem cells on chitosan/HAP scaffolds to study metastatic abilities of breast cancer
cells [16]. Talukdar & Kundu developed 3D silk fibroin-based scaffolds to study interactions
between cancer cells and osteoblasts [17]. Although most studies are based on static
experiments, some works on the interactions between 3D bone tissue and cancer cells in real
time on a bioreactor system [18] are also reported. Other materials reported for development of

scaffolds include polyurethane foams [19]. Although these studies have been useful in
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elucidating some individual characteristics of the bone environment, further studies need to be
carried out to develop a true bone-mimetic environment. To this end, we have developed a 3D in
vitro model of breast cancer bone metastasis using nanoclay-based scaffolds along with
osteogenically differentiated human mesenchymal stem cells (MSCs) and human breast cancer
cells (MCF-7 and MDA-MB-231). We have investigated engineered nanoclays extensively [20-
22] in the context of simulation based design of polymer clay nanocomposites and also reported
their application for bone tissue engineering [23]. We have previously reported osteogenic
induction of MSCs, and MSCs mediated mineralization via vesicular delivery on nanoclay based
scaffolds/composites without the use of osteogenic supplements [23, 24]. Nanoclay based
scaffolds are highly porous with pore sizes of 100-300 um and possess a compressive modulus
of 2.495 MPa[23] which is higher than the modulus (~1.1 kPa) of mesenchymal stem cells [25],
however, lower than that of tissue culture polystyrene (TCPS) (~5 GPa) [26]. These reasons
mentioned above make nanoclay based scaffold an ideal candidate for recapitulating bone-
mimicking microenvironment.

Recently, we have reported late stage of prostate and breast cancer pathogenesis to bone
using sequential culture of MSCs with human prostate and breast cancer cells on nanoclay based
scaffolds, respectively [27-31]. We have also evaluated the feasibility of the developed 3D in
vitro model of breast cancer bone metastasis for spectral biomarker discovery using FT-IR
spectroscopy [32]. Commercially available nanoclays have also been used for preparation of
bone tissue engineering scaffolds [33-36]. Overall, the testbed developed using the nanoclays
enables many evaluations of cancer metastasis including changes in morphological, and critical

pathways at metastasis to bone.
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The Wnt/ B-catenin pathway plays a crucial role in the bone regenerative process
including fracture healing [37, 38]. Wnt signaling is mediated by activation of low-density
lipoprotein (LDL) receptor-related protein 5/6 (LRP-5/6) and Frizzled (FZD) by secreted Wnt
ligands [39]. In the absence of Wnt signal, B-catenin is phosphorylated by casein kinase 1 (CK1)
and the glycogen synthase kinase-3 (GSK-3p)/adenomatous polyposis coli (APC)/Axin
complex, leading to ubiquitination and proteasome degradation of B-catenin [40-42]. In the
presence of Wnt signal, the co-receptor LRP5/6 forms complex with Wnt-bound FZD which in
turn promotes nuclear translocation of B-catenin and activates of transcription of target genes,
such as c-myc, cyclin D1, and RUNX2 [43-45]. Although Wnt/ 3-catenin pathway is well
studied for osteogenesis [46-56], little is known about regulation of Wnt/ $-catenin pathway by
breast cancer -derived factors such as dickkopf homolog 1 (DKK-1) and endothelin-1 (ET-1)
during osteogenesis in breast cancer induced bone metastasis. DKK-1, an inhibitor of canonical
Whnt signaling, operates by sequestering LRP-5/6 from FZD and thus blocks Wnt/ B-catenin
pathway mediated osteogenesis [57-59]. Increased DKK1 expressions has been associated with
osteolytic bone metastases mediated by MDA-MB-231[60]. Breast cancer cells have also been
shown to control the secretion of DKK1 during bone metastasis via ET-1. ET-1 has been shown
to downregulate secretion of DKK-1, causing increased osteoblastic activity and bone formation
[61]. Researchers have shown that breast cell lines T47D, MCF-7, and ZR75-1 secreted ET-1
and caused osteoblastic metastases, while osteolytic breast cancer cell line MDA-MB-231 did
not secrete ET-1 [62].

In the present study, we hypothesized that Wnt/B-catenin pathway might be responsible

for osteogenesis in breast cancer bone metastasis. Here we aim at investigating the role of Wnt/p-
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catenin pathway on osteogenesis in 3D utilizing the in vitro model of breast cancer bone
metastasis.
3.2. Materials and Methods
3.2.1. Preparation of Polycaprolactone (PCL)/in situ HAPclay 3D Scaffolds

Preparation of PCL/in situ HAPclay scaffolds is described elsewhere [23]. In brief, PCL/
in situ HAPclay scaffolds were prepared by adding 10% in situ HAPclay to polycaprolactone
(PCL), using freeze-extraction method. HAPclay was prepared by in situ biomineralization of
hydroxyapatite (HAP) into intercalated nanoclay galleries resulted due to modification of Na-
MMT clay (Clay Minerals Respiratory at the University of Missouri, Columbia) by 5-
aminovaleric acid [63-65].
3.2.2. Cell Culture

Human MSCs (Lonza) were cultured in MSCGM™ Bulletkit™ medium (Lonza, PT-
3001). Human breast cancer cell lines MCF-7 and MDA-MB 231 (shortened as MM 231)
(ATCC) were cultured in Eagle’s Minimum Essential Medium (EMEM), 10% FBS, 0.01 mg/ml
human recombinant insulin and 1% P/S ; and 90% Dulbecco’s Modified Eagle medium/Nutrient
Mixture F-12 DMEM-F-12(1:1), 10% FBS, and 1% P/S, respectively. Prior to cell culture,
PCL/in situ HAPclay scaffolds (12 mm diameter and thickness of 3 mm) were sterilized under
UV light for 45 mins, immersed in 70% ethanol for 12 h, washed in phosphate buffered saline
(PBS), and kept in humidified 5% CO: incubator at 37 °C immersed in culture medium for 24 h.
For the sequential culture, MSCs were seeded at a density of 5 x 10* cells per scaffold (1.47 x
10° cells/cm?® of scaffold) and cultured for 23 days to obtain bone extracellular matrix (ECM)

formation on scaffolds. Further, breast cancer cells MM 231/MCF-7 were seeded on the newly
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formed bone ECM in the 3D scaffolds at a density of 5 x 10* cells per scaffold (1.47 x 10°

cells/cm? of scaffold) and maintained in 1:1 MSCs and breast cancer cell medium [Figure 3.1].

3D nanoclay-based scaffold @ Human MSCs @ Breast cancer cells
Deposition of inorganic matrix R

23 days (23+10) days

Figure 3.1. Schematic showing the steps of sequential culture experiment.
3.2.3. Cellular Morphology

Cell-seeded scaffolds were fixed with 2.5% glutaraldehyde, dehydrated in a graded
ethanol series (10%, 30%, 50%, 70%, and 100%), and dried in hexamethyldisilazane. Then, the
samples were gold sputter coated and observed in SEM (JEOL JSM-6490LV) to evaluate cell
morphology.
3.2.4. Gene Expression Studies

RNA was isolated from cell-seeded scaffolds using Direct-zol RNA MiniPrep kit (Zymo
Research). Then, cDNA was synthesized using 2 pg of RNA, random primers, and M-MLV
reverse transcriptase (Promega) in thermal cycler (Applied Biosystems). Real-time polymerase
chain reaction (PCR) experiment was performed using 7500 Fast Real-Time PCR system
(Applied Biosystems). Forward primer, reverse primer, SYBR Green dye, and cDNA were added
to make a final volume of 20 pl and run using a thermal profile with a holding stage (2 min at
50 °C, 10 min at 95 °C) and a cycling stage (40 cycles of 15 s at 95 °C, and 1 min at 60 °C). The
MRNA expressions of alkaline phosphatase (ALP), Runt Related Transcription Factor 2
(RUNX?2), Osteocalcin (OCN), Wnt5a, B-catenin, FZD4, AXIN2, and LRP5 were quantified and

normalized to housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Target
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gene expressions were analyzed using comparative Ct method (2 24"). Table 3.1 lists the
sequence of primers used.

Table 3.1. The sequence of primers used for the quantitative real-time PCR experiment.

Gene Forward primer Reverse primer

GAPDH 5’-CATCTTCTTTTGCGTCGCCA-3’ 5’-TTAAAAGCAGCCCTGGTGACC-3’
ALP 5’>-TCAACACCAACGTGGCTAAG -3’ 5’-CACAATGCCCACAGATTTCC-3’
OCN 5’-GTG ACG AGT TGG CTG ACC-3’ 5’-TGG AGA GGA GCA GAA CTG G-3’
Whnt-5a 5’-TCT CAG CCC AAG CAA CAA GG-3° 5’-GCC AGC ATC ACA TCA CAA CAC-3
DKK-1 5’-CCA GAC CAT TGA CAA CTA CC-3 5’-CAG GCG AGA CAG ATT TGC-3’
ET-1 5’-AGAGTGTGTCTACTTCTGCCA-3’ 5’-CTTCCAAGTCCATACGGAACAA-3’
AXIN2 5’-GGA GAA ATG CGT GGATACC -3’ 5’-GCT GCT TGG AGA CAATGC -3°
B-catenin 5’-GGC AGC AAC AGT CTT ACC -3’ 5’>- TCCACATCCTCTTCC TCA -3’
LRP5 5’-GTTCGGTCTGACGCAGTACA-3’ 5’-GTCCATCACGAAGTCCAGGT-3’
RUNX2 5’-GTCTCACTG CCT CTC ACT TG-3’ 5’-CACACATCT CCTCCCTTCTG-3’
FZD4 5’-CATCTCTCATCCCTT TCC C-3° 5’-GCC TAC TCT CAT AGT CTT CC-3’

3.2.5. Immunofluorescence Staining

Cell-seeded scaffolds were washed in PBS, fixed in 4% paraformaldehyde (PFA) for 30
min, and permeabilized in 0.2% TritonX-100 in PBS for 5 min. Then, the samples were blocked
with 0.2% fish skin gelatin (FSG) for 45 min, followed by incubation with primary antibody
overnight at 4 °C. RUNX2 (Abcam), OCN (Santa Cruz), E-cadherin (Abcam), and B-catenin
(Santa Cruz) antibodies were diltuted in a blocking buffer (0.2% FSG in PBS containing 0.02%
Tween20) at a dilution of 1:150. Finally, Alexa Flour 488/647 conjugated secondary antibodies
corresponding to the origin of the used primary antibodies were added for 45 min at 25 °C. The
nuclei were counterstained with DAPI. The stained samples were observed under confocal

microscope (Zeiss Axio Observer Z1 LSM 700).
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3.2.6. ELISA Assays

The amount of OCN (Invitrogen), DKK-1(RayBiotech), and ET-1 (RayBiotech) released
in the cell culture media was determined using the ELISA assay kits following the
manufacturer’s instructions. To this end, we kept the cell-seeded scaffolds in a serum-free
medium for 48 h before protein harvest.
3.2.7. Alizarin Red S Staining (ARS) and Quantification Assay

Cell-seeded scaffolds were fixed with 4% paraformaldehyde for 30 min and washed with
PBS 2-3 times to remove residual fixative agent. 2% Alizarin Red S (ARS) staining solution of
50 ul was dropped on the washed scaffold and kept it for 2 min 30 sec. After 2 min and 30 sec,
the scaffold was washed using PBS many times in order to remove the unbound stain and dried
at room temperature for imaging. Photos were taken at 20X magnification. For quantification,
stained samples were immersed into 700 pl of 10% acetic acid solution and incubated at room
temperature for 5 min to solubilize the stain. The absorbance of the released Alizarin Red S stain
was measured at 405 nm.
3.2.8. Western Blot Analysis

Total protein was extracted from cell-seeded scaffolds using a mammalian cell extraction
kit following the manufacturer’s instructions (Biovision) and protein concentration was
estimated using Bradford’s reagent (Thermo Fisher). Further, 100 pg of total protein per sample
was loaded per lane and resolved through SDS-polyacrylamide gel electrophoresis in 8-16%
separating gel. The resolved proteins were transferred on to 0.2 um nitrocellulose membrane
(Bio-Rad) and blocked for 1 h with 5% bovine serum albumin (BSA) in PBS with 0.05% Tween-
20 (PBST) (Alfa Aesar). The membranes were washed with PBST and incubated with primary

mouse monoclonal antibody against human B-catenin (Santa Cruz; 1:250 dilutions) at 4 °C
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overnight. The protein expression of B-catenin was studied relative to B-actin which was used as
loading control (mouse monoclonal against human B-actin, (Abgent; 1:1000 dilutions). The blots
were washed and incubated with horse radish peroxidase (HRP)-conjugated secondary goat anti-
mouse IgG (Azure Biosystems, 1:10000 dilutions) for 1 h. After a brief washing step, the blots
were visualized using enhanced chemiluminescence method (Amersham ECL Prime Western
Blotting Detection Reagent, GE Healthcare) through a gel documentation system (Alpha
Innotech FluorChem FC2 Imaging System).
3.2.9. Statistical Analysis

All the experiments were carried out in triplicates (n = 3) unless otherwise mentioned,
and the data are presented as mean + standard derivation. The statistical significance (p-value)
among multiple comparisons was determined using one-way ANOVA followed by appropriate
post hoc test while statistical significance (p-value) between two groups was determined using
Student’s unpaired t-test, using GraphPad Prism v7.04.
3.3. Results
3.3.1. Osteogenic Differentiation of MSCs on Nanoclay-based Scaffolds is Mediated by
Wnt/B-catenin Pathway

To evaluate the induction of osteogenic differentiation in MSCs on nanoclay-based
scaffolds, we examined the expressions of bone-specific genes (ALP, RUNX2, and OCN). ALP
is an early stage osteogenic marker [66] while RUNX2 is a transcription factor that governs the
early stages of osteoblastic differentiation [67, 68]. RUNX2 has been shown to promote the
differentiation of mesenchymal cells into immature osteoblasts; however, the levels of RUNX2
reduces when osteoblasts undergo maturation [69, 70]. ALP expression has also been shown to

downregulate during maturation of osteoblasts and formation of extracellular matrix (ECM) [71].
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OCN is a late stage bone marker, and the expression of OCN increases during osteoblast
maturation [72]. In accordance with these previous observations, we found increased gene
expressions of ALP and RUNX2 at 8 days, indicating induction of osteogenic differentiation of
MSCs; however, the expressions of ALP and RUNX2 were downregulated by ~2-fold along with
a ~2-fold increase in OCN expression at 23 days, suggesting maturation of tissue-engineered
bone [Figure 3.2(a)]. We further confirmed gene expressions results with immunostaining of
RUNX2, OCN, and quantified release of OCN in culture medium using ELISA. We noticed
intense staining of RUNX2 at 8 days while it was reduced at 23 days along with intense staining
of OCN, as shown in Figure 3.2(c). We also observed a significant increase in release of OCN
(~20 ng/ml) at 23 days as opposed to 8 days (~3.38 ng/ml) [Figure 3.2(b)]. Next, we evaluated
calcium deposition on scaffolds using ARS staining. ARS showed dispersed and limited calcium
deposition at 8 days while enhanced calcium deposition was observed at 23 days, which was
further confirmed by quantification of released of ARS [Figure 3.2(d)]. The Wnt/B-catenin
signaling pathway has been shown to play a critical role in various stages of osteogenesis [37]. In
order to evaluate if Wnt/B-catenin signaling pathway is activated during osteogenesis on the
nanoclay-based scaffolds, we analyzed the expressions of Wnt/p-catenin pathway-specific genes
(Wnt5a, B-catenin, AXIN2, FZD4, and LRP5). Wnt5a is a member of the Wnt family that plays a
critical role in bone osteogenesis, while AXIN2 is a direct target gene of Wnt ligand binding and
activation of the Wnt pathway [73, 74]. Wnt/B-catenin pathway suggests Wnt-FZD-LRP
complex formation in the presence of the Wnt ligand. Further, Wnt-FZD-LRP complex inhibits
cytoplasmic degradation of f-catenin while promoting nuclear translocation of -catenin to

initiate transcription of bone-specific genes [44].
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Figure 3.2. Osteogenic differentiation of MSCs and bone tissue formation on nanoclay-based
scaffolds. (a) Quantitative real-time PCR of gene expression for osteogenic markers RUNX2,
ALP, and OCN. (b) OCN released into culture medium, indicative of bone maturation. *p <0.05,
**p<0.01, and ***p <0.001 indicate significant difference between 8 days and 23 days MSCs
constructs. (¢) Immunofluorescence staining for RUNX2 and OCN of 8 days and 23 days MSCs
construct. Arrows indicate nuclear translocation of RUNX2. Scale bars, 50 pum. (d) Alizarin Red
S staining and quantification absorbance assay of 8 days and 23 days MSCs constructs. Scale
bar, 1 mm. #p <0.01, and **p <0.001 indicate significant difference between control and MSCs
seeded constructs. ***p <0.001 indicates significant difference between 8 days and 23 days
MSCs constructs.
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Figure 3.3. Osteogenesis in nanoclay-based scaffolds is mediated by Wnt/p-catenin signaling
pathway. (a) Quantitative real-time PCR of gene expression for Wnt-related factors Wnt5a, -
catenin, AXIN2, FZD4, and LRP5. *p <0.05, **p <0.01 indicate significant difference between
8 days and 23 days MSCs constructs. (b) Immunofluorescence staining for f-catenin of 8 days
and 23 days MSCs construct. Arrows indicate nuclear translocation of B-catenin. Scale bars, 50
um. (c) Expression of B-catenin assessed by western blotting.

It has previously been shown that B-catenin regulates early stages of osteogenic
differentiation; however, the expression of B-catenin reduces during maturation of bone [75, 76].
In line with these observations, we noticed upregulated expressions of Wnt-related factors
(Wnt5a, B-catenin, AXIN2, FZD4, and LRP5) at 8 days while the expressions of all genes
evaluated went d own by ~1.25-fold at 23 days [Figure 3.3(a)], which was further substantiated

by immunostaining (nuclear translocation) [Figure 3.3(b)] and western blot of B-catenin [Figure
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3.3(¢c)], indicating activation of Wnt/B-catenin signaling pathway on nanoclay scaffolds during
osteogenesis.

3.3.2. Breast Cancer-derived factors DKK-1 and ET-1 Regulate Wnt/p-catenin Pathway,
Leading to Bone Metastasis

Breast cancer bone metastasis most often leads to either osteolytic lesion by activation of
osteoclast differentiation or osteoblastic lesions by promotion of osteoblastic activity, leading to
a weakened bone matrix with poor mechanical stability [77].

In the present study, we chose two breast cancer cell lines MM 231 and MCF-7. We
observed very distinct behavior of two breast cancer cells on bone scaffolds, as shown in Figure
3.4. Sequential culture of MSCs with MCF-7 (MSCs + MCF-7 SC) gave rise to tumoroids with
distinguishable cellular boundaries [Figure 3.4(b)] while sequential culture of MSCs with MM
231 (MSCs + MM 231 SC) showed formation of disorganized aggregates of cells [Figure
3.4(a)].

MSCs + MM 231 SC MSCs + MCF-7 SC

Y

(@)

Figure 3.4. Morphology of breast cancer cells (a) MM 231 and (b) MCF-7 grown on bone-
mimetic nanoclay scaffolds. Arrows indicate cells while * indicate scaffold.

Further, to evaluate the effect of breast cancer cells on tissue-engineered bone, we
analyzed the expression of late-stage bone marker OCN. We noticed a ~1.2-fold increase in

OCN expression with MSCs + MCF-7 SC while MSCs + MM 231 SC exhibited a ~3-fold
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downregulation of OCN, as compared to MSCs, which was substantiated by immunostaining and
quantification of OCN release in culture medium [Figure 3.5(a-c)]. In addition, we assessed
calcium deposition on sequential culture constructs using ARS and observed intense calcium
deposition on MSCs + MCF-7 SC, whereas MSCs + MM 231 SC showed abrogated calcium
deposition, compared to MSCs [Figure 3.5(d)].

Next, we assessed the expressions of Wnt-related factors (Wnt5a, B-catenin, AXINZ2, and
LRPS5) to identify whether Wnt/B-catenin signaling pathway is involved in osteogenesis during
bone metastasis. We noticed a ~2.2-fold increase in the expressions of Wnt-related factors in
MSCs + MCF-7 SC while MSCs + MM 231 SC showed a ~1-fold downregulation in the
expressions of Wnt-related factors, compared to MSCs, indicating upregulation and
downregulation of B-catenin in the sequential culture of breast cancer cells MCF-7 and MM231,
respectively [Figure 3.6(a)]. To further validate our results, we performed western blot
experiments of B-catenin and found results in good agreement with gene expression [Figure
3.6(c)].

To evaluate whether breast cancer cells can modulate expression of B-catenin in MSCs,
we cultured MSCs for another 10 days in (1:1) MSCGM and breast cancer-derived conditioned
medium (CM) after bone formation at 23 days. Interestingly, we observed re-activation of f3-
catenin expression when MSCs were treated with MCF-7 CM and while treating MSCs with
MM 231 CM diminished B-catenin expression as shown by immunostaining [Figure 3.6(b)].

Breast cancer has been shown to contribute towards formation of osteolytic and
osteoblastic bone metastases under the influence of DKK-1 and ET-1, respectively [60, 62].
DKK-1 is an inhibitor of Wnt signaling, operates by sequestering LRP-5/6 from the receptor

FZD and thus blocks Wnt/ -catenin signaling mediated osteogenesis [57-59], whereas ET-1 has
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been shown to promote Wnt/ -catenin signaling, leading to osteogenesis [78]. To determine
whether DKK-1 and ET-1 are involved in the regulation of Wnt/B-catenin signaling pathway, we
evaluated the expressions of these factors. We found upregulated expression of ET-1 in MSCs +
MCF-7 SC, whereas MSCs + MM 231 SC exhibited higher levels of DKK-1, which was
substantiated by quantifying release of these factors in culture media using ELISA assay [Figure
3.7(a, b)]. Taken together, breast-cancer derived factors DKK-1 and ET-1 seem to regulate
Whnt/B-catenin pathway, leading to bone metastasis.

3.4. Discussion

It is well known that metastatic breast cancer cells colonize within the bone marrow and
disrupt bone remodeling, either by activation of osteoclast differentiation or by the promotion of
osteoblast activity.

Given the multifaceted role of the Wnt/B-catenin pathway in bone regeneration, we
hypothesized that regulation of the Wnt/B-catenin pathway might influence the types of bone
metastasis. Therefore, the primary goal of the study is to understand the influence of Wnt/p-
catenin pathway in osteogenesis during breast cancer mediated bone metastases in vitro. Due to
the scarcity of availability of human breast cancer metastasized bone samples and in vivo mouse
models for spontaneous breast cancer bone metastasis, we developed a 3D in vitro model using
nanoclay-based scaffolds along with osteogenically differentiated MSCs and human breast
cancer cells. We have previously reported uniform bone-like ECM formation on nanoclay
scaffolds at 23 days when seeded with MSCs [23]. In a recent study, we reported that migration
of breast cancer cells were significantly enhanced in the presence of bone-mimetic scaffolds
[30]. Also, growing cancer cells on bone ECM led to formation of in vivo like tumoroids as

shown in Figure 3.4(b).
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Collectively, these observations demonstrate successful recapitulation of metastatic
condition in vitro on nanoclay scaffolds. To this end, we cultured MSCs for 23 days on
nanoclay-based scaffolds to obtain bone-like ECM formation by deposition of inorganic matrix
from osteogenically differentiated MSCs [Figure 3.2(d)]; after this step, we seeded human breast
cancer cells on the obtained bone-like tissue model to mimic in vivo metastatic spreading
condition [Figure 3.1].

In the present study, we confirmed activation of Wnt/B-catenin pathway during bone
formation on nanoclay-based scaffolds [Figure 3.3]. Activation of Wnt/p-catenin pathway in
MSCs could be attributed to the released silicate ions from nanoclay. The nanoclays are 2:1
phyllosilicates with one octahedral alumina sheet sandwiched between two tetrahedral silica
sheets [79]. Silicate containing bioglass and bioceramics have also been reported to stimulate
osteoblastic differentiation via Wnt/B-catenin pathway [47, 50, 54, 80]. Breast cancer has been
shown to form both osteolytic and osteoblastic bone metastases under the influence of DKK-1
and ET-1, respectively [60, 62]. In the present study, we observed that MSCs + MCF-7 SC
resulted in increased bone formation as shown by increased expression of OCN and intensive
calcium deposition [Figure 3.5(c, d)]. It is noteworthy to mention that we also found enhanced
expression of Wnt-related factors (Wnt-5a, B-catenin, AXIN2, and LRP5) in the MSCs + MCF-7
SC, suggesting involvement of Wnt/B-catenin pathway in regulating osteogenesis during bone
metastasis. The activation of Wnt/B-catenin pathway has been well-documented in literature for
osteoblast differentiation in vitro and bone formation in vivo [38, 81, 82]. It is therefore not
surprising that Wnt/B-catenin pathway may play a role in increased bone formation during bone
metastasis. We further noticed that MSCs + MCF-7 SC express higher levels of ET-1 [Figure

3.7(a,b)] and previous studies have demonstrated that up-regulation of ET-1 resulted in
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osteoblastic metastases [62]. In a recent study, ET-1 has been shown to promote osteogenic
differentiation of periodontal ligament stem cells via Wnt/ B-catenin pathway [78]. In another
study, ET-1 has been shown to activate B-catenin signaling through the endothelin-A receptor
(ETAR)/B-arrestin complex in ovarian cancer metastasis [83]. Hence, it seems likely that up-
regulation of ET-1 may contribute towards activation of the Wnt/B-catenin pathway in MSCs +
MCF-7 SC, leading to increased bone formation.

Next, the inactivation of Wnt/B-catenin pathway by breast-cancer derived DKK-1
resulted in inhibition of bone formation in MSCs + MM 231 SC, as indicated by abrogated
calcium deposition and reduced OCN expression [Figure 3.5(c, d)]. Our results are in good
agreement with previous studies on the inhibitory effect of DKK-1 on osteoblast differentiation
in vitro and bone formation in vivo [37, 60, 84-86]. Hence, inhibited bone formation in our
model is mediated through down-regulation of osteoblast differentiation by DKK-1 induced
inactivation of Wnt/B-catenin pathway. In summary, our 3D in vitro model allows investigation
of the interactions between breast cancer cells and bone and facilitates quantification of bone
formation with different breast cancer cells. Most importantly, the model exhibited both inhibited
and excessive bone formation with different cell lines, mimicking bone lesions observed in
breast cancer patients. Therefore, this model is suitable for studying cellular mechanisms
underlying the change during bone metastasis. However, it should be noted that our model does
not take the early phases of bone metastases, such as local invasion, intravasation, dissemination
via circulation, and extravasation into consideration. Thus, our data suggested that Wnt/B-catenin
pathway regulates osteogenesis at secondary bone site. Future studies are planned to evaluate

whether this pathway also governs in the early phases of breast cancer bone metastasis.
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3.5. Conclusion

The present study suggests that osteogenesis in 3D in vitro model of breast cancer bone
metastasis is mediated by Wnt/B-catenin signaling pathway. MCF-7 cells secrete ET-1, which
promotes osteoblastic differentiation via Wnt/f-catenin signaling and incudes bone-forming
activity, leading to excessive bone formation. Inactivation of Wnt/B-catenin signaling by MM
231 secreted DKK-1 leads to inhibited bone formation through down-regulation of osteoblast
differentiation. Further, 3D in vitro model exhibited mixed bone lesions with different cell types,
mimicking bone lesions observed in breast cancer patients. However, it should be noted that this
model omits early stages of breast cancer bone metastasis. More studies should be carried out to
understand the underlying molecular mechanism of Wnt-dependent pathways in tumor-harboring
bone microenvironment before developing any therapeutic strategies for bone metastasis. In vitro
breast cancer model thus presents a viable testbed for studying metastasis.
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CHAPTER 4. BONE INTERFACE MODULATES DRUG RESISTANCE IN BREAST
CANCER BONE METASTASIS?

This chapter describes cytokine-mediated drug resistance in 3D tissue-engineered model
of breast cancer bone metastasis. The contents of this chapter have been submitted for
publication.

4.1. Introduction

Breast cancer, in the advanced stage, metastasizes to the bones. It is estimated that 80-
90% of breast cancer patients eventually develop and die of bone metastases [1]. Metastatic
breast cancer cells interact with the bone cells to support their growth, proliferation, and
chemoresistance [2]. There is currently no effective therapeutics available in clinic for bone
metastases due to lack of models that could replicate the molecular events that occur in
individuals with breast cancer metastasized to the bones, and failure of the scientific community
to identify therapeutic targets for drug discovery. To date, cancer researchers have heavily relied
on two-dimensional (2D) monolayer cell culture systems for discovery of signaling pathways
and drugs. However, conventional 2D monolayer culture systems do not recapitulate cell
behavior in a human body where cells exist in a three-dimensional (3D) environment, wherein
cell-cell, cell-matrix interactions play a major in regulating the behavior of cancer cells [3, 4].
Although animal models provide a native 3D microenvironment for studying the molecular
mechanism of various pathological processes to some extent, their species difference, immuno-
deficiency, and complex disease pathogenesis most often reduce the correlation between clinical

trials and animal studies. Approximately 95% of anti-cancer drug discovery attempts have failed

3This chapter was co-authored by S. Kar, D.R. Katti, and K.S. Katti. Sumanta Kar had the primary responsibility for
preparing samples, conducting all tests, and drafting this chapter. Kalpana Katti and Dinesh Katti directed the
research orientation and revised this chapter.
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in the recent past due to variations in drug response between animal models and human trials [5].
Therefore, the development of accurate and efficient models to recapitulate cell-cell/cell-matrix
interactions to mimic native tumor microenvironment and achieve better drug response is
paramount for new drug discovery.

In recent years, 3D culture systems have received a great deal of attention owing to their
ability to mimic in vivo tissue microenvironment, leading to improved drug response. Human
adipose tissue-derived extracellular matrix scaffolds [6], decellularized porcine lung scaffolds
[7], chitosan scaffolds [8], porous poly(vinyl alcohol) (PVA) and chitosan micro particles [9],
microfluidics-based multicellular tumor spheroids [10], poly(ethylene glycol) (PEG)-fibrinogen
hydrogel microspheres [11] have been used as in vitro models of breast cancer for drug
screening. 3D co-culture systems have also been used in a few studies to develop in vitro models
of breast cancer bone metastasis for evaluating drug response. For instance, Talukdar and Kundu
co-cultured osteoblasts, mesenchymal stem cells (MSCs), and breast cancer cells on silk-fibroin
scaffolds to simulate bone metastatic milieu and assess efficacy of anti-cancer drugs [12]. In
another study, silk fibroin scaffolds-based co-culture model of osteoblasts and breast cancer cells
was developed to evaluate the efficacy of targeted delivery of doxorubicin loaded folate
conjugated fibroin nanoparticles [13]. In a recent study, Zhu et al. fabricated 3D-printed co-
culture model of osteoblasts and breast cancer cells to evaluate drug-resistance of breast cancer
cells against chemotherapeutic drug 5-Fluorouracil [14]. Although these studies have been able
to shed light on disease pathogenesis regarding cytokine production, altered gene/protein
expression, and targeted therapies; one of the major limitations of co-culture systems is
simultaneous seeding of both cells on scaffolds while colonization of breast cancer cells in bone

microenvironment is mediated by chemokines, and growth factors released by already growing
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bone cells, stromal cells etc. In addition, the bone microenvironment is not created at the time of
cancer cell arrival and thus the bone metastasis condition is not recapitulated. Recent studies
based on X-ray experiments have also indicated that initiation of metastasis occurs at immature
bone sites [15]. Further, the migration pattern of breast cancer cells (MDA-MB 231) is
influenced by substrate anisotrpy [16]. To this end, we implemented a sequential culture system
on nanoclay scaffolds to provide a microenvironment conducive to bone metastases [17-20].
Nanoclay scaffolds have high porosity with interconnected pores [21] which contribute to the
high surface area-to-volume ratio for cell-biomaterials interaction [22]. Nanoclay scaffolds also
have high compressive strength (~2.495 MPa) which can provide matrix stiffness, leading to
improved focal adhesions, cytokine production, and metastatic dissemination of breast cancer
[23-25]. Furthermore, we have observed earlier, that nanoclay scaffolds provide an acquiescent
environment for long term culture of cancer cells, and cancer cells cultured on these scaffolds
show in vivo like tumor morphology [17], which might contribute towards drug resistance and
tumor aggression. Human MSCs are also reported to differentiate into osteoblasts on nanoclay
scaffolds [21]. These observations mentioned above make nanoclay scaffolds a good candidate
as testbeds to study breast cancer bone metastasis.

We have used both computational and experimental approaches to design polymer-clay
nanocomposites (PCNs) for bone tissue engineering applications [21, 26-29]. A few studies also
reported the use of commercially available nanoclays for bone tissue engineering applications
[30-33]. In our previous study, we demonstrated mineralized bone-like tissue formation via
vesicular delivery by osteogenically differentiated MSCs on nanoclay scaffolds without the use
of osteogenic supplements [21, 34]. We have recently shown mesenchymal to epithelial

transition of prostate and breast cancer cells in sequential culture of MSCs with prostate and
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breast cancer cells on nanoclay scaffolds, respectively [17-20, 35, 36]. In another study, we
showed involvement of Wnt/B-catenin Signaling in breast cancer mediated osteogenesis at
metastatic bone site [37]. We also reported spectral biomarkers of breast cancer progression at
metastatic bone site using non-invasive IR spectroscopy [38]. In a recent study, the role of
prostate cancer phenotype on bone mineralization at metastases was also described [39].

Paclitaxel (PTX), a chemotherapeutic drug that binds to beta-tubulin and stabilizes
microtubule breakdown, leading to cell cycle arrest at G2/M phase [40]. It is currently used in
the treatment for many cancers, including breast, lung, ovarian, bladder, and prostate cancer [41-
43]. However, in recent years, resistance to paclitaxel has become a major clinical issue, leading
to treatment failures and recurrences in patients. Despite many attempts, the mechanism of
paclitaxel is yet to be demystified. Studies have shown that resistance can occur from altered
expression of apoptosis regulatory proteins (p53, Bcl-2) [44, 45], and overexpression of ATP
binding cassette (ABC) transporters/ multidrug resistance-related proteins such as multidrug
resistance-associated protein 1 (MRP1), ATP-binding cassette subfamily G member 2 (ABCG2)
[46, 47].

Interleukin-6 (IL-6), a pro-inflammatory cytokine produced in the tumor
microenvironment by stromal cells, fibroblasts, and cancer cells [48]. Binding of IL-6 to its
receptor IL-6R on the cell membrane activates Janus Kinase 2 (JAK2) kinases. Activated JAK?2
mediates phosphorylation, dimerization, and nuclear translocation of Signal Transducer and
Activator of Transcription 3 (STAT3)[49]. STATS3 signaling mediates the expression of various
genes, including p53[50], Bcl-2[51], MRP1[52], and ABCG2 [53]. Bcl-2 and p53 are associated
with regulation of apoptosis [54] while overexpression of drug transporters MRP1, ABCG2 has

been shown to mediate efflux of drugs from cancer cells, thus decreasing intracellular drug
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concentration leading to drug-resistance [55]. Activation of IL-6/STAT3 signaling pathway has
been shown to mediate chemoresistance in many cancers, including breast [56, 57], ovarian [58],
colorectal [59], prostate [60, 61], and gastric cancer [62]. To our knowledge, no studies have
been carried out to establish the role of cytokines such as IL-6 in acquired drug resistance of
breast cancer cells in the context of bone metastasis to date.

In the present study, we hypothesized that the 3D in vitro model would provide better
physiological and biological cues to recapitulate in vivo bone metastatic microenvironment in
regards to cytokine-mediated drug resistance than 2D monolayer cultures. Thus, this study aimed
to develop an effective 3D in vitro model with enhanced resistance to paclitaxel using 3D bone-
mimetic nanoclay scaffolds, to shed light on the underlying mechanism of drug resistance in
breast cancer bone metastasis.

4.2. Materials and Methods
4.2.1. Cell Lines, Culture Maintenance, and Materials

Polycaprolactone (PCL) (average Mn 80,000), 5-aminovaleric acid, paclitaxel, cell
proliferation reagent WST-1, calcium chloride (CaClz), sodium phosphate (Na2HPO.), fish skin
gelatin (FSG), TritonX-100, Tween20, 4',6-diamidino-2-phenylindole (DAPI), and 1,4-dioxane
were purchased from Sigma Aldrich. Na-MMT clay was obtained from Clay Minerals
Respiratory at the University of Missouri. Human mesenchymal stem cells (MSCs) (PT-2501)
(Lonza) were maintained in complete growth medium (MSCGM™ SingleQuots™ (PT-4105) was
added to MSC basal medium (MSCBM™, PT-3238) to obtain complete growth medium) from
Lonza. Human breast cancer cell lines MDA-MB-231 (HTB-26) (shortened as MM 231), MCF-7
(HTB-22), Fetal Bovine Serum (FBS), and Eagle’s Minimum Essential Medium (EMEM) were

purchased from American Type Culture Collection (ATCC). Hyclone™ Dulbecco’s Modified
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Eagle medium Nutrient Mixture F-12 DMEM-F-12(1:1), Corning"" Phosphate Buffered Saline
(PBS), and 4% Paraformaldehyde in PBS (PFA) were purchased from VWR. Gibco™ penicillin-
streptomycin antibiotic solution (P/S), Gibco™ human recombinant insulin, Applied
Biosystems™ Fast SYBR Green, and human Osteocalcin (OCN) ELISA kit were purchased from
Invitrogen. MM 231 cells were cultured in DMEM-F-12(1:1), 10% FBS, and 1% P/S. MCF-7
cells were grown in Eagle’s Minimum Essential Medium (EMEM), 10% FBS, 0.01 mg/ml
human recombinant insulin, and 1% P/S. All cell cultures were maintained at 37 °C and 5% CO>
in a humidified incubator. Human Interleukin-6 (1L-6) ELISA and ApoScreen® Annexin V-FITC
Kits were purchased from RayBiotech and SouthernBiotech, respectively. Direct-zol RNA
MiniPrep kit was purchased from Zymo Research. Anti-pSTAT3 (Y705) (Abcam), anti-MRP1
(Abcam), anti-p53 (Novus), anti-Bcl-2 (Novus) primary antibodies, secondary antibodies, and
other reagents used were of analytical grade.
4.2.2. Preparation of PCL/in situ HAPclay 3D Scaffolds

PCL/in situ HAPclay scaffolds were prepared as previously reported [21]. In brief, we
modified clay with 5-aminovaleric acid as described previously to increase d-spacing of clay [29,
63]. Then, we biomineralized hydroxyapatite (HAP) into intercalated nanoclay galleries to obtain
in situ HAPclay. Further, we dissolved PCL in 1, 4-dioxane, added 10% in situ HAPclay to PCL
solution, subjected the resultant solution to freeze-extraction to obtain in situ HAPclay scaffolds,
as described previously [21].
4.2.3. Cell Culture

Scaffolds (~12 mm diameter and ~3 mm thickness) were sterilized under UV light for 45
mins followed by immersion in 70% ethanol for 12 h. Then, scaffolds were washed in PBS,

placed in 24-well plates containing culture medium, and stored in humidified 5% CO incubator
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at 37 °C until further use. Scaffolds were seeded with 5 x 10* MSCs per scaffold and cultured for
23 days to obtain bone-like extracellular matrix (ECM) formation. Then, we seeded 5 x 10*
breast cancer cells (MM 231/MCF-7) per scaffold on bone ECM formed on the scaffolds and
cultured in 1:1 MSCs and breast cancer cell medium [Figure 4.2(A)]. For 2D cultures, 5 x 10*
breast cancer cells (MM 231/MCF-7) were cultured on tissue culture polystyrene (TCPS).
4.2.4. Cellular Morphology

Cell-seeded scaffolds were first fixed with 2.5% glutaraldehyde overnight followed by
dehydration in a series of ethanol washes (10%, 30%, 50%, 70%, and 100%). Then, samples
were dried in hexamethyldisilazane, gold sputter coated before imaging in with a JSM-6490LV
SEM (JEOL, Tokyo, Japan).
4.2.5. Analysis of Drug Response

3D sequential cultures of MSCs with breast cancer cells (at day (23+10)) and 2D cultures
breast cancer cells (at day 10) were serum starved for 24 h, and subsequently treated with 0.2, 2,
20, and 200 uM of paclitaxel for 48 h. Cell viability of drug treated and control (untreated)
samples was determined using a WST-1 assay. Half maximal inhibitory concentration (ICso)
values for 2D and 3D cultures were calculated with Graph Pad Prism (v7.04) using nonlinear
regression analysis.
4.2.6. Flow Cytometric Analysis of Apoptosis

After treating 2D cultures of breast cancer cells and 3D sequential cultures of MSCs with
breast cancer cells for 24 h with their respective 1Cso concentrations, cells were harvested,
thoroughly washed in cold PBS, resuspended cells in cold Annexin Binding Buffer to a

concentration of 1 x 108 cells/ml, labeled with Propidium lodide (PI) and Fluorescein
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isothiocyanate (FITC)- conjugated Annexin V, and analyzed using BD Accuri C6 Flow
cytometer. Data were analyzed using ACEA NovoExpress™ software.
4.2.7. ELISA Assay

Cell-seeded scaffolds and 2D cultures were serum-starved for 48 h before harvesting of
protein. Culture medium was collected from scaffolds, at day 0 (MSCs), at day 23 (MSCs), at
day (23+10) (MSCs + breast cancer cells sequential cultures), and 2D breast cancer cultures (at
day 10), and assayed for OCN and IL-6 content, respectively, by ELISA kits according to
manufacturer’s instructions.

4.2.8. Alizarin Red S Staining (ARS)

ARS staining was performed according to the procedure described earlier [35]. Briefly,
Cell-seeded scaffolds were fixed in 4% paraformaldehyde for 30 min, washed in PBS, and
stained with 2% Alizarin Red S (ARS) for 2.5 min. Then, stained scaffolds were washed in PBS,
dried at room temperature, and observed under stereoscopic zoom microscope (Ash
Technologies). We further solubilized the stain and quantified it using a microplate absorbance
reader at 405 nm.

4.2.9. Gene Expression Studies

Total RNA was isolated from cell-seeded scaffolds and 2D cultures using Direct-zol
RNA MiniPrep kit. Isolated RNA was reverse transcribed to synthesize cDNA using M-MLV
reverse transcriptase (Promega), random primers, and thermal cycler (Applied Biosystems).
Further, Real-Time Polymerase Chain Reaction (RT-PCR) was performed using forward primer,
reverse primer, CDNA, SYBR Green dye, and a thermal profile with a holding stage (2 min at
50 °C, 10 min at 95 °C) and a cycling stage (40 cycles of 15 s at 95 °C, and 1 min at 60 °C) on

7500 Fast Real-Time System (Applied Biosystems). The mRNA expression of OCN was
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evaluated at day 0 and day 23 in MSCs grown in scaffolds. We also analyzed the mRNA
expression of IL-6, p53, Bcl-2, MRP1, and ABCG2 evaluated in 2D monolayer cultures of breast
cancer cells (at day 10) and 3D sequential cultures of MSCs with breast cancer cells (at day
(23+10)). All the mRNA expressions were normalized to housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Target gene expressions were calculated using comparative
Ct method (2724Y), Table 4.1 lists the sequence of primers used.

Table 4.1. The sequence of primers used for the quantitative real-time PCR experiment

Gene Forward primer Reverse primer

GAPDH 5-CATCTTCTTTTGCGTCGCCA-3’ 5’-TTAAAAGCAGCCCTGGTGACC-3’

p53 5'CGGGATCCATGGAGGAGCCGCAGTCAG  5’CCGCTCGAGTTTCTGGGAAGGGACAG
AT-3' AAGA-3’

Bcl-2 5’-GGCTGGGATGCCTTTGTG-3’ 5’-CAGCCAGGAGAAATCAAACAGA-3’

MRP1 5’ GTCGGGGCATATTCCTGGC-3’ 5 GGGCATCCTCTTTTAAGGCTG-3’

ABCG2 5-TGGCTGTCATGGCTTCAGTA-3’ 5’-GCCACGTGATTCTTCCACAA-3

IL-6 5-GATGGCTGAAAAAGATGGATGC-3’ 5-TGGTTGGGTCAGGGGTGGTT-3’

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

4.2.10. Immunofluorescence Staining

Cell-seeded scaffolds and 2D cultures were fixed in 4% paraformaldehyde in PBS for 30
min, permeabilized in 0.2% TritonX-100 in PBS for 5 min, and blocked with 0.2% FSG for 45
min. Then, the samples were incubated overnight at 4 °C with primary antibodies diluted in a
blocking buffer (0.2% FSG in PBS containing 0.02% Tween20) at a dilution of 1:100. The
samples were subsequently incubated with Alexa Flour 488 conjugated secondary antibodies
corresponding to origin of the primary antibodies used for 45 mins at 25 °C. Nuclei were stained
with DAPI. The stained samples were observed with Zeiss AxioObserver.Z1 LSM 700.
4.2.11. Statistical Analysis

Data are presented as mean * standard derivation (n=3). Statistical significance (p-

value) among multiple comparisons was determined using one-way ANOVA followed by post

115



hoc Tukey test, while statistical significance (p-value) between two groups was determined
using unpaired Student’s t-test, using GraphPad Prism v7.04. p<0.05 was considered statistically
significant.
4.3. Results and Discussion
4.3.1. Bone Tissue Formation on 3D Nanoclay Scaffolds

To evaluate bone formation on 3D nanoclay scaffolds, we analyzed mRNA expression of
late -stage bone marker OCN and observed a ~3-fold increase at day 23 [Figure 4.1(A)] as
opposed to day 0, which was further substantiated by quantification of OCN release in culture
medium [Figure 4.1(B)]. Our observations are in good agreements with previous findings on
OCN being a major regulator of osteoblasts maturation [64]. We also assessed calcium
deposition on scaffolds using ARS staining and noticed intense ARS staining at day 23 as
compared to day 0, confirming deposition of inorganic matrix by osteogenically differentiated
MSCs on nanoclay scaffolds, which was further substantiated by quantification of released ARS
[Figure 4.1(C)].
4.3.2. 3D Sequential Culture of MSCs with Breast Cancer Cells Facilitates in vitro Growth
of in vivo-like Tumoroids

To evaluate morphology of cancer cells grown in sequential cultures with MSCs, we
performed SEM imaging. Sequential culture of MSCs with MCF-7 gave rise to tumoroids while
sequential culture of MSCs with MM 231 showed poorly connected disorganized cellular

clusters as shown in Figure 4.2(B).
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Figure 4.1. (A) Quantitative real-time PCR of gene expression for late-stage osteogenic marker
OCN. (B) OCN released into culture medium, indicative of bone maturation. **p <0.01, and
**%p <0.001 indicate significant difference between day 0 and day 23 MSCs constructs. (C)
Alizarin Red S staining and quantification absorbance assay of day 0 and day 23 MSCs
constructs. Scale bar, 1 mm. #p <0.05, and *#p <0.001 indicate significant difference between
control and MSCs seeded constructs. ***p <0.001 indicates significant difference between day 0
and day 23 MSCs constructs.

4.3.3. 3D Sequential Culture of MSCs with Breast Cancer Cells Requires Higher Drug
Concentrations than 2D Culture of Breast Cancer Cells to Achieve Comparable Reduction
in Cell Viability

The cytotoxic effect of paclitaxel on 2D and 3D cultures was evaluated using a WST-1

assay. Cells were treated with 0.2, 2, 20, and 200 pM of paclitaxel for 48 h.
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Figure 4.2. (A) Schematic showing the steps of sequential culture experiment. (B) Morphology
of breast cancer cells MM 231 and MCF-7 grown on bone-mimetic nanoclay scaffolds. Arrows
indicate cells while * indicate scaffold.
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Figure 4.3. (A & B) Cytotoxic effects of paclitaxel in 2D cultures breast cancer cells (MM 231 &
MCF-7) and 3D sequential cultures of MSCs with breast cancer cells (MM 231 & MCF-7). Cells
were treated with 0.2, 2, 20, and 200 uM of paclitaxel for 48 h. Cell viability was evaluated
using a WST-1 assay. Half maximal inhibitory concentration (ICso) values were calculated on
Graph Pad Prism using nonlinear regression analysis.

We observed a dose-dependent cytotoxic effect of paclitaxel on both 2D and 3D cultures

of MM 231 and MCF-7 cells. I1Cso was calculated from dose-response study using curve-fitting.

Paclitaxel inhibited the proliferation of 2D MM 231 and 3D MSCs +MM 231 SC, with ICs

values of 1.69 uM and 6.71 pM, respectively, following 48 h incubation. Further, ICso values for

2D MCF-7 and 3D MSCs + MCF-7 SC were 1.23 uM and 2.80 uM, respectively [Figure 4.3 &
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Table 4.2]. Overall, these data demonstrate that 3D sequential culture of MSCs with breast
cancer required higher concentrations of paclitaxel than 2D culture of breast cancer cells to
achieve comparable reduction in cell viability.

Table 4.2. ICsg values of paclitaxel in 2D breast cancer cells (MM 231 & MCF-7) and 3D
sequential cultures of MSCs with breast cancer cells (MM 231 & MCEF-7).

Type of Culture ICs0 (UM)
2D MM 231 1.69
2D MCF-7 1.23
3D MSCs +MM 231 SC 6.71
3D MSCs +MCF-7 SC 2.80

ICso, half maximal inhibitory concentration.

4.3.4. 3D Sequential Culture of MSCs with Breast Cancer Cells Alters Expression of
Apoptosis Regulatory Proteins and Increases Resistance to Apoptosis in Response to
Paclitaxel

To assess the ability of paclitaxel to induce apoptosis in 2D and 3D cultures, cells were
subjected to their respective 1Cso concentrations of paclitaxel for 24 h, followed by flow
cytometric analysis of apoptosis using Annexin V-FITC apoptosis assay. As shown in Figure 4.4,
apoptosis assay showed a substantial difference between 2D and 3D cultures regarding the rate
of apoptosis induction. The rate of apoptosis to paclitaxel was 15.64 + 0.99 % (versus 9.44 +
0.84 % in 3D MSCs + MM 231 SC) and 28.57 + 0.60 % (versus 10.6 + 0.91 % in 3D MSCs +
MCF-7 SC) in 2D cultures of MM 231 and MCF-7, respectively, indicating a significant increase
in resistance to apoptosis in response to paclitaxel in 3D sequential cultures of MSCs with breast

cancer cells, compared to 2D cultures.
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Figure 4.4. (A & B) Representative dot plot presenting the fluorescence channel analysis of 2D
MM 231 & 3D MSCs + MM 231 SC, and 2D MCF-7 & 3D MSCs + MCF-7 SC cells following
double staining with Annexin V and Propidium lodide. Cells were treated with their respective
ICso values mentioned in Table 4.2 for 24 h and stained with Annexin V (horizontal) and
Propidium lodide (vertical axis) before analysis with flow cytometry. The percentage of cell
apoptosis was calculated by subtracting control (% early apoptosis) from ICso (% early
apoptosis) for each culture type. *p <0.05 indicates significant differences between 2D MM
231 and 3D MSCs + MM 231 SC. **p<0.01 indicates significant difference between 2D
MCF-7 and 3D MSCs + MCF-7 SC.

To determine the mechanism of resistance to apoptosis in 3D cultures, we analyzed the
expression of anti-apoptotic Bcl-2 and tumor suppressor p53 proteins. We observed a ~3.42-fold
increase in Bcl-2 expression along with a ~3.15-fold downregulation in p53 expression at mMRNA
levels in 3D MSCs + MM 231 SC, as compared to 2D cultures while 3D MSCs + MCF-7 SC
exhibited a ~2.70-fold increase in Bcl-2 expression accompanied by a ~2.20-fold downregulation
in p53 expression at MRNA levels as opposed to 2D cultures [Figure 4.5] . We further performed
immunostaining of Bcl-2 and p53 and found results to be in good agreement with mRNA

expression [Figure 4.5].
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4.3.5. 3D Sequential Culture of MSCs with Breast Cancer Cells Enhances Expression of
Multi-Drug Resistance-related Genes

Multidrug resistance has long been a major roadblock in successful cancer chemotherapy.
Increasing evidence supports that overexpression of ABC drug transporters such as MRP1,
ABCG2 mediate efflux of drugs from cancer cells, thus decreasing intracellular drug
concentration leading to drug-resistance [46, 47, 65]. To investigate the effects of 3D bone-
mimetic microenvironment on the expression of multi-drug resistance-related genes, we
examined the expression of MRP1 and ABCG2 on cells grown in 2D and 3D sequential cultures.
We found a ~1.80-fold and a ~1.89-fold increase in MRP1 and ABCG2 expression at mRNA
levels, respectively, in 3D MSCs + MM 231 SC while 3D MSCs + MCF-7 SC exhibited a ~1.62-
fold increase in MRP1 expression together with a ~1.89-fold upregulation in ABCG2 expression
at mMRNA levels, as compared to their respective 2D cultures [Figure 4.6 (A), (B)]. We also
performed immunostaining of MRP1 and found results in good agreement with mRNA levels
[Figure 4.6(C)].
4.3.6. 3D Tumor Microenvironment-secreted Cytokine IL-6 may Promote Drug-Resistance
against Paclitaxel

The observations mentioned above prompted us to evaluate the involvement of STAT3
signaling because all the genes evaluated in present study are directly or indirectly related to
STATS3 signaling pathway [52, 53, 66]. Further, tumor microenvironment releases various

cytokines including IL-6, and IL-6 has been shown to activate IL-6/STAT3 signaling [48, 49].
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Figure 4.5. (A & B) Quantitative real-time PCR of gene expression for p53 and Bcl-2. *p <0.05,
**p <0.01 indicate significant difference between significant difference between 2D cultures of
breast cancer cells (MM 231 & MCF-7) and 3D sequential cultures of MSCs with breast cancer

cells (MM 231 & MCF-7). Immunofluorescence staining for p53 and Bcl-2 of 2D breast cancer

cultures (MM 231 & MCF-7) and 3D sequential cultures of MSCs with breast cancer cells (MM
231 & MCF-7). Arrows indicate nuclear localization of p53. Scale bars, 50 pm.
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Previous studies have shown the involvement of IL-6/STAT3 signaling pathway in
mediating chemoresistance in breast cancer [56, 57]. Also, a few recent studies illustrated that
growing cells in 3D cultures could lead to elevated levels of cytokine production, which can have
a significant influence on signaling pathways [67, 68]. In accordance with these observations, we
noticed a ~2.10-fold and a ~1.23-fold increase in IL-6 mMRNA levels, respectively, in 3D MSCs +
MM 231 SC and 3D MSCs + MCF-7 SC as compared to their respective 2D cultures, which was
further substantiated by quantifying release of IL-6 in culture medium [Figure 4.7(A, B)].

We further observed intense immunostaining of pPSTAT3 (Y705) in 3D sequential
cultures of MSCs with both breast cancer cells as opposed to their respective 2D cultures,
confirming to activation of STAT3 [Figure 4.7(A),(B)]. In summary, our results showed that
breast cancer cells grown in 3D bone-mimetic scaffolds exhibited altered physiological and
biochemical properties including increased drug resistance, inhibited rate of apoptosis, enhanced
expression of multidrug resistance-related genes, and elevated levels of cytokine and its
downstream effectors associated with drug resistance, as opposed to 2D monolayer cultures.
Most importantly, STAT3, a potential biomarker for chemoresistance in many cancers, was
activated in our 3D breast cancer bone metastasis model. Thus, our data suggest that the 3D in
vitro model is a promising testbed for screening new therapeutics for breast cancer bone

metastasis.
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Figure 4.6. (A & B) Quantitative real-time PCR of gene expression for MRP1 and ABCG2.

*p <0.05 indicates significant difference between significant difference between 2D cultures of
breast cancer cells (MM 231 & MCF-7) and 3D sequential cultures of MSCs with breast cancer
cells (MM 231 & MCF-7). (C) Immunofluorescence staining for MRP1 of 2D breast cancer
cultures (MM 231 & MCF-7) and 3D sequential cultures of MSCs with breast cancer cells (MM
231 & MCF-7). Scale bars, 50 pm.
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Figure 4.7. (A & B) Quantitative real-time PCR of gene expression for IL-6. ELISA Assay for
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drug-resistance in 3D sequential cultures MSCs with breast cancer cells.
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4.4. Conclusion

In the present study, we have used a previously developed in vitro model using 3D bone-
mimetic nanoclay scaffolds that mimic in vivo bone metastatic microenvironment to evaluate
drug efficacy demonstrating the use of the scaffold as a breast cancer metastasis testbed.
Enhanced drug resistance to paclitaxel was observed at the bone metastasis site as compared to
the cells not at the bone site. Our results showed that breast cancer cells grown at 3D metastatic
bone site not only require higher drug concentrations than 2D cultures to achieve a comparable
reduction in cell viability but also exhibited increased resistance to apoptosis in response to
paclitaxel. Upon exploring the underlying mechanism of drug resistance, we noticed that
elevated levels of IL-6 secretion in the breast cancer culture at 3D metastatic bone site activated
STATS3 signaling, which inhibited apoptosis by upregulating expression of anti-apoptotic Bcl-2
along with a substantial reduction in expression of tumor suppressor gene p53 and upregulated
expression of multidrug resistance-related genes (MRP1, ABCG2) rendering cancer cells grown
in 3D cultures drug-resistant. Taken together, our data demonstrate that the 3D bone-mimetic
nanoclay scaffolds-based in vitro tumor model is a promising testbed for screening new
therapeutics for breast cancer bone metastasis. Also, our results indicate that the bone interface at
metastasis of breast cancer modulates drug resistance in breast cancer cells.
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CHAPTER 5. QUASI-STATIC AND DYNAMIC NANOMECHANICAL EVALUATION
OF BREAST CANCER CELLS WITH PROGRESSION OF METASTASIS TO BONE*
This chapter describes the significant role of actin cytoskeleton in governing cellular
nanomechanics leading up to breast cancer progression at metastatic bone site. The contents of
this chapter have been submitted for publication.
5.1. Introduction
With the advent of novel nanomechanics experimental and modeling methodologies,

there has been an increasing interest in investigating the mechanical properties of individual cells
to delineate disease mechanisms [1, 2]. Increasing evidence supports that altered mechanical
properties highly influence cancer pathogenesis and progression at the cellular level. Several
studies have reported that cancer cells are softer than their healthy counterparts [3-10], whereas a
few studies showed otherwise [11, 12]. It has been shown that dysregulation in the actin
cytoskeleton can lead to softening in cancer cells [13-16]. The epithelial monolayer, a
multicellular system composed of firmly connected adjacent cells via adherens junctions, has
been shown to give rise to most of the human cancers [17, 18]. The actin cytoskeleton of healthy
epithelial cells is attached to adherens junctions to counteract internal and external mechanical
stimuli and bestow mechanical stability [19, 20]. In contrast, cancerous epithelial cells most
often exhibit disruption in stable cell-cell adhesion due to alterations in either adherens junctions
or actin cytoskeleton [21-24]. In addition, a few studies have compared distribution of the actin
cytoskeleton in breast cancer cells with normal breast cells using fluorescence staining [7, 9, 25,

26].

4 This chapter was co-authored by S. Kar, D.R. Katti, and K.S. Katti. Sumanta Kar had the primary responsibility for
preparing samples, conducting all tests, and drafting this chapter. Kalpana Katti and Dinesh Katti directed the
research orientation and revised this chapter.
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Loss of cell-cell adhesion and gain of the invasive mesenchymal phenotype are hallmarks
of epithelial-mesenchymal transition (EMT) of cancer cells, a process that promotes cancer cells
to invade the basement membrane; a physical barrier made up of their adjacent cells [27].
Upregulation of several actin-cytoskeletal-associated proteins, including myosin light chain, a-
actinin, integrins, and tropomyosin, has been associated with EMT while reduced expression of
pseudopod-enriched proteins including Wiskott-Aldrich syndrome protein (WASP) family
members, the actin-related proteins-2/3 (Arp2/3) complex, cortactin is associated with reversal of
EMT or mesenchymal-epithelial transition (MET) [22, 28-33]. Moreover, altered expression of
Arp2/3 complex and Wiskott-Aldrich syndrome protein family member 2 (WAVE?2) have been
linked with poor prognosis of breast cancer, indicating a significant role of actin cytoskeleton
dynamics in cancer progression [34].

To date, various methods have been used to measure mechanical properties of cells,
including atomic force microscopy (AFM) [7, 8, 25, 26, 35-48], optical tweezers [45, 48-53],
micropipette aspiration [54-57], magnetic twisting cytometry [58-60], high-frequency
microrheology [61, 62], and particle-tracking microrheology [63, 64]. Despite their extensive
usage, a few of them possess drawbacks, including the effects of indentation depth and substrate
stiffening in AFM [65, 66], stress-induced loading in micropipette aspirations[56, 57], and laser-
induced thermal loading in optical tweezers [67]. These effects can lead to erroneous results
during mechanical measurements of cells. To this end, our group had previously developed a
nanoindentation-based technique as an alternative method for measurements of cellular
mechanical properties [68, 69].

Nanoindentation is a depth-sensing technique and has been proven to be more efficient in

obtaining bulk cellular behavior using controlled strain experiments, which cannot be carried out
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with low load AFM force curves [70]. Nanoindentation techniques are very useful in probing
mechanical properties at lower degrees of length scale with the help of the displacement-
controlled nanoindentation module. Nanoindentation techniques have been extensively used to
obtain nanoscale mechanical properties of cells [68, 69, 71], cell-biomaterials composite [69],
soft and mineralized tissues [72-77], biological composites [78-80], and dental materials [81,
82]. Molecular modeling has also been used simultaneously to obtain the mechanics of cancer
cells for developing robust predictive methodologies for disease progression [83].

Breast cancer is the most prevalent cancer types among women, and it becomes incurable
once the disease has metastasized to the bones. Changes in cellular shape and architecture
facilitate the colonization of metastatic breast cancer at bone marrow space. Due to the scarcity
of accurate and efficient models to replicate stages of cancer progression for early detection,
most of the patients (80%) with breast cancer metastasized to the bones die within five years
[84]. Moreover, no studies have been done to evaluate the changes in the mechanical properties
of breast cancer cells during cancer progression at the bone site, owing to the lack of suitable
models to recapitulate the molecular events. In recent years, three-dimensional (3D) culture
systems have attracted substantial attention due to their ability to recapitulate in vivo tumor
microenvironment by providing enough spatial and biophysical cues to mimic molecular events
that occur during disease progression as compared to two-dimensional (2D) cellular models.
Moreover, 3D culture systems eliminate issues that exist in animal models regarding
immunodeficiency, species difference, and uncertain disease pathogenesis [85-87].

Recently, we have developed a nanoclay-based 3D in vitro model for breast cancer bone
metastasis, mimicking MET of breast cancer in sequential culture of osteogenically differentiated

human mesenchymal stem cells (MSCs) and human breast cancer cells [88]. In our previous
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studies, we have reported osteogenesis and mineralization in nanoclay-based composites by
MSCs without the use of osteogenic supplements [89, 90]. In another study, we showed MET of
prostate cancer cells in sequential culture of MSCs with prostate cancer cells [91, 92]. Recent
studies from our group also showed the influence of breast/prostate cancer-derived factors on
osteogenesis at metastases [93, 94].

In the present study, we hypothesized that breast cancer cells grown on 3D bone-mimetic
scaffolds would exhibit changes in elastic and viscoelastic properties over time due to alterations
in actin cytoskeleton dynamics and organization during disease progression. To this end, we
evaluated mechanical properties of breast cancer cells grown on 3D bone-mimetic scaffolds
using quasi-static and dynamic nanoindentation methods, and correlated changes in elastic and
viscoelastic properties with dysregulation in actin cytoskeleton dynamics using fluorescence
staining and mMRNA expression of actin cytoskeleton-related genes.

5.2. Materials and Methods
5.2.1. Materials, Cell Lines, and Culture Maintenance

Na-MMT clay was procured from Clay Minerals Respiratory at the University of
Missouri. Calcium chloride (CaCly), polycaprolactone (PCL) (average Mn 80,000), 1,4-dioxane,
sodium phosphate (Na2HPO4), Tween20, 4',6-diamidino-2-phenylindole (DAPI), fish skin
gelatin (FSG), 5-aminovaleric acid, and TritonX-100 were purchased from Sigma Aldrich.
Human mesenchymal stem cells (MSCs) (PT-2501) were purchased from Lonza (Walkersville,
MD) and maintained in complete growth medium (MSCGM™ SingleQuots™ (PT-4105) was
added to MSC basal medium (MSCBM™, PT-3238) to obtain complete growth medium). Human
breast cancer cell lines MCF-7 (HTB-22), MDA-MB-231 (HTB-26) (shortened as MM 231),

Eagle’s Minimum Essential Medium (EMEM), and Fetal Bovine Serum (FBS) were purchased
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from American Type Culture Collection (ATCC). Corning™ Phosphate Buffered Saline (PBS),
Hyclone™ Dulbecco’s Modified Eagle medium Nutrient Mixture F-12 DMEM-F-12(1:1), and
Alfa Aesar™ Paraformaldehyde, 4% in PBS (PFA) were purchased from VWR. Rhodamine
Phalloidin, Gibco™ human recombinant insulin, Gibco™ penicillin-streptomycin antibiotic
solution (P/S), Applied Biosystems™ Fast SYBR Green, and Gibco™ TrypLE"™ Express Enzyme
(1X), phenol red were purchased from Invitrogen. MCF-7 cells were maintained in Eagle’s
Minimum Essential Medium (EMEM), 10% FBS, 0.01 mg/ml human recombinant insulin, and
1% P/S whereas MM 231 cells were cultured in DMEM-F-12(1:1), 10% FBS, and 1% P/S. All
cell cultures were maintained at 37 °C and 5% CO- in a humidified incubator. Direct-zol RNA
MiniPrep kit (Zymo Research), anti-Tubulin (Abcam) primary antibody, secondary antibody,
and other reagents used were of analytical grade.
5.2.2. Preparation of PCL/in situ HAPclay 3D Scaffolds

PCL/in situ HAPclay scaffolds were synthesized following the procedure described
elsewhere [89]. Briefly, we modified clay with 5-aminovaleric acid to increase the d-spacing of
clay followed by biomineralized of hydroxyapatite (HAP) into intercalated nanoclay galleries to
obtain in situ HAPclay according to the procedure reported in our previous studies [95-97]. Next,
10% in situ HAPclay was added to PCL solution to get a composite mixture, which was further
subjected to freeze-extraction to synthesize PCL/in situ HAPclay scaffolds. Scaffolds were cut
into cylindrical shape (~12 mm diameter and ~ 3 mm thickness), sterilized under UV light for 45
mins, submerged in 70% ethanol for 12 h, washed in PBS to remove excess ethanol, and stored
in 5% COz incubator at 37 °C immersed in 24-well plates containing culture medium for 24 h

before cell seeding.
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5.2.3. Cell Culture

MSCs were seeded at a density of 5 x 10* per scaffold and cultured for 23 days to deposit
bone-like extracellular matrix (ECM) onto scaffolds. Then, scaffolds with newly formed bone
were seeded with 5 x 10* breast cancer cells (MCF-7/ MM 231) per scaffold and maintained in
1:1 MSCs and breast cancer cell medium. Breast cancer cells (MCF-7/MM 231) cultured on 2D
tissue culture polystyrene (TCPS) are called “as received” throughout the study.
5.2.4. Cellular Morphology

Cell-seeded scaffold constructs were fixed with 2.5% glutaraldehyde followed by
dehydration in a graded series of ethanol solution (10%, 30%, 50%, 70%, and 100%) and drying
in hexamethyldisilazane. Then, samples were gold sputter coated and observed with a JSM-
6490LV SEM (JEOL, Tokyo, Japan).
5.2.5. Quasi-Static Nanoindentation

The quasi-static nanomechanical characterization of live breast cancer cells (MCF-7/MM
231) was conducted using Triboscope™, Hysitron (Minneapolis, MN) equipped with multimode
AFM (Nanoscope Illa controller and J-type piezo scanner system) (Veeco Metrology, Santa
Barbara, CA) and a Berkovich diamond indenter fluid tip (three-sided pyramidal; 100-200 nm tip
radius) on displacement-controlled mode at maximum displacements of 2000 nm and 2000 nm at
a loading and unloading rate of 100 nm/s. To carry out the tests in presence of culture medium,
we grew the breast cancer cells on TCPS and then glued the TCPS with cells onto a 3D-printed
holder (~12 mm diameter and ~3 mm height) and filled it fresh culture medium (EMEM + 2%
FBS (MCF-7), DMEM-F12 + 2% FBS (MM 231)), which was further glued to a steel disc. The
holder containing cell-seeded TCPS sample was placed onto the nanoindentation stage, and the

whole assembly was maintained at 37 °C using a MultiMode™ low-temperature heater from
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Veeco Metrology (Santa Barbara, CA) during the experiment. All the indentation tests were
completed within two hours. For cells grown on 3D scaffolds, cells were extracted using
TrypLE™ Express Enzyme, and seeded onto TCPS before performing nanoindentation tests.
Cellular nanomechanical response was calculated following methodologies described in our
previous studies [68, 69].

Using Oliver & Pharr method [98], the elastic modulus (E) of cells was calculated from
load-displacement (L-D) curves. In this method, initial unloading portion of the L-D curve is
fitted to power-law function followed by differentiation of power-law relation to obtain contact
stiffness. The reduced elastic modulus (Er) of cancer cells was calculated from the stiffness and
contact area. Elastic modulus (E) of cells was further determined from the reduced modulus (Er)
and Poisson ratio (v) of 0.50 was used for biological systems using the following equation:

1 (1_v2)+ (1-v?

E, E E;

Where, v and E are Poisson’s ratio and the elastic modulus of the sample, respectively; and vi
and E; are respective properties of the indenter. For diamond, »i = 0.07 and E; = 1141 GPa. For
each measured sample, at least 20 cells were measured. Data is reported as mean + Standard
Deviation (SD).
5.2.6. Dynamic Nanoindentation

The dynamic nano-mechanical response of live cancer cells was obtained by using
frequency sweep mode of nano-DMA module (Triboscope™, Hysitron equipped with multimode
AFM (Nanoscope Illa controller and J-type piezo scanner system) (Veeco Metrology, Santa
Barbara, CA). In this mode, the oscillating dynamic load of 1 N was superimposed on a quasi-

static load of 1000 uN over a frequency range of 10-250 Hz. The dynamic nanoindentation tests
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were performed using the same setup and Berkovich diamond indenter, as described in section
5.2.5.

In dynamic nanoindentation tests, the displacement amplitude, load amplitude, and phase
lag were measured to calculate the storage modulus (E”), loss modulus (E'"), and loss tangent (tan
) of cancer cells. During dynamic nanoindentation tests, the sample is subjected to a small
oscillatory load (P) with a known load amplitude (Po) and frequency (). During the test, the
alternating displacement response is measured at the same testing frequency using a lock-in
amplifier. The sinusoidal behavior of the load (P) and the resulting displacement (Xo) is related
by the following expression:

P =Po + sin ot

X = Xo+ sin (ot — @)
Where, t is the time and ¢ is the phase difference between load amplitude (Po) and displacement
amplitude (Xo), respectively. In a dynamic nanoindentation test, the observed response (i.e., the
damping coefficient and the stiffness) is the aggregate response of the instrument and the sample
being tested. Therefore, the response of the instrument must be subtracted from the aggregate
response to obtain the true dynamic properties of sample. Hence, the stiffness (ki), damping
coefficient (C;), and mass (m) of the indenter are obtained by air calibration before experiment
followed by real-time correction of the aggregate response for the response of the instrument.
Storage modulus (E”) is given by the in-phase elastic response of the sample, and loss modulus
(E') is a measure of viscoelastic response of the sample/energy being dissipated during the test.
The storage modulus (E'), loss modulus (E”'), and loss tangent (tan ) are determined by the

following expressions:
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Where, C and k are the damping coefficient and the stiffness of the sample, respectively, and Ac
is the projected contact area of indenter on the surface of sample. For each measured sample, at
least 20 cells were measured. Data is reported as mean + SD.
5.2.7. Gene Expression Studies

We began with extracting total RNA from cell-seeded scaffolds and 2D cultures using the
Direct-zol RNA MiniPrep kit. Then, we reverse-transcribed the extracted RNA to synthesize
c¢DNA using random primers, M-MLYV reverse transcriptase (Promega) on a thermal cycler
(Applied Biosystems). Next, we performed Real-Time Polymerase Chain Reaction (RT-PCR)
was using cDNA, SYBR Green dye, forward primer, reverse primer on a 7500 Fast Real-Time
System (Applied Biosystems). The thermal profile used for the run was comprised of a holding
stage (2 min at 50 °C, 10 min at 95 °C) and a cycling stage (40 cycles of 15 s at 95 °C, and 1 min
at 60 °C). The mRNA expressions of Neural-Wiskott-Aldrich syndrome protein (N-WASP), Cell
division control protein 42 homolog (CDC42), ARP2, ARP3, Cortactin (CTTN), E-cadherin
(CDH1), and Cofilin-2 (CFL2) were quantified and normalized to housekeeping gene
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Target gene expressions were
determined using comparative Ct method (2722<"). Table 5.1 lists the sequence of primers used.

All the experiments were repeated on triplicate samples.

145



Table 5.1. The sequence of primers used for the quantitative real-time PCR experiment

Gene Forward primer Reverse primer

GAPDH 5’-CATCTTCTTTTGCGTCGCCA-3’ 5’-TTAAAAGCAGCCCTGGTGACC-3’

N-WASP 5 -ACTGTTAGACCAGATACG ACAGGGT-  5’-TGCAGGTGTTGGTGGTGT AGA-3’
37

ARP2 5’-GGAGTTGGTGTTGCTGAAT-3’ 5’-TAGTAGACCCTCCAGAAAGC-3’

ARP3 5’-CAATCCTTGGAAACTGCTA-3’ 5’-CCATTTTGACCCATCTGTA-3’

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

CTTN 5’-AAAGCTTCAGCAGGCCAC-3’ 5-TTTGGTCCTGTTTCAAGT TCC-3’

CFL2 5’-AGTGCCACAGAGCCGAAG-3’ 5’TCATCATTCACTGTAACTCCAGAAG-3’

CDH1 5’-AAG TGA CCG ATGATGAT-3’ 5’-CTC TGT CCATCT CAG CG-3°

5.2.8. Immunofluorescence Staining

Cells grown on scaffolds and 2D cultures were fixed with paraformaldehyde, 4% in PBS
for 30 min, permeabilized with TritonX-100, 0.2% in PBS for 5 min, and blocked with FSG,
0.2% in PBS for 45 min. Then, the samples were incubated overnight at 4 °C with primary
antibody diluted in a blocking buffer (0.2% FSG in PBS containing 0.02% Tween20) at a
dilution of 1:150. Next, the samples were incubated with Alexa Flour 488 conjugated secondary
antibody corresponding to origin of the primary antibody used for 45 mins at 25 °C. The actin
cytoskeleton and Nuclei were stained with Rhodamine Phalloidin and DAPI, respectively. The
stained samples were observed under Zeiss AxioObserver.Z1 LSM 700. Images were processed
with Image J software and the quantitative analysis of both actin and tubulin fluorescence was
performed on at least 5-6 cells for each sample evaluated by calculating the corrected total cell
fluorescence (CTCF) of each signal as follows:

CTCEF = Integrated density of selected cell-(Area of selected cell x Mean fluorescence of
background)
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5.2.9. Statistical Analysis

Data is reported as mean £ SD. Statistical significance (p-value) among multiple
comparisons was determined using one-way ANOVA followed by post hoc Tukey test while
Student’s unpaired t-test was used to determine statistical significance (p-value) between two
groups, using GraphPad Prism v7.04. p<0.05 was considered statistically significant.

5.3. Results
5.3.1. Cancer Cells Alter Nanomechanical Properties in Response to 3D Culture Conditions

In the present study, we have created a 3D in vitro model for breast cancer bone
metastasis, mimicking MET of breast cancer in sequential culture of osteogenically differentiated
MSCs and breast cancer cells, according to procedure described in our previous studies. Briefly,
MSCs were cultured on 3D scaffolds for 23 days to generate bone tissue. Then, human breast
cancer cells were seeded on the newly formed bone matrix (Figure 5.1A). The morphology of
cancer cells grown in sequential cultures with MSCs on 3D scaffolds was obtained using SEM.
We observed formation of tumoroids with distinguishable cellular boundaries by MCF-7 cells,
whereas MM 231 cells formed disordered cellular aggregates as shown in Figure 5.1B.

To evaluate the nanomechanical response of cancer cells grown on TCPS and scaffolds,
we performed displacement-controlled nanoindentation experiments at maximum displacements
of 1000 nm and 2000 nm using Triboscope™, Hysitron (Minneapolis, MN) equipped with
multimode AFM (Nanoscope Illa controller and J-type piezo scanner system) (Veeco Metrology,
Santa Barbara, CA) and a Berkovich diamond indenter fluid tip ((three-sided pyramidal; 100—

200 nm tip radius).
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Figure 5.1. (A) Schematic showing steps of sequential culture MSCs/breast cancer followed by
workflow of nanoindentation experiments. Dotted arrow pointing downwards indicates the
amount of deformation applied (P) onto cell construct to yield nanomechanical response of cell.
(B) Morphology of breast cancer cells MM 231 and MCF-7 grown on 3D bone-mimetic
nanoclay scaffolds. Arrows indicate cells while * indicate scaffold.

Although earlier studies have used blunt tips for indenting human biological tissue
samples [72], several recent studies have shown that cell stiffness measured by sharp indenters is
comparable to stiffness measured by blunt tips [99, 100]. Also, sharper tips can get information
on the localized mechanical properties from deeper penetration into the probed sample with little
to no detrimental effect easily compared to blunt tips [68, 100]. These facts mentioned above
made us use Berkovich tip in the present study. Nanomechanical properties of soft biological
samples such as cells, tissues obtained by indentation experiments are usually described by

elastic modulus [7, 47, 68, 101, 102]. In the present study, we used Oliver and Pharr analysis

method [98] to derive the elastic modulus of the breast cancer cells.
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Figure 5.2. (A) Representative load-displacement (L-D) curves of MCF-7 as received and 3D
bone-mimetic scaffolds-derived MCF-7 cells at the maximum depth of 1000 nm and 2000 nm.
(B) Elastic modulus of MCF-7 as received and 3D bone-mimetic scaffolds-derived MCF-7 cells
at the maximum depth of 2000 nm and 2000 nm. *p<0.05, **p<0.01, and ***p<0.001 indicate
significant difference between MCF-7 as received and 3D bone-mimetic scaffolds-derived MCF-
7 cells; #p<0.05, #p<0.01, and *#p<0.001 indicate significant difference between scaffolds-
derived MCF-7 (d5), and other scaffolds-derived cells (i.e., MCF-7 (d10) and MCF-7 (d15));
$p<0.05, ¥¥p<0.01, and ¥**p<0.001 indicate significant difference between scaffolds-derived
MCF-7 (d10) and MCF-7 (d15).

Indentation depth has been shown to influence the measurement of elastic modulus of
cells. AFM-based indentation studies on cells are usually performed at an indentation depth of
~300-500 nm [100]. The mechanical properties observed at shallow indentation arises from
cellular membrane and peripheral structures, whereas, at deeper indentation (~1000-2000 nm),
the bulk mechanical property of cell can be obtained [68, 70]. It was reported that shallow

indentation showed no significant difference between cancerous and healthy cells, whereas
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deeper indentation resulted in a substantial reduction of cancerous compared to their healthy

counterparts [103].
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Figure 5.3. (A) Representative load-displacement (L-D) curves of MM 231 as received and 3D
bone-mimetic scaffolds-derived MM 231 cells at the maximum depth of 2000 nm and 2000 nm.
(B) Elastic modulus of MM 231 as received and 3D bone-mimetic scaffolds-derived MM 231
cells at the maximum depth of 2000 nm and 2000 nm. *p<0.05, **p<0.01, and ***p<0.001
indicate significant difference between MM 231 as received and 3D bone-mimetic scaffolds-
derived MM 231 cells; #p<0.05, #p<0.01, and *#p<0.001 indicate significant difference between
scaffolds-derived MM 231 (d5), and other scaffolds-derived cells (i.e., MM 231 (d10) and MM
231 (d15)); ®p<0.05, ¥¥p<0.01, and ***p<0.001 indicate significant difference between scaffolds-
derived MM 231 (d10) and MM 231 (d15).

Keeping these facts mentioned above in mind, we used two different indentation depths,
1000 nm, and 2000 nm, for displacement controlled nanoindentation experiments. Since the sizes
of most of the breast cancer cells observed were >20 um, an indentation depth >2000 nm was not

used to avoid substrate effect on the measured elastic moduli [104].
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The representative load-displacement (L-D) curves for as received and 3D bone-mimetic
scaffolds-derived MCF-7 cells at the indentation depth 1000 nm and 2000 nm are shown in
Figure 5.2A, and the respective elastic modulus or E values are given in Figure 5.2B. We
observed that both E1000 nm and E2o00 nm OFf scaffolds-derived MCF-7 cells are significantly lower
than that of MCF-7 as received cells. We further observed a significant decrease within the
scaffolds-derived MCF-7 cells with increasing number of days. It is noteworthy to mention that
elastic modulus decreased with increasing indentation depth. At 2000 nm, the mean elastic
modulus of MCF-7 as received, and scaffolds-derived MCF-7 (d5), MCF-7 (d10), and MCF-7
(d15) were 12.92 + 1.81 MPa, 8.37 £ 0.81 MPa, 4.85 £ 0.65 MPa, and 2.25 £ 0.57 MPa,
respectively. At 2000 nm, the mean elastic modulus of MCF-7 as received, and scaffolds-derived
MCF-7 (d5), MCF-7 (d10), and MCF-7 (d15) were 5.50 + 0.83 MPa, 3.98 + 0.54 MPa, 2.23 +
0.32 MPa, and 1.14 £+ 0.18 MPa, respectively. The representative L-D curves for as received and
3D bone-mimetic scaffolds-derived MM 231 cells at the indentation depth 2000 nm and 2000 nm
are shown in Figure 5.3A, and the respective elastic modulus or E values are indicated in Figure
5.3B. There was no significant difference between elastic moduli of as-received and 3D bone-
mimetic scaffolds-derived MM 231 cells at both 2000 nm and 2000 nm. Interestingly, we
observed insignificant changes within elastic moduli of scaffolds-derived MM 231 cells. We
once again observed reduction in elastic modulus with increasing indentation depth. At 1000 nm,
the mean elastic modulus of MM 231 as received, and scaffolds-derived MM 231 (d5), MM 231
(d10), and MM 231 (d15) were 10.62 £+ 0.95 MPa, 10.00 £ 1.07 MPa, 9.88 + 0.93 MPa, and 9.82
+ 0.94 MPa, respectively. At 2000 nm, the mean elastic modulus of MM 231 as received, and
scaffolds-derived MM 231 (d5), MM 231 (d10), and MM 231 (d15) were 4.65 £ 0.49 MPa, 4.46

+ 0.52 MPa, 4.39 £ 0.41 MPa, and 4.31 + 0.27 MPa, respectively. Overall, MCF-7 showed
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progressive reduction in elastic modulus as compared to MM 231 when cultured in 3D bone-
mimetic scaffolds.
5.3.2. Cancer Cells Behave More Liquid-Like When Cultured in 3D Conditions

To assess the evolution in viscoelastic properties of live cancer cells during disease
progression, we performed dynamic nanoindentation using frequency sweep mode of nano-DMA
module (Triboscope™, Hysitron equipped with multimode AFM (Nanoscope Illa controller and
J-type piezo scanner system) (Veeco Metrology, Santa Barbara, CA). In this mode, the
oscillating dynamic load of 1 uN was superimposed on a quasi-static load of 1000 uN over a
frequency range of 10-250 Hz. The storage modulus (E'), loss modulus (E"'), and loss tangent
(tan &) of as-received and scaffolds-derived breast cancer cells (MCF-7 and MM 231) are shown
in Figure 5.4(A, B, and C). Storage moduli of both cells across samples were found to be in same
range as elastic moduli reported in the previous section. For example, storage modulus of MCF-7
as received, and scaffolds-derived MCF-7 (d5), MCF-7 (d10), and MCF-7 (d15) were ~13-14
MPa, ~6-8 MPa, ~3-6 MPa, and ~3-4 MPa, respectively [Figure 5.4A(i)]. In the case of MM
231, storage modulus of as-received and scaffolds-derived d5, d10, and d15 were ~8-10 MPa,
~6-9 MPa, ~5-7 MPa, and ~5-7 MPa, respectively [Figure 5.4A(ii)]. Loss moduli values for both
cells across samples were in the same range. For instance, loss moduli of as-received MCF-
7/MM 231, and scaffolds-derived MCF-7/MM 231 (d5), MCF-7/MM 231 (d10), and MCF-
7/IMM231 (d15) cells were ~3-5 MPa, ~2-4 MPa, ~2-4 MPa, and ~2-3 MPa, respectively (Figure
5.4B). It should be noted that both storage and loss moduli of both cells across conditions seem
to be independent of frequency. Interestingly, we found an increase in loss tangent tan 6 with

increasing frequency for both cells grown in TCPS (as received) (Figure 5.4C). In other words,
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cells became more viscous (higher loss tangent, tan 6 indicates more viscous behavior) at higher
frequencies.

Next, we assessed whether growing cells on scaffolds altered viscoelastic properties of
the cells. For scaffolds-derived MCF-7 (d5), we noticed an increase in tan 6 with increasing
frequency, but it never went beyond the value of 1. Interestingly, tan 6 values were found to be
higher than 1 for both MCF-7 (d10) and MCF-7 (d15) at 199 Hz (and beyond) and 165 Hz (and
beyond), respectively. The frequency at which cells transition from solid-like to liquid-like (more
viscous) (tan 8 =1) is termed as transition frequency (®transition), S Shown by the intersecting
dashed lines [Figure 5.4C(i)]. Based on transition frequency, scaffolds-derived MCF-7 (d15) was
found to be more liquid-like as compared to MCF-7 (d10). In case of scaffolds-derived MM 231
cells, we observed no significant increase in tan & values over time [Figure 5.4C(ii)]. Also, we
could not determine the transition frequency for MM 231 as tan 6 values never went beyond 1. It
should be noted that our results are in good agreement with recent studies done on breast cancer
cells using high-frequency microrheology based methods [61, 62], AFM indentation studies [26].
To compare the storage modulus (E’), loss modulus (E'"), and loss tangent (tan ) of as received
and scaffolds-derived breast cancer cells (MCF-7 and MM 231), we calculated log?2 ratios
of E',E", and tan & for MCF-7 and MM 231 across samples (averaged across frequency) (Figure
5.5). We observed a significant decrease in the storage of modulus of scaffolds-derived MCF-7
over scaffolds-derived MM 231 cells over time, as compared to their respective as-received

counterparts (Figure 5.5A).
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Figure 5.4. (A) Variation of storage modulus (E") for (i) MCF-7 as received and 3D bone-
mimetic scaffolds-derived MCF-7 cells; (ii) MM 231 as received and 3D bone-mimetic
scaffolds-derived MM 231 cells. (B) Variation of loss modulus (E") for (i) MCF-7 as received
and 3D bone-mimetic scaffolds-derived MCF-7 cells; (ii) MM 231 as received and 3D bone-
mimetic scaffolds-derived MM 231 cells. (C) Variation of loss tangent (tan 8) for (i) MCF-7 as
received and 3D bone-mimetic scaffolds-derived MCF-7 cells; (if) MM 231 as received and 3D
bone-mimetic scaffolds-derived MM 231 cells. Intersections with the horizontal dashed line at
tan & =1 of the vertical lines occur at transition frequencies, ®transition.
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In case of loss modulus, scaffolds-derived MCF-7 showed a significant increase over
scaffolds-derived MM 231 at day 5, compared to their respective as received counterparts. We
observed insignificant changes at day 10 and day 15 in regards to loss modulus as both cells
were approaching liquid-like phase during the experiment (Figure 5.5B). Also, we found a
substantial increase in tan  of scaffolds-derived MCF-7 cells over scaffolds-derived MM 231
over time (Figure 5.5C), further confirming our observation in Figure 5.4. Overall, MCF-7 cells
showed more liquid-like behavior as compared to MM 231 cells when cultured in 3D bone-
mimetic scaffolds.

5.3.3. Actin Dynamics Regulate Cellular Nanomechanics During Cancer Progression

To investigate whether the observed changes in elastic moduli and viscoelastic properties
were correlated to structural rearrangements of cytoskeletal components, we performed
immunofluorescence staining on as received and scaffolds-grown counterparts of both cancer
cells. Representative immunofluorescence images of F-actin and tubulin stained as-received
MCF-7/MM 231 and MCF-7/MM 231 cells grown on 3D-bone-mimetic scaffolds are shown in
Figures 5.6 and 5.7. The confocal images showed a significant reduction in density of F-actin in
scaffolds-grown MCF-7 cells compared to MCF-7 as received cells, but regardless of culture
type, there was no significant difference in the density of tubulin [Figures 5.6A(i), 5.7A(i)].
Furthermore, the F-actin network of as received MCF-7 consisted of evenly distributed short
fibers, whereas MCF-7 cells grown on scaffolds showed the formation of thin F-actin band
between adjacent cells (indicated by small white arrows in Figure 5.6A(i)). To further validate
our observation, we calculated corrected total cell fluorescence (CTCF) of F-actin and tubulin for

as-received and scaffolds-grown MCF-7 cells.
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We found 60.47%, 79.44%, and 95.60% reduction in the concentration of F-actin from
as received to scaffolds-grown MCF-7 (d5), MCF-7 (d10), and MCF-7 (d15), respectively
[Figure 5.6B(i)]; however, we observed no significant changes in the concentration of tubulin, as

shown in Figure 5.7A(i) and B(i).
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Figure 5.5. Log2 ratios of (A) storage modulus (E”), (B) loss modulus (E"'), and (C) loss tangent
(tan 8) for MCF-7 and MM 231 across samples (mean + SD, averaged across frequency).
*p<0.05, **p<0.01, and ***p<0.001 indicate significant difference between as received and 3D
bone-mimetic scaffolds-derived breast cancer cells; #p<0.05, *#p<0.01, and *#p<0.001 indicate
significant difference between scaffolds-derived breast cancer cells (d5), and other scaffolds-
derived breast cancer cells (i.e., (d10) and (d15)); $p<0.05, *p<0.01, and **¥¥p<0.001 indicate
significant difference between scaffolds-derived breast cancer cells (d10) and (d15).

As-received MM 231 cells exhibited an F-actin network consisted of short fibers [Figure
5.6A (ii)]. The organization of actin cytoskeleton did not change significantly from as received to
scaffolds-grown MM 231 cells. MM 231 cells grown on scaffolds neither formed stress fibers
nor an F-actin band between adjacent cells, as shown in Figure 5.6A(ii). We once again observed
no significant changes in tubulin intensity between as received and scaffolds-grown MM 231
cells [Figure 5.7A (ii)]. Furthermore, quantitative analysis of F-actin [Figure 5.6B(ii)] and
tubulin [Figure 5.7B(ii)] fluorescence performed on as-received and scaffolds-grown MM 231
cells showed good agreement with the observations made in Figures 5.6A(ii) and 5.7A(ii). It was
previously shown that actin filaments affect the mechanical properties of cells and not

microtubules [38, 105]. In accordance with the previous reports, we only observed changes in F-

actin concentration while concentration of tubulin remained unchanged.
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Figure 5.6. (A) Representative immunofluorescence images showing distribution of F-actin in (i)
MCEF-7 as received and MCF-7 cells grown on 3D bone-mimetic scaffolds. Scaffolds grown
MCF-7 formed an F-actin band (white arrows) between adjacent cells; (ii) MM 231 as received
and MM 231 cells grown on 3D bone-mimetic scaffolds. Scaffolds grown MM 231 neither
formed an F-actin band between adjacent cells nor stress-fibers. (B) Quantification of corrected
of total cell fluorescence (CTCF) of F-actin for (i) MCF-7 as received and MCF-7 cells grown on
3D bone-mimetic scaffolds; (ii) MM 231 as received and MM 231 cells grown on 3D bone-
mimetic scaffolds. *p<0.05, **p<0.01, and ***p<0.001 indicate significant difference between
as received and 3D bone-mimetic scaffolds-grown breast cancer cells; ¥p<0.05, #p<0.01, and
###1<0.001 indicate significant difference between scaffolds-grown breast cancer cells (d5), and
other scaffolds-grown breast cancer cells (i.e., (d10) and (d15)); $p<0.05, $¥p<0.01, and
$%$p<0.001 indicate significant difference between scaffolds-grown breast cancer cells (d10) and
(d15).
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Figure 5.7. (A) Representative immunofluorescence images showing distribution of tubulin in (i)
MCEF-7 as received and MCF-7 cells grown on 3D bone-mimetic scaffolds; (ii) MM 231 as
received and MM 231 cells grown on 3D bone-mimetic scaffolds. (B) Quantification of
corrected of total cell fluorescence (CTCF) of tubulin for (i) MCF-7 as received and MCF-7 cells
grown on 3D bone-mimetic scaffolds; (ii) MM 231 as received and MM 231 cells grown on 3D
bone-mimetic scaffolds. *p<0.05, **p<0.01, and ***p<0.001 indicate significant difference
between as received and 3D bone-mimetic scaffolds-grown breast cancer cells; #p<0.05,
#p<0.01, and *¥p<0.001 indicate significant difference between scaffolds-grown breast cancer
cells (d5), and other scaffolds-grown breast cancer cells (i.e., (d10) and (d15)); *p<0.05,
$$p<0.01, and %*¥p<0.001 indicate significant difference between scaffolds-grown breast cancer
cells (d10) and (d15).
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The observations mentioned above prompted us to evaluate the expression of genes
related to actin dynamics. The schematic diagram shown in Figure 5.10A shows how actin
regulatory proteins mediate the reorganization of the actin cytoskeleton during MET. We
evaluated the expression of CDC42, ARP2, ARP3, N-WASP, CTTN, and CFL2 at the mRNA
level. Figure 5.8 shows the expression of these genes for both as-received and scaffolds-grown
MCF-7 cells. CDC42, ARP2, ARP3, N-WASP, and CTTN showed reduction at the mRNA level
by ~1.70-2.20 fold, ~3-4 fold, and ~9-12 fold in scaffolds-grown MCF-7 (d5), MCF-7 (d10), and
MCF-7 (d15), respectively, compared to as received MCF-7. Interestingly, we observed an
upregulation in CFL2 expression level by ~2.58 fold, ~4.42 fold, and ~9.37 fold in scaffolds-
grown MCF-7 (d5), MCF-7 (d10), and MCF-7 (d15), respectively, compared to as received
MCF-7. In the case of MM 231, we observed no significant changes in expression levels of all
the evaluated for both as-received and scaffolds-grown cells over time, as shown in Figure 5.9.
Taken together, actin dynamics seem to regulate cellular nanomechanics during cancer
progression, and MCF-7 cells exhibited a substantial reorganization of actin cytoskeleton when
cultured in 3D bone-mimetic scaffolds as compared to MM 231 cells.

5.4. Discussion

In the present study, we investigated nanomechanical properties of as-received and 3D
bone-mimetic scaffolds-derived breast cancer cells (MCF-7 and MM 231).We found that
scaffolds-grown MCF-7 cells exhibited dramatic changes in elastic modulus and demonstrated

liquid-like behavior over time compared to MCF-7 as received cells.
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Figure 5.8. Quantitative real-time PCR of gene expression for actin-dynamics related genes
CDC42, ARP2, ARP3, N-WASP, CTTN, and CFL2. *p<0.05, **p<0.01, and ***p<0.001
indicate significant difference between MCF-7 as received and MCF-7 cells grown on 3D bone-
mimetic scaffolds; #p<0.05, #p<0.01, and ##p<0.001 indicate significant difference between
MCF-7 (d5) cells grown on 3D bone-mimetic scaffolds, and other MCF-7 cells grown on 3D
bone-mimetic scaffolds (i.e., MCF-7 (d10) and MCF-7 (d15)); $p<0.05, $¥p<0.01, and %**p<0.001
indicate significant difference between MCF-7 (d10) and MCF-7 (d15) cells grown on 3D bone-
mimetic scaffolds
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Figure 5.9. Quantitative real-time PCR of gene expression for actin-dynamics related genes
CDC42, ARP2, ARP3, N-WASP, CTTN, and CFL2. *p<0.05, **p<0.01, and ***p<0.001
indicate significant difference between MM 231 as received and MM 231 cells grown on 3D
bone-mimetic scaffolds; #p<0.05, #p<0.01, and **p<0.001 indicate significant difference
between MM 231 (d5) cells grown on 3D bone-mimetic scaffolds, and other MM 231 cells
grown on 3D bone-mimetic scaffolds (i.e., MM 231 (d10) and MM 231 (d15)); $p<0.05,
$p<0.01, and ¥*¥p<0.001 indicate significant difference between MM 231 (d10) and MM 231
(d15) cells grown on 3D bone-mimetic scaffolds.
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In contrast, scaffolds-grown MM 231 cells neither showed significant changes in elastic
modulus nor exhibited liquid-like behavior over time as compared to as-received MM 231 cells.
Larger loss tangent values of MCF-7 cells compared to MM 231 cells is consistent with results
from a previous study conducted using AFM [26].

Scaffolds-grown MCF-7 cells were softer and had a larger loss tangent (a measure of
liquid-like behavior) than as-received MCF-7 cells [Figures 5.2 and 5.4C(i)] whereas elastic
moduli and loss tangent values were similar for as-received and scaffolds-grown MM 231 cells
[Figures 5.3 and 5.4C(ii)]. It was reported that dysregulation in actin cytoskeletal dynamics is
associated with an increased liquidity or liquid-like behavior (represented by higher loss
tangent), while elastic moduli increase with stabilization of the F-actin network [106, 107].

Actin cytoskeleton dynamics have been shown to play a critical role during transition
between mesenchymal and epithelial states. In the mesenchymal state, E-cadherin is not present,
and the actin cytoskeleton undergoes several changes, leading to a shift of actin and its
regulatory proteins and complexes such as N-WASP, cortactin, and Arp2/3 complex from the
cortex towards the leading edge to form lamellipodia [19]. In contrast, epithelial cells form tight
junctions to create an intracellular barrier separating the tissue from the outside world and
adherens junction between adjacent cells that bestow mechanical stability by connecting with the
actin cytoskeleton and E-cadherin. Furthermore, E-cadherin maintains integrity of adherens
junctions by providing a basis for sequestration of actin nucleation proteins in non-motile cells.
Cortactin, a scaffolding protein, binds to both N-WASP and E-cadherin to recruit Arp2/3
complex to adherens junctions [19, 33]. Although the Rho family small GTPase CDC42 has been
shown to regulate most of the changes in the mesenchymal state [108], overexpression of E-

cadherin (in the epithelial state) has been associated with inhibition of CDC42[30, 109].
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Figure 5.10. (A) In mesenchymal cells, E-cadherin is not present, and the actin cytoskeleton
undergoes several changes, leading to a shift of actin and its regulatory proteins and complexes
such as N-WASP, cortactin, and Arp2/3 complex from the cortex towards the leading edge to
form lamellipodia. In contrast, epithelial cells form tight junctions to create an intracellular
barrier separating the tissue from the outside world and adherens junction between adjacent cells
that bestow mechanical stability by connecting with the actin cytoskeleton and E-cadherin.
Furthermore, E-cadherin maintains adherens junction integrity by providing a basis for
sequestration of actin nucleation proteins in non-motile cells. Cortactin, a scaffolding protein,
binds to both N-WASP and E-cadherin to recruit Arp2/3 complex to adherens junctions. (B) E-
cadherin inhibits CDC42, a small GTPase of the Rho family, which in turn prevents actin
interacting regulatory proteins (N-WASP, ARP2/3, and CTTN) from taking part in actin
nucleation, at the same time stimulating the activity of actin severing protein CFL2, thereby
promoting depolymerization of actin.
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It is evident from the observations mentioned above that the degree of F-actin reduction
is closely related to the expression of E-cadherin. We have previously reported enhanced
expression of E-cadherin in scaffolds-grown breast cancer cells during MET [88]. This prompted
us to calculate the log2 ratios of E-cadherin expression in scaffolds-grown MM 231/MCF-7
compared to their respective controls, and we observed a 95.44% increase in E-cadherin

expression in scaffolds-grown MCF-7 cells compared to scaffolds-grown MM 231 cells (Figure

(A), = (B) (C).
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Figure 5.11. (A&B) Quantitative real-time PCR of gene expression for CHD1 for as received
MCF-7/MM 231 and MCF-7/MM 231 cells grown 3D bone-mimetic scaffolds. (C) Log2 ratios
of CHD1 gene expression of as received and cells grown on 3D bone-mimetic scaffolds for both
breast cancer cells. (n=3; one-way ANOVA followed by post hoc Tukey test,

*p<0.05, **p<0.01, ***p<0.001).

Hence, overexpression of E-cadherin inhibits CDC42, a small GTPase of the Rho family,
which in turn prevents actin interacting regulatory proteins (N-WASP, ARP2/3, and CTTN) from
participating in actin nucleation, at the same time stimulating the activity of actin severing
protein CFL2, thereby promoting depolymerization of F-actin (Figure 5.10B). This explains the
significant reduction of F-actin in scaffolds-grown MCF-7 cells compared to scaffolds-grown
MM 231 cells. Methods described in the study could be translated into clinical studies in the
form of elastography. Elastography is a non-invasive medical imaging technique that maps the

stiffness and elastic properties of a tissue. It uses low frequency vibration during ultrasound or

magnetic resonance imaging (MRI) to measure stiffness of organs inside the body.
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In summary, we reported the evolution of nanomechanical properties of breast cancer
cells at metastases using quasi-static and dynamic nanoindentation methods. Our results
demonstrated that the reduction of elastic modulus of scaffolds-derived MCF-7 cells was induced
by depolymerization and reorganization of F-actin to the adherens junctions, whereas scaffolds-
derived MM 231 cells showed insignificant changes in elastic modulus and F-actin
reorganization over time, as opposed to their respective as-received counterparts. Together, our
data indicate that the mechanical properties of breast cancer cells could be used as a possible
biomarker of breast cancer progression at metastases.

5.5. Conclusion

In the present study, we investigated the nanomechanical properties of as-received and
3D bone-mimetic scaffolds-derived breast cancer cells (MCF-7 and MM 231). We found that
scaffolds-grown MCF-7 cells exhibited dramatic changes in elastic modulus and demonstrated
liquid-like behavior over time compared to MCF-7 as received cells. In contrast, scaffolds-grown
MM 231 cells neither showed significant differences in elastic modulus nor exhibited liquid-like
behavior over time as compared to as-received MM 231 cells. Scaffolds-grown MCF-7 cells
were softer and had a larger loss tangent (a measure of liquid-like behavior) than as-received
MCF-7 cells, whereas elastic moduli and loss tangent values were similar for as-received and
scaffolds-grown MM 231 cells. From immunofluorescence and gene expression analysis results,
we observed that the significant reduction in elastic modulus together with increased liquid-like
behavior of scaffolds-derived MCF-7 cells compared to MCF-7 as received cells, was induced by
depolymerization and reorganization of F-actin to the adherens junctions. In contrast, scaffolds-
derived MM 231 cells showed insignificant changes in F-actin reorganization over time, as

opposed to their as-received counterparts. The significant reduction of F-actin during progression
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of metastasis in MCF-7 cells at bone indicates a critical role of the highly viscoelastic cytoplasm
in MCF-7, leading to overall increase in loss tangent. The MM-231 cell line does not exhibit this
behavior. It is interesting to note that the pathogenesis of the two cell cells is quite different
clinically and here we demonstrate the use of a bone scaffold testbed to create metastasis that can
be captured through nanomechanical evolution. Collectively, our data indicate that the
nanomechanical properties of breast cancer cells could be used as a possible biomarker of breast
cancer progression at metastases.
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CHAPTER 6. FOURIER TRASNFORM INFRARED SPECTROSCOPY BASED
SPECTRAL BIOMARKERS OF METASTASIZED BREAST CANCER
PROGRESSION®

This chapter describes the feasibility of infrared spectroscopy in evaluating breast cancer
progression at metastatic bone site. The contents of this chapter have been published in S. Kar,
D.R. Katti, K.S. Katti; “Fourier transform infrared spectroscopy based spectral biomarkers of
metastasized breast cancer progression”, Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy 208, 85-96.

6.1. Introduction

Breast cancer is a global health issue and the second leading cause of cancer death in
women. Women born in the western countries such as United States are at elevated risk (1 in 8
women or 12.4%) of developing breast cancer at some time during their lives[1]. According to
latest cancer statistics, in 2018, an estimated 266,120 cases of breast cancer will be diagnosed
including 263,570 women and 2,550 men [2]. Bone is the most common site for breast cancer
metastases, and approximately 30-85% breast cancer patients eventually develop bone metastasis
[3, 4]. The crosstalk between breast cancer cells and bone microenvironment has been
instrumental in the development and progression of bone metastases [4]. There is still
insufficient knowledge about the underlying mechanisms that govern bone metastasis; this
deficiency hinders new therapeutic development. Basic histopathological examination of breast
cancer tissue samples has been the gold standard in determining the prognosis of cancer patients

[5]. Immunohistopathology have been used extensively to analysis of biopsy samples in the last

5 This chapter was co-authored by S. Kar, D.R. Katti, and K.S. Katti. Sumanta Kar had the primary responsibility for
preparing samples, conducting all tests, and drafting this chapter. Kalpana Katti and Dinesh Katti directed the
research orientation and revised this chapter.
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decade. However, immunohistochemistry methods have certain limitations such as the volume of
tissue section available for staining; one cannot use more than a few probes/antibodies on a
tissue section [6]. Genomic level characterization has also been used to obtain information on
the biology of breast cancer [7, 8]. However, the reproducibility and robustness of gene
expression data remain a concern[9] owing to the heterogeneity of tumors[10]. It is, therefore,
necessary to develop new methods to understand cancer progression.

In recent years, Fourier Transform Infrared (FTIR) spectroscopy has been widely used in
the field of biomedical sciences, especially cancer diagnostics, owing to its non-invasiveness,
and reproducibility. FTIR has also been successfully used to evaluate bone mineralogy and
diseases [11-15] and evaluate bio-nano interfaces in biological structures [16]. FTIR
spectroscopy can detect a change of functional groups in biological molecules from the
interaction between the IR radiation and the covalent bonds of the biological molecules. IR
spectroscopy harnesses the fact that molecules have specific frequencies at which they vibrate
corresponding to distinct energy levels. The most significant differences in the spectrum of
biological molecules have been observed within the mid-infrared range (4000-400 cm™). FTIR
have been used to analyze biological cells and tissues including bone [14, 15, 17, 18], skin [19,
20], colon [21-23], lung [24-28], breast [6, 29-38], heart [39-41], liver [40, 42-44], prostate [45-
51], gastric [52-54], oral [55-58] and cervical tissues [59-62]. Furthermore, this technique has
been used in cancer grading [29, 30, 50], in anticancer drug investigations [63-66], studies on the
effect of breast cancer cells on fibroblasts [67], and analysis of biological fluids of normal and
cancer origin [68-76]. However, to our knowledge, FTIR has never been applied till date to
evaluate the biochemical changes in cancer cells during breast cancer bone metastasis because of

the complexity of sample itself and lack of samples of patients. One possible approach to
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overcome this problem is to obtain IR spectra of well-characterized cell lines in 3D culture.
Therefore, the primary goal of this study is to identify biochemical changes that underlie cancer
progression on 3D in vitro model of breast cancer bone metastasis using FTIR.

Our hypothesis was that sequential culture of MSCs with breast cancer cells would be
able to emulate cancer progression in vitro. To this end, we cultured MSCs on PCL/in situ
HAPclay scaffolds to obtain new bone formation as described in our previous studies [77]. The
scaffold preparation utilized the Altered phase theory [78] of polymer clay nanocomposites that
was developed in our group to tailor the scaffold properties with clay modifications [79-81].
Further, breast cancer cells were seeded on newly formed bone to recapitulate bone metastasis a
method also previously applied to build in vitro metastasis models of prostate [82-84].

In the present study, we aim to identify infrared excitations that significantly discriminate
3D sequential culture from 3D monoculture and apply principal component analysis to determine
whether samples form cluster (sub-group) according to variation in wavenumber signal. The
collective observations from this study suggest successful application of FTIR to identify
biochemical changes in cancer cells during breast cancer bone metastasis. This works lays the
foundation for further studies to evaluate whether FTIR can be used as non-invasive and cost-
effective method for screening of biochemical changes in cancer cells during bone metastases.
6.2. Materials and Methods
6.2.1. Preparation of Polycaprolactone (PCL)/in situ HAPclay 3D Scaffolds

We began with modifying Na-MMT (Clay Minerals Respiratory at the University of
Missouri, Columbia) with 5-aminovaleric acid (Sigma-Aldrich) following the procedure
described in prior studies to increase the d-spacing of Na-MMT clay [85]. We further

mineralized hydroxyapatite (HAP) on modified clay (in situ HAPclay) using the
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biomineralization procedure illustrated in our previous study[86, 87]. Briefly, we used wet
precipitation method to obtain in situ HAPclay from Na;HPO4and CaCl, (J.T. Baker). Finally,
3D PCL/in situ HAPclay scaffolds were prepared using freeze extraction method described in
our previous study [77]. Further, polycaprolactone (PCL) (average Mn 80,000; Sigma Aldrich)
was dissolved in 1, 4 dioxane (Sigma-Aldrich) and then 10 wt. % in situ HAPclay was mixed
into it to prepare the solution for the scaffolds.
6.2.2. Cell Lines and Culture Media

Human bone marrow Mesenchymal stem cells (MSCs) were purchased from Lonza (PT-
2501) and maintained in MSCGM Bulletkit medium (Lonza, PT-3001). Human breast cancer
cell (HBCC) lines MDA-MB-231 (shortened as -MM 231) (ATCC HTB-26) (highly metastatic)
and MCF-7 (ATCC HTB-22) (low metastatic) were obtained from American Type Culture
Collection (ATCC) maintained in medium comprised of 90% Dulbecco’s Modified Eagle
medium DMEM-F-12(1:1) from Hyclone, 10% FBS (ATCC), and 1% Pen-Strep antibiotic
solution (Gibco); and Eagle’s minimum Essential Medium (EMEM) (ATCC), 10% FBS
(ATCC), 0.01 mg/ml human recombinant insulin (Invitrogen) and 1% Pen-Strep Solution
(Gibco), respectively. All cell cultures were maintained at 37 °C and 5% CO; in a humidified
incubator.
6.2.3. Cell Culture

PCL/in situ HAPclay scaffolds were cut into circular discs having a diameter of 12 mm
and thickness of 3 mm and placed in 24-well plates. Before cell seeding, scaffolds were sterilized
under UV light for 45 min, kept in 70% ethanol for 12 h, washed in PBS, and then stored in

humidified incubator immersed in culture medium for 24 h until further use. For all the
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monocultures (MC), 5 x 10* number of cells were seeded per scaffold with 500 pl of culture
medium.
6.2.4. Sequential Culture (SC) with MSCs

Human bone marrow mesenchymal cells (MSCs) were seeded on scaffolds (5 x 10
number of MSCs in 500 pl culture medium). After 23 days, 5 x 10* HBCCs were seeded onto
scaffolds that were previously seeded with MSCs, and the culture was continued for different
periods of time. For SC, 1:1 ratio of MSCs and HBCCs (MM 231 & MCF-7) media was used.
The media was changed every 3 days, and for all the experiments 500 ul of the media was used

per scaffold. The process is illustrated in Scheme 6.1.

Bone Marrow

Breast Cancer Cells
Stem Cells

e - B

&%
s @

Stem cells turned into bone Cancer cells were added on In vitro tumor growth
cells and deposited bone matrix  newly formed bone matrix and
over 3 weeks on scaffold cultured for over 2 weeks

3D nanoclay based Scaffold

Figure 6.1. Schematic illustration of the steps of sequential culture experiment.
6.2.5. Cellular Morphology

Morphology and adhesion of cancer cells in absence (MC) and presence (SC) of bone
were determined using JEOL JSM-6490LV scanning electron microscope (SEM). Samples were
removed from the culture medium, washed in PBS, and fixed with 2.5% glutaraldehyde.
Subsequently, samples were treated with ethanol series (10% v/v, 30% v/v, 50% v/v, 70% V/v,
and 100% v/v) allowed to dehydrate and then dried using hexamethyldisilazane. Fixed samples

were then coated with gold and mounted on SEM stubs to observe under SEM.
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6.2.6. FTIR Experiments

The FTIR spectroscopic experiments were performed on NEXUS TM 870 FTIR
spectrometer from Nicolet with KBr beam splitter in the range of 3600-930 cm™ at a spectral
resolution of 4 cm, 32 scans, using a ZnSe window. Experiments are conducted in transmission
mode. To prepare sample for FTIR, cells grown on scaffolds were harvested using TrypLE™
Express Enzyme (Gibco) for 5 min. Retrieved cells were centrifuged, washed in PBS, and seeded
onto ZnSe window at a cell density of 1x 10°. Cell-seeded window was kept for 2 days until cells
reach 80-90% confluency. Window was then removed from culture plate and washed in PBS for
10 min. Cells were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 10 min
at room temperature, washed in PBS 2-3 times to remove residual paraformaldehyde from the
surface. GRAMS/32 software was used for spectral analysis. The center positions for each sub-
band in curve-fitting were determined by second-derivative analysis and the shapes of the
underlying bands were chosen by Gaussian algorithm. The number of bands for curve-fitting
analysis was chosen from second-derivative spectra. For each variant, three samples were
analyzed. The overall experimental workflow is presented in Figure 6.2. Assignments for all the
deconvoluted bands in Figures 6.6 and 6.7 are presented in Table 6.1. Slight changes in the
position of deconvoluted bands in Figures 6.6 and 6.7 are represented with “~”; for instance,

2850-2854 cm™ bands are written as ~2854 cm™.

Ipd™

3D nanoclay scaffold Harvested cells from

Harvested cells were centrifuged  Attached cells were washed
with tumors subjected the scaffold and put on ZnSe window and ith PBS and fixed with 4%

to TryplLE treatment cultured until cells reached 80- paraformaldehyde. Window
90% confluency was air-dried.

Figure 6.2. Schematic representation of the workflow of FTIR experiment.
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6.2.7. Principal Component Analysis

Principal Component Analysis (PCA) is an unsupervised statistical method that enables a
variable reduction by building linear combinations of spectral absorbance that vary together. The
first principal component (PC1) accounts for most of the data variance while the second principal
component (PC2) explains the residual variance and is uncorrelated to the first one. The
projection (score) of each spectrum on the different PCs indicates the importance of the
contribution of that PC to the spectrum. Prior to PCA analysis, second-derivative spectra were
imported and stored in a data matrix containing 1100 rows (different wavenumbers) and 18
columns (spectral intensities). PCA was performed in the spectral region of 3050-2800 and 2000-
930 cm* using a covariance matrix. (PCA for Spectroscopy, Origin Pro 2018).
6.2.8. Statistical Analysis

All intensity ratio data were expressed as mean + standard deviation and were verified by
Two-way ANOVA followed by post hoc Tukey test for multiple comparisons (GraphPad Prism,
v7.04). Differences at p values of less than 0.05 were considered statistically significant (*), p
values less than 0.01 were considered statistically highly significant (**), and p values less than
0.001 were considered statistically very highly significant (***).
6.3. Results and Discussion
6.3.1. Cellular Morphology

We performed SEM to investigate the morphology of cancer cells in monoculture and
sequential culture on 3D nanoclay scaffolds. The monoculture of MCF-7 cells showed good cell
attachment and spreading but did not form dense tumoroids as shown in Figure 6.3a. On the
contrary, the sequential culture of MSCs with MCF-7 cells resulted into well-defined 3D

tumoroids with distinguishable cellular boundaries, tight junctions, and hypoxic core regions as
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shown in Figure 6.3b. MM 231 MC (Figure 6.3c) allowed cellular infiltration along with forming
small cellular aggregates while the sequential culture of MM 231 (Figure 6.3d) showed
disorganized clusters of cells with poor cell-cell adhesion which could be explained by their

inherent properties.

Figure 6.3. Representative SEM micrographs of (a) MCF-7 MC, (b) MCF-7 SC, (c) MM 231
MC, and (d) MM 231 SC.

6.3.2. Evaluation of the Potential of FTIR Spectroscopy to Identify the Biomarkers of
Cancer Progression on 3D in vitro Model

Figure 6.4 shows the representative spectra of all monoculture and sequential culture of
cancer cells in the range of 3600-930 cm™. These spectra show major absorption features of
lipids, proteins, and nucleic acids. Figure 6.5 shows the second derivative spectra of all samples
in the region 3050-2800 and 2000-930 cm™. The second derivative spectra show minor
differences in spectral band shapes and show major absorption features for lipids, proteins, and

nucleic acids. This is widely used to eliminate the baseline contribution and to obtain resolving
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bands, which are often broad and overlapped. Table 6.1 summarizes the band wavenumber and

their assignments observed in the FTIR spectra of cancer cells.
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Figure 6.4. Representative FTIR spectra of (a) MCF-7 SC, (b) MCF-7 MC, (c) MM 231 SC, and
(d) MM 231 MC at different incubation times in the region of 3600-930 cm™.

6.3.2.1 Lipids

The spectral region 3050-2800 cm™ (Figures 6.4 and 6.5) primarily corresponds to lipids
and proteins. There are mainly four bands observed for lipids, attributed to the asymmetric and
symmetric stretching vibrations of CH, and CHz groups that are found at ~2959
(CH3 asymmetric stretch), ~2926 (CH. asymmetric stretch), ~2877 (CH3 symmetric stretch), and
~2854 cm™* (CH, symmetric stretch), respectively. The bands corresponding to CH2 groups are
attributed to saturated chains in lipids whereas the methyl (CHz) bands are attributed to the

methyl groups in lipids and proteins. Also, the bands observed at ~1738 cm™ and ~1455 cm™ are
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attributed to the carbonyl (C=0) stretch of cholesterol esters and CH2 bending mode of lipids of
the cells, respectively (Figures 6.4 and 6.6).

The bands related to CH, asymmetric (~2926 cm™) and CH2 symmetric stretch (~2854
cm™) and their ratios have previously been used to calculate lipids content and to differentiate
between cancerous and normal tissues, cells [38, 53, 106-110]. In the present study, we
calculated intensity (area) ratios of these two lipid bands of cancer cells in monoculture and
sequential cultures using curve-fitting as shown in Figures 6.6(g-1) and 6.7(g-l) and the areas are
presented in Tables 6.2-6.5. We observed a significant decrease in the intensity ratios of the
sequential culture of cancer cells while monoculture showed insignificant differences [Figure
6.8(b, e)]. The decrease in lipids can result from the fact that triglycerides contain a substantial
proportion of methylene and fat; progression and growth of cancer requires nutrition and energy;
therefore, they might utilize lipids to supply nutrition and energy, which can cause the lipids not
to be accumulated in cancer cells during cancer progression [107].
6.3.2.2. Proteins

Proteins are one of the major constituents in all cells, thus their vibration bands are easily
observed in FTIR spectroscopy. Protein bands are predominantly observed in the 1800-1500 cm”
1 spectral region (Figures 6.4 and 6.5). The infrared spectra of proteins exhibit two major bands,
the amide | and amide I1. These two amide bands are positioned at approximately 1650 cm™ and
1540 cm™. These are most widely used in studies on protein secondary structures and assigned
primarily to C=0 stretching and NH bending modes. The changes in the amide | band reflect the
differences in strengths of the hydrogen bonding, coupling between inter and intra molecular

dipoles, which in turn makes amide | band sensitive to secondary conformational changes [111].
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Table 6.1. Assignments of vibrational modes observed in FTIR spectra of monoculture and
sequential culture of breast cancer cells

Wavenumber (cm™?) Assignment Reference
3290-3303 N-H stretch (Amide A): proteins [49, 88]
2957-2959 CHs; asymmetric stretch: proteins, lipids, triglycerides [37]
2921-2926 CH; asymmetric stretch: mainly saturated lipids, proteins, [37]
triglycerides
2892-2898 =C-H stretch: methine groups of aliphatic chains [89]
2873-2877 CH3; symmetric stretch: mainly proteins, lipids, triglycerides [37]
2850-2854 CH_ symmetric stretch: mainly lipids, proteins, triglycerides, fatty  [37]
acids
1738-1739 C=0 stretch: triglycerides, phospholipids, cholesterol esters [37]
1700-1702 C=0 stretch: guanine [90]
1717 C=0 stretch: thymine [90]
1686-1692 C=0 stretch + N-H bend: proteins (anti-parallel B-pleated sheet [91, 92]
and B-turns structures)
1648-1660 Amide I: proteins (o-helix structure) [49, 91, 93, 94]
1630 Amide I: proteins (B-pleated sheet structures) [37,92]
1609 N-H scissoring mode: adenine [95]
1582-1594 C=N stretch: arginine proteins [96]
1537-1564 N-H bend + C-N stretch (amide I): proteins [48, 92, 97, 98]
1510-1515 Ring C-C stretch: tyrosine proteins [96]
1445-1455 CHa, CH3 deformation modes: mainly lipids, proteins [28, 52, 91]
1392-1396 COO™ symmetric stretch: Fatty acids, amino acids [37, 97]
1232-1262 PO? asymmetric stretch: nucleic acids, proteins [58, 90, 92, 95,
99]
1155-1160 C=0 stretch: ribose (RNA) [100, 101]
1108-1120 C=0 stretch: ribose ring (RNA) [90, 100, 101]
1073-1092 PO? symmetric stretch: nucleic acids (DNA) [28, 49, 52, 58,
90, 95, 97, 98]
1048-1066 C=0 stretch: ribose ring (nucleic acids) [37, 90, 99]
1024-1030 COH deformation: nucleic acids (DNA) [100-104]
985-997 C=0 stretch, Uracil ring motions: nucleic acids (RNA) [90, 100, 101]
962-970 Symmetric stretching mode of dianionic phosphate monoesters of  [97, 100, 101,
phosphorylated proteins or cellular nucleic acids: DNA 105]
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Figure 6.5. Representative second-derivative spectra of (a) MCF-7 SC, MCF-7 MC, (b) MM 231
SC, MM 231 MC at different incubation times in the region of 3050-930 cm™.

Amide | band has been extensively used to quantify and identity changes associated with
a-helical (1648-1660 cm™), B-plated sheet (1630 cm?), B-turns, and anti-parallel B-plated sheet
(1686-1692 cm™?) structures of proteins [112]. Also, the band observed in the region of
~1396 cm™ is attributed to the COO- symmetric stretch of the side chains of free amino acid
residues of proteins (Figures 6.4 and 6.5). Previous studies have used intensity ratios of amide |
and amide |1 to obtain protein content and to differentiate between cancerous and normal tissues,
cells [38, 106]. In the present study, we calculated intensity (area) ratios of amide | and amide 11
using curve fitting [Figures 6.6(a-f) and 6.7(a-f) and Tables 6.2-6.5]. We observed a significant
increase in the intensity ratios of amide | and amide Il over time in the sequential culture of
cancer cells while monocultures showed inappreciable differences over time [Figure 6.8(a, d)].

The increase of the protein absorptions in the sequential culture of cancer cells indicating that a
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few C-O bonds from proteins and hydrogen bonds in the C-OH groups of amino acids may have
got destroyed during cancer progression [38, 106].
6.3.2.3 Nucleic acids

The bands observed in the spectral region of 1300-930 cm™ (Figures 6.4 and 6.5) mainly
corresponds to proteins and nucleic acids (RNA and DNA). DNA, RNA, and phosphorylated
proteins exhibit two bands at approximately 1232-1238 cm™ and 1073-1092 cm attributed to
PO asymmetric stretch and PO, symmetric stretch, respectively (Figures 6.4 and 6.5). Nucleic
acid also shows specific bands at ~1160 (C=0 stretch of ribose from RNA), ~1120 (C=0 stretch
of ribose from RNA), ~1066 (C=0 stretch of ribose from nucleic acids), ~1030 (C-OH
deformation: nucleic acids), ~997 (RNA, uracil motions), and ~970 (symmetric stretching mode
of dianionic phosphate monoesters of phosphorylated proteins or cellular nucleic acids arising
from DNA) cm™ (Figure 6.5 and Table 6.1). It is noteworthy to mention that shifts seen in C=0
bands (Figure 6.5 and Table 6.1) are mainly mediated through hydrogen bonding. The spectral
region of 1180-930 cm™ was chosen for curve fitting to obtain the area of the bands mentioned
above [Figures 6.6(m-r) and 6.7(m-r) and Tables 6.2-6.5]. The intensity (area) ratio of
~1120/~1030 cm™ represents RNA/DNA for cancer cells in the present study. The RNA/DNA
band ratio is used to obtain information about the transcriptional status of the cells [113]. Our
results showed a significant increase in the RNA/DNA ratio for sequential culture cancer cells as
opposed to monoculture [Figure 6.8(c, f)]. These results could be explained by the higher

metabolic activity of the cancer cells during cancer progression in sequential culture.
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6.3.3. Principal Component Analysis

To perform a clear assessment of spectral variance across the samples studied we
employed principal component analysis whose score and loading plots revealed subtle
differences appearing due to the cancer progression.
6.3.3.1. MCF-7 MC versus MCF-7 SC

Figure 6.9a shows a clear separation between second derivatives of FTIR spectra of
MCF-7 MC and MCF-7 sequential culture SC in the PC-1 versus PC-2 score plot. The data
reported in Figure 6.9a explained more than 91% of the spectral variance. The loading plot
shown in Figure 6.9b indicates that the largest changes in the sequential culture of cancer cells
are associated with proteins and nucleic acids. Along PC-1, the discriminating positively
correlated loadings are found for monoculture at 1648,1538 while negatively correlated loadings
are characteristic for sequential culture, and they are observed at 1564, 1700 and 1609 cm™.

It is noteworthy to mention that negative loadings at 1700 and 1609 cm* arise from C=0
stretching vibrations of guanine and adenine, respectively. Conformational changes in the DNA
may explain this during cancer progression [114]. The phosphate bands could be used as markers
of changes of conformational states of nucleic acids. The PC-1 loading plot also shows that the
nucleic acid bands at 1232, 1082 and 964 cm™ discriminate monoculture from sequential culture

(1262 and 989 cm™) in the spectral region below 1400 cm™.
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Figure 6.6. Representative curve-fitted amide region (1708-1482 cm™*) of MCF-7 MC (a-c), and
MCF-7 SC (d-f); lipid region (2990-2800 cm™*) of MCF-7 MC (g-i), and MCF-7 SC (j-I); nucleic
acid region (1180-930 cmt) of MCF-7 MC (m-0), and MCF-7 SC (p-r) for different incubation
time.
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Table 6.2. Major components of lipid, amide, nucleic acid region in MCF-7 SC

Lipid Region
Position (cm™) Area Position (cm™) Area Position (cm™) Area
(23+5d (23+10d (23+15d
MCF-7 SC) MCF-7 SC) MCF-7 SC)
2958 0.13+0.0090 2958 0.16+0.0100 2958 0.16+0.0100
2923 0.27+0.0200 2925 0.23+0.0200 2925 0.23+0.0100
2894 0.07+0.0060 2898 0.11+0.0200 2897 0.10£0.0100
2873 0.05+0.0050 2876 0.05+0.0090 2876 0.05+0.0090
2853 0.10+0.0070 2854 0.11+0.0060 2854 0.12+0.0040
Amide Region
Position (cm™) Area Position (cm™) Area Position (cm) Area
(23+5d (23+10d (23+15d
MCF-7 SC) MCF-7 SC) MCF-7 SC)
1686 0.14+0.0200 1686 0.13+0.0030 1686 0.14+0.0020
1648 4.71+0.1300 1651 7.13+£0.0700 1652 7.26+0.0400
1591 2.01+0.2000 1584 1.71+0.0200 1582 1.44+0.0400
1538 1.09+0.1500 1539 1.28+0.0600 1542 1.27+0.0400
1511 0.75+0.0600 1512 1.17+0.0800 1515 1.35+0.0100
Nucleic Acid Region
Position (cm™) Area Position (cm™) Area Position (cm™) Area
(23+5d (23+10d (23+15d
MCF-7 SC) MCF-7 SC) MCF-7 SC)
1155 0.04+0.0002 1156 0.03+0.0020 1156 0.03+0.0500
1120 0.90+0.0600 1108 0.82+0.0200 1108 0.81+0.0500
1082 1.01+0.1600 1082 1.52+0.0300 1081 1.01+0.0600
1055 1.27+0.2100 1060 0.98+0.0300 1066 1.80+0.0300
1030 0.54+0.0700 1030 0.33+0.0300 1030 0.25+0.0200
992 0.63+0.0900 989 0.57+0.0400 990 0.43+0.0300
963 0.27+0.0300 962 0.15+0.0300 963 0.11+0.0300
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Table 6.3. Major components of lipid, amide, nucleic acid region in MCF-7 MC

Lipid Region
Position (cm™) Area Position (cm™) Area Position (cm™) Area
(5d (10d (15d
MCF-7 MC) MCF-7 MC) MCF-7 MC)
2959 0.15+0.0030 2958 0.15+0.0020 2958 0.16+0.0070
2925 0.32+0.0050 2924 0.33+0.0070 2924 0.37+0.0100
2893 0.09+0.0100 2895 0.11+0.0200 2895 0.11+0.0030
2873 0.06+0.0100 2873 0.07+0.0200 2873 0.08+0.0030
2852 0.11+0.0100 2852 0.11+0.0800 2852 0.13+0.0040
Amide Region
Position (cm™) Area Position (cm™) Area Position (cm™) Area
(5d (10d (15d
MCF-7 MC) MCF-7 MC) MCF-7 MC)
1686 0.07+0.0100 1686 0.07+0.0040 1686 0.09+0.0200
1651 4.77+£0.1300 1648 6.37+0.1500 1648 6.43+0.0500
1590 3.16+0.0500 1592 2.50+0.3600 1586 1.13+0.1100
1538 1.30+0.1000 1539 1.52+0.1900 1538 1.53+0.1400
1511 0.72+0.1200 1511 0.74+0.0600 1511 0.78+0.0600
Nucleic Acid Region
Position (cm™) Area Position (cmt) Area Position (cm™) Area
(5d (10d (15d
MCF-7 MC) MCF-7 MC) MCF-7 MC)
1155 0.06+0.0100 1156 0.07+0.0030 1156 0.08+0.0010
1120 0.63+0.0400 1116 0.81+0.0200 1108 0.83+0.0200
1082 1.13+0.0800 1081 1.45+0.0600 1082 1.38+0.0300
1049 1.18+0.1500 1048 1.37+0.1900 1048 1.31+0.0600
1026 0.37+0.0500 1027 0.49+0.0600 1024 0.49+0.0300
990 0.47+0.0500 991 0.58+0.0400 992 0.45+0.0060
964 0.23+0.0200 963 0.29+0.0100 963 0.23+0.0070
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Figure 6.7. Representative curve-fitted amide region (1708-1482 cm™) of MM 231 MC (a-c), and
MM 231 SC (d-f); lipid region (2990-2800 cm™) of MM 231 MC (g-i), and MM 231 SC (j-1);
nucleic acid region (1180-930 cm) of MM 231 MC (m-0), and MM 231 SC (p-r) for different

incubation time.
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Table 6.4. Major components of lipid, amide, nucleic acid region in MM 231 SC

Lipid Region
Position (cm™) Area Position (cm™) Area Position (cm™) Area
(23+5d (23+10d (23+15d
MM 231 SC) MM 231 SC) MM 231 SC)
2958 0.12+0.0050 2958 0.16+0.0090 2958 0.14+0.0040
2922 0.31+£0.0070 2921 0.25+0.0100 2921 0.23+0.0030
2893 0.09+0.0060 2892 0.09+0.0100 2895 0.10£0.0100
2874 0.09+0.0100 2875 0.09+0.0090 2877 0.05+0.0090
2852 0.12+0.0030 2852 0.12+0.0070 2852 0.11+0.0080
Amide Region
Position (cm™) Area Position (cm™) Area Position (cm) Area
(23+5d (23+10d (23+15d
MM 231 SC) MM 231 SC) MM 231 SC)
1686 0.18+0.0030 1686 0.18+0.0200 1686 0.23+£0.0100
1652 6.43+0.1000 1648 7.44+0.0600 1648 7.95+0.0500
1594 3.01+0.2300 1592 3.12+0.1000 1592 3.81+£0.1700
1538 1.83+0.1700 1538 1.47+0.0100 1539 1.26+0.1200
1511 0.89+0.0400 1512 0.90+0.0300 1513 0.88+0.0900
Nucleic Acid Region
Position (cm™) Area Position (cm™) Area Position (cm) Area
(23+5d (23+10d (23+15d
MM 231 SC) MM 231 SC) MM 231 SC)
1156 0.06+0.0300 1156 0.07+0.0100 1156 0.03+0.0030
1120 0.36+0.0400 1120 0.45+0.0200 1120 0.68+0.0100
1092 1.55+0.1900 1092 1.74+0.0500 1092 1.74+0.0800
1056 1.54+0.3700 1056 1.56+0.0700 1056 1.54+0.0500
1026 0.29+0.0300 1026 0.27+0.0200 1026 0.24+0.0100
988 0.33+£0.0100 985 0.33+0.0100 985 0.42+0.0300
966 0.16+0.0800 964 0.12+0.0100 964 0.12+0.0100
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Table 6.5. Major components of lipid, amide, nucleic acid region in MM 231 MC

Lipid Region
Position (cm™) Area Position (cm™) Area Position (cm™) Area
(5d (10d (15d
MM 231 MC) MM 231 MC) MM 231 MC)
2958 0.15+0.0100 2958 0.14+0.0100 2957 0.12+0.0100
2922 0.39+0.0100 2922 0.35+0.0100 2922 0.32+0.0100
2893 0.09+0.0200 2894 0.08+0.0100 2895 0.07+0.0100
2873 0.10+0.0200 2873 0.09+0.0100 2873 0.07+0.0100
2852 0.13+0.0100 2851 0.12+0.0010 2850 0.11+0.0100
Amide Region
Position (cm™) Area Position (cmt) Area Position (cm) Area
(5d (10d (15d
MM 231 MC) MM 231 MC) MM 231 MC)
1686 0.09+0.0020 1686 0.10+0.0200 1686 0.10+0.0100
1652 3.58+0.0200 1650 4.21+0.0700 1650 4.92+0.1600
1590 1.21+0.0600 1590 1.41+0.0200 1590 1.79+0.3400
1539 1.17+0.0500 1539 1.37+0.0500 1539 1.60+0.2300
1510 0.59+0.0300 1511 0.66+0.0800 1510 0.85+0.0400
Nucleic Acid Region
Position (cm™) Area Position (cmt) Area Position (cm) Area
(5d (10d (15d
MM 231 MC) MM 231 MC) MM 231 MC)
1160 0.08+0.0030 1160 0.07+0.0020 1160 0.03+0.0100
1120 0.36+0.0100 1120 0.40+0.0400 1120 0.57+0.0200
1090 1.66+0.1100 1090 1.34+0.0300 1089 1.33+0.1900
1056 1.40£0.2400 1056 1.06+0.0200 1060 0.79+0.0400
1026 0.53+0.1000 1026 0.57+0.0600 1024 0.74+0.0600
995 0.21+0.0400 995 0.20+0.0400 987 0.21+0.0200
966 0.19+0.0030 966 0.18+0.0100 966 0.22+0.0100
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Figure 6.8. Intensity ratios of Amide I/Amide Il (a and d), CH2 asymmetric/ CH2 symmetric
stretch (b and €), RNA/DNA (c and f) of monocultures (MC) and sequential cultures of MCF-7
and MM 231, respectively, at different incubation time. (n=3, two-way ANOVA followed by
post hoc Tukey test,*p<0.05, **p<0.01, and ***p<0.001).

It is noteworthy to mention that the O-P-O band shift from 1232 cm™ (positive loadings)
to 1262 cm could be associated with the change of conformation of DNA (B- DNA to A-DNA)
[115]. The band at 1082 cm™ (positive loading) further strengthens our claim of change in DNA
conformation. The loading plot also reveals that the discriminating wavenumbers associated with
PC-1 appear in the high-wavenumber region and include the asymmetric and symmetric
stretching vibrations of the methylene and methyl groups at 2921 and 2851 cm, respectively.
They are positively correlated and thus specific for monoculture suggesting lipid decomposition

due to the progression of cancer. This observation is in good agreement with results discussed in

6.3.2.1. Positive loadings at 1738, 1445 cm™* also suggest decomposition of lipids
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macromolecules while the band at 1392 cm™ indicates the presence of free of amino acids in the
monoculture.
6.3.3.2. MM 231 MC versus MM 231 SC

Figure 6.9c illustrates sample grouping for the monoculture and sequential culture of MM
231 in the 3100-2800 and 2000-930 cm! regions. Almost all (99%) the spectral variance was
explained by data reported. The loading plot shown in Figure 6.9d reveals that discrimination of
both groups is mainly associated with proteins. The major discriminants in PC-1 are positively
correlated bands at 1652, 1538 and negatively correlated bands at 1702, 1610, and 1564. The
bands at 1702 and 1609 cm* can be attributed to C=0 stretching of ring bases (guanine and
adenine) of nucleic acids while 1564 cm™ can be attributed to N-H bending of proteins. Our PCA
also indicates that clustering is associated with lipids. Positive loadings for the monoculture at
2922, 2854, 1738, and 1445 cm'* suggest decomposition of these macromolecules due to cancer
progression. Wavenumbers that also contribute to separation of monoculture and sequential
culture are found at 966, 1060 and 1232/ 1092 cm™ in positive loadings of the monoculture.
These indicate that both nucleic acids, DNA, RNA, and lipids are also involved in biochemical
processes associated with cancer progression.
6.3.3.3. MM 231 SC versus MCF-7 SC

We further used PCA to identify the segregating biochemical entities between sequential
culture of MM 231 and MCF-7. The score plot presented in Figure 6.9e not only shows perfect
cluster segregation of sequential cultures also explains 99% of the total spectral variance. The
major discriminants in the PC-2 loading plot are positively correlated bands at 1630 and 1717
cm* and negatively correlated bands at 1692, 1660, 1609 and 1554 cm. It is noteworthy to

mention that segregation of sequential cultures is dominated by the presence of C=0 stretching
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Figure 6.9. The results of PCA applied to 2 groups of second derivative spectra (MCF-7 MC and
MCF-7 SC) in the region of 3050-2800 and 2000-930 cm (a), and a PC-1 correlation loading
plot (b); the results of PCA applied to 2 groups of second derivative spectra (MM 231 MC and
MCF-7 SC) in the region of 3050-2800 and 2000-930 cm (c), and a PC-1 correlation loading
plot (d); the results of PCA applied to 2 groups of second derivative spectra (MM 231 SC and
MCF-7 SC) in the region of 3050-2800 and 2000-930 cm™* (), and a PC-2 correlation loading

plot (f).
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of nucleic acid bases [1609 (Adenine), 1717 (thymine) cm™], proteins (amide 1) (1630, 1660, and
1692 cm™) and N-H bending (amide 11) (1554 cm™) of proteins. Differences between sequential
culture of MM 231 and MCF-7 regarding lipid composition are revealed by negative loadings at
2925 and 2854 cm?, suggesting that cancer cells from sequential culture contain a lower
concentration of lipids further validating our observation in section 6.3.2.1. A few discriminators
are found in the region below 1250 cm™. The most pronounced feature is a shift of the O—P—-O
asymmetric stretching band from 1232 cm™ for MM 231 SC to 1262 cm™ for MCF-7 SC. Such a
shift was associated with the conformation change for the B-DNA to A-DNA transition [115].
The presence of a positive loading at 1092 and 970 cm™ for MM 231 SC can additionally
support a hypothesis that the DNA changes its conformation in the case of MCF-7 SC as
compared to the MM 231 SC. Also, MCF-7 SC exhibits a higher content of RNA (negative
loadings at 1066 and 997 cm™).
6.4. Conclusion

In the present study, FTIR spectroscopy was used to identify spectral biomarkers of
cancer progression on 3D in vitro model of breast cancer bone metastasis. Absorption bands in
IR spectra of control monoculture and sequential culture of cancer cells all received
contributions from proteins, lipids, and nucleic acids. Selected intensity ratios from the lipid
region as well as the fingerprint region showed significant differences between monoculture and
sequential cultures. Significant changes are reported in the spectral correlations in the metastasis
to bone by use of low metastatic (MCF-7) and highly metastatic (MDA-MB-231) cell lines
indicating that the proposed spectroscopy method can be useful in capturing prognosis of nature
of cancer progression. Combining intensity ratios in FT-IR spectroscopy with principal

component analysis provided a method for monitoring of cancer progression on 3D in vitro
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model. This method provides an understanding of the molecular composition of different IR

absorption regions and could serve as a useful non-invasive and cost-effective tool in the clinical

diagnosis of breast cancer bone metastasis.
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CHAPTER 7. LABEL-FREE DISCRIMINATION OF CANCER CELLS AT

DIFFERENT STAGES OF TUMORIGENESIS USING 3D IN VITRO BONE

METASTASIS MODEL OF PROSTATE CANCER BY RAMAN IMAGING®

This chapter demonstrates Raman spectroscopy as a powerful imaging method for
prostate cancer bone metastasis diagnosis. The contents of this chapter are going to be submitted
for publication.
7.1. Introduction

Prostate cancer is the most frequently diagnosed cancer amongst men. According to
recent statistics, the 5- year survival rate of patients with primary prostate cancer is 100% while
it declines to 30 % in the case of metastases [1]. Metastatic prostate cancer colonizes in the bone
marrow to pave the way for bone metastasis, leading to cytoskeletal complications and is
associated with poor prognosis and morbidity. In recent years, there has been an increasing need
for translational models that recapitulate bone metastasis of prostate cancer to understand the
mechanisms that underlie bone metastasis due to lack of availability of human prostate cancer
metastasized bone samples and in vivo mouse models for spontaneous prostate cancer bone
metastasis. Moreover, the complexity of this disease itself poses a challenge for the diagnosis
and assessment of populations with therapeutic resistance. The current gold standard for
determining the prognosis of prostate cancer in patients is a basic histopathological examination.
Immunohistopathology has also been used extensively for the analysis of biopsy samples in the

last decade. Nevertheless, the use of immunohistochemistry is restricted owing to the scarcity of
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large volume of tissue sections for staining and the inability to detect multiple signals at once.
Also, the reproducibility and robustness of genomic data remain a concern due to the
heterogeneity of tumors. It is, therefore, necessary to develop robust diagnostic and classification
tools that have reproducibility and clinical potential.

Raman spectroscopy is an inelastic scattering phenomenon that is used to probe
molecular vibrations, thus providing a molecular fingerprint that is especially suited for
biological macromolecules. This technique is based on a change in polarizability of a molecule
on the absorption of photons, whereas the complementary infrared (IR) spectroscopy depends on
a change in the dipole moment. Raman spectroscopy is an information-rich spectroscopic
method, like FT-IR, capable of detecting specific groups and the environment-sensitive cell
surface composition of biological macromolecules consisting of carbohydrates, proteins, and
lipids, among others [2-4]. A recent study demonstrated the feasibility of complementary
vibrational spectroscopy technique for accurate and precise chemical analysis of organic liquids
by combining IR and Raman [5]. Raman spectroscopy has been widely used to differentiate
between nonmalignant, normal, and malignant cell lines, such as breast [6, 7], colorectal [8],
gastrointestinal [9], lung [10], and prostate cancer cells/tissues while a few studies addressed
stage-based classification [11, 12]. A recent study demonstrates the use of Raman mapping to
evaluate subcellular responses in prostate cancer cells (PC-3) to x-ray exposure also elucidating
the advantage of Raman mapping techniques over single point measurement [13]. Furthermore,
most of the previous studies using Raman spectroscopy in the realm of prostate cancer research
are based on two-dimensional (2D) culture models [11, 14]. It has been reported that in the 2D
system, cells lose their in vivo morphology, resulting in poor cell-cell and cell-matrix interactions

[15]. In contrast, three-dimensional (3D) in vitro models recapitulate a physiological
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environment that mimics in vivo conditions, leading to improved predictions[16]. The primary
goal of this study is to evaluate Raman spectroscopy as a potential tool for monitoring cancer
progression using nanoclay-based 3D in vitro model of prostate cancer bone metastasis. For this
purpose, we developed a 3D in vitro model [17] using nanoclay-based scaffolds [18] along with
osteogenically differentiated human mesenchymal stem cells (MSCs) and human prostate cancer
cells. Our group has investigated nanoclays extensively for the preparation of polymer clay
nanocomposites [19, 20] using both experimental and simulation-based studies, with applications
towards bone tissue engineering scaffolds [21]. In our previous studies, we have shown
osteogenic differentiation of human MSCs into osteoblasts, and MSCs mediated mineralization
through the biomimetic process of vesicular delivery on nanoclay based scaffolds without the use
of osteogenic supplements [18, 22]. Recently, we have reported the late stage of prostate and
breast cancer pathogenesis to the bone using the sequential culture of MSCs with human prostate
and breast cancer cells on nanoclay based scaffolds [23-26]. In another study, Wnt/ B-catenin
Signaling has been shown to play a key role in osteogenesis in 3D in vitro model of breast cancer
bone metastasis [27]. In another study, we showed the influence of prostate cancer phenotype on
bone mineralization at metastases [28]. In a related study from our laboratory, we have evaluated
the feasibility of FT-IR spectroscopy for monitoring breast cancer progression on 3D in vitro
model of breast cancer bone metastasis [29].

In the present study, we describe the feasibility of Raman spectroscopy as a powerful
imaging method for prostate cancer bone metastasis diagnosis using 2D and 3D cell culture
models in conjunction with application of principal component analysis (PCA) and cluster
analysis. The present work addresses the: (1) potential of Raman imaging to discriminate

between cancer cells from different stages of tumorigenesis; and (2) determination of key
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biochemical components that account for the differences observed in the cells at different stages
of cancer progression.
7.2. Materials and Methods
7.2.1. Modification of MMT clay

The detailed procedure for the modification of Na-MMT clay is described elsewhere [30,
31]. In brief, the 5-aminovaleric acid solution was added to preheated (60 °C) MMT suspension,
and the mixture solution was kept for stirring. After one hour, the obtained slurry was
centrifuged and washed to remove chloride ions followed by drying at 70 °C, grinding, and
sieving to obtain a fine powder. Na-MMT clay was procured from Clay Minerals Respiratory at
the University of Missouri, Columbia. 5-aminovaleric acid was obtained from Sigma-Aldrich.
7.2.2. Preparation of in situ HAPclay

We have followed the procedure described in our previous studies to prepare in situ HAP
clay [21]. Briefly, the organically modified MMT clay powder was dissolved into NazHPO4
solution (23.8 mM) by stirring at room temperature for two hours. Further, 39.8 mM of CaCl>
solution was added, and this suspension was stirred vigorously for eight hours (pH 7.4). The
obtained precipitate was centrifuged, dried (70 °C), and subsequently ground and sieved to
obtain a fine powder. Na;HPO4 and CaCl, were purchased from J.T. Baker.
7.2.3. Preparation of Polycaprolactone (PCL)/in situ HAPClay Scaffolds

3D PCL/in situ HAPClay scaffolds were prepared according to the procedure described
in earlier studies [18]. 3D PCL scaffolds were prepared with 10 wt. % in situ HAP clay. In a
typical procedure, the PCL solution was prepared by dissolving 3.6 g of polymer in 40 ml of 1,4-
dioxane. Another solution was prepared by dissolving 0.4 g of prepared in situ HAPclay in 20 ml

of 1,4-dioxane, followed by sonicating for 18 min. Freshly prepared in situ HAPclay solution
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was added to the polymer solution and stirred it for two hours. We used the freeze extraction
method to obtain 3D scaffolds. The chemicals PCL and 1, 4-dioxane were purchased from Sigma
Aldrich.
7.2.4. Cell Culture

Human MSCs (PT-2501) (Lonza) were maintained in MSCGM™ Bulletkit™ medium
(Lonza, PT-3001). Human prostate cancer cell line MDA-PCa-2b (PCa) is purchased from
ATCC and maintained in 80% BRFF-HPC-1 (AthenaES) and 20% FBS (ATCC). For 2D
cultures, cells are seeded on tissue culture treated Petri dishes. For sequential culture, MSCs
were seeded at a density of 5 x 10* cells per scaffold and cultured for 23 days to allow bone
tissue formation. Further, prostate cancer cells PCa were seeded on newly formed bone tissue in
the 3D scaffolds at a density of 5 x 10* cells and maintained in 1:1 MSCs and PCa medium

(Figure 7.1). All cell cultures were maintained at 37 °C and 5% CO; in a humidified incubator.

Mesenchymal Stem  Prostate Cancer (PCa)
Cells (MSCs) Cells

= "

‘ Fixed cells were analyzed
using Raman Spectroscopy

3D nanoclay-based scaffold PCa cells seeded on newly  Cells were harvested from  Cell pellet was put on quartz
seeded with MSCs and formed bone-like ECM to scaffold using TrypLE coverslip and fixed with 4%
cultured for 23 days to obtain in vitro tumor growth paraformaldehyde
obtain bone-like ECM
formation

Figure 7.1. Schematic showing sequential culture of MSCs/prostate cancer cells and the
workflow of Raman experiment.

7.2.5. Raman Imaging

Raman spectra were acquired using a custom-built NIR confocal Raman microscopy
system [32]. The excitation source comprises a 785 nm wavelength from Ti: Sapphire laser
(3900S, Spectra-Physics). The laser beam is focused onto the sample, and backscattered light is
collected by the same objective lens (1.2 NA, x 60, Olympus UPLASPO60XWIR). Raman
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signal is collected after series of Rayleigh rejection filters by a collection fiber, which is
connected to a high-throughput imaging spectrograph (HoloSpec f/1.8i, Kaiser Optical Systems)
with a thermoelectric-cooled, back-illuminated, and deep depleted CCD (PIXIS:
100BR_eXcelon, Princeton Instruments).

The primary goal of the present study is to investigate biochemical nuances at the cellular
level, and thus a collection of cells in pellets from both 2D and 3D cultures was analyzed using
point spectroscopic measurements. Briefly, after replacing culture medium with PBS, cell pellets
were formed by centrifugation and placed on top of the quartz coverslip followed by fixation
with 4% paraformaldehyde for 10 min at room temperature, washing with phosphate-buffered
saline (PBS) for 2-3 times before performing Raman experiments (Figure 7.1). Raman spectra
were recorded from three locations from each sample. Spectra were collected from 76 um x 76
pm areas in each location with about 2 um step size. From each location, 1600 (40 x40) spectra
were acquired with 3 second integration time. Wavelength calibration was performed before
spectral acquisition by acquiring spectra from 4-acetamidophenol, a Raman scatterer with well-
characterized peak positions. The 700-1800 cm™ fingerprint region was used for the ensuing
analysis (spectral resolution of 8 cm™). Specially developed codes in MATLAB™ were used for
simultaneous baseline correction of all Raman spectra in each image. The open-source Raman
Tool Set was used for mapping the spectra. Subsequently, additional MATLAB™ codes were
utilized for contour map development to allow for uniform scaling across all maps generated for
a given band. MATLAB™ codes were also developed to enable data to be transferred between
Raman Tool Set and MATLAB™. Cosmic ray removal was also implemented before the spectra
were used to create maps for predefined Raman bands in MATLAB (Mathworks Inc.). Further,

twenty cell spectra from each sample were selected for intensity calculation of chosen Raman
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bands, and principal component analysis. All spectra were normalized to DNA band 780 cm
before analysis.
7.2.6. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is an unsupervised statistical method that reduces
variability by generating principal components (PCs). PCs are originated from a linear
combination of original variables and arranged based on the variance in the original dataset to
explain correlation to one another. The first two PCs, i.e., PC1 and PC2, are generally used to
explain most of the data variance and generate a score plot. In a score plot, samples are
positioned according to PC scores. For instance, samples with similar scores will take up a
similar position while those with different scores will be placed in distance, thus making it easier
to classify among samples [33].

PCA was conducted to determine whether spectra could be differentiated with respect to
overall class 2D and 3D cultures. Before conducting PCA analysis, Raman spectra were
imported and stored in a data matrix containing 867 rows (Raman shifts) and 80 columns
(spectral intensities). PCA was performed in the spectral region of 700-1800 cm™ using a
covariance matrix. (PCA for Spectroscopy, Origin Pro 2018).

7.2.7. Cluster Analysis

Cluster analysis is the method of grouping sets of objects into clusters of similar objects
to distinguish and segregate a large volume of dissimilar data [34]. It is extensively used in data
mining, machine learning, pattern recognition, image analysis, bioinformatics, and computer
graphics in fields as diverse as astronomy, ecology, social sciences, and biology. Although there
are many ways of conducting cluster analysis, we have used cluster analysis in combination with

PCA to analyze spectral data from Raman mapping. Unsupervised algorithms such as principal
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component analysis and cluster analysis have been recently investigated for disease
identification, including epithelial tissue tumors, brain tumors, skin tumors, bone diseases,
atherosclerosis, kidney stones, gallstones, diabetes, and osteoarthritis [35]. For cluster analysis, a
digital stripe of 5 um width and 76 pum length is created outside of the Raman image. The digital
stripe is made of uniformly distributed pixels containing the reference spectra obtained
separately for the pure constituents (actin or myosin). The reference spectra obtained from the
Raman instrument is baseline corrected and scaled to the average cellular spectra using the 1444
cm® band for actin and 1002 cm™ band for myosin. PCA was used to identify the different
principal components. These principal components were then used to build clusters of the Raman
data, followed by mapping. Specifically, we chose principle components PC1 to PC6 for actin
and PC1 to PC9 for myosin. Next, the clusters were constructed using the CDP Rodriguez
method [36] in the Raman Toolset software. We used pure component spectra that were obtained
from commercial sources of actin and myosin.
7.2.8. Statistical Analysis

All the data expressed as mean + standard deviation (n=20) and the statistical
significance (p-value) were verified by one-way ANOVA followed by post hoc Tukey test for
multiple comparisons (GraphPad Prism, v7.04). p<0.05 was considered statistically significant.
7.3. Results and Discussion

In this manuscript, the sequential culture samples are referred to as 3D d(X+Y) MSCs +
PCa SC, while 2D cancer culture is referred to as 2D PCa, where X=23 days of MSCs culture
and Y=15, 10, and 15 days of cancer cell culture after 23 days. The mean Raman spectra of 2D
PCa, 3D d (23+5) MSCs+PCa SC, 3D d (23+10) MSCs+PCa SC, and 3D d (23+15) MSCs+PCa

SC are shown in Figure 7.2A. As seen, prominent Raman bands are observed in both 2D and 3D
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cultures of prostate cancer cells at the following peak positions with tentative biochemical
assignments: 780 cm (ring breathing of cytosine and thymine), 850 cm™ (v(C—C) ring breathing
of tyrosine and proline), 935 cm™ (v(C—C) of a-helix conformation for proteins), 1002 cm
(v(C—C) ring breathing of phenylalanine), 1080 cm™ (v(C—C) of lipids), 1124 cm™ (v(C-O) in
carbohydrates), 1261 cm™ (amide III (N—H) of proteins), 1296 cm™ (5(CHz) deformations of
lipids and proteins), 1336 cm™ (CH3CH_ twisting of nucleic acids), 1444 cm™ (8(CHz) of
proteins and lipids), and 1654 cm™ (amide | v(C=0) of proteins, a- helical conformation) [14,
37-42] (Table 7.1). The corresponding difference spectra of different cultures (i.e., 2D and 3D)
(Figure 7.2B) reveal the significant Raman spectral changes, particularly in the spectral ranges of
780-850 cm™, 935-1124 cm, 1261-1336 cm™, 1440-1450 cm™, and 1500-1800 cm™ which
primarily correspond to proteins, DNA, and lipids.

To evaluate spectral variance across the samples studied, we used principal component
analysis whose score and loading plots showed subtle differences, as shown in Figure 7.3. Figure
7.3A displays a score plot for the first two PCs illustrating good clustering for different cultures
of PCa, while Figure 7.3B shows the first two PC loadings (i.e., PC1 and PC2) accounting for the
largest Raman spectral variance (84.9% and 8.0%) and generally represent variations in the six
sub-region bands at 1002 cm™, 1261 cm™, 1444 cm™, and 1654 cm® in the Raman spectra. A
comparison of the Raman intensities + SD at each of the four identified spectral sub-regions for
all sample types studied is illustrated in the bar-chart (Figure 7.4). There was no appreciable
change observed in intensities at all four bands ( 1002 cm™ , 1261 cm™, 1444 cm, and 1654 cm"
1) between 2D PCa and 3D d(23+5) MSCs+PCa SC; however, we observed a significant
reduction in intensities at all four bands for 3D d(23+10) MSCs+PCa SC and 3D d(23+15)

MSCs+PCa SC, as compared to both 2D PCa and 3D d(23+5) MSCs+PCa SC [Figure 7.4(A-D)].
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Figure 7.2. (A) Mean Raman spectra of 2D PCa (n=20) and 3D MSCs + PCa SCs (n=20). (B)
The corresponding difference spectra calculated from the mean Raman spectra between 2D
culture and three different 3D cultures.

To visually identify the chosen Raman bands with higher specificity in the set of samples,
we created surface Raman maps shown in Figure 7.5, while optical micrographs for the set of

same samples are shown in Figure 7.6A. In a Raman map, only a relative determination of

concentrations is possible for multi-constituent biological samples such as cells. Hence, pseudo-
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coloring is used for visualizing each concentration, which is proportional to the intensity of the
constituent peak detected.

Table 7.1. Band assignments for Raman spectra for prostate cancer cells [14, 37-42].

Raman Shift (cm™)  Band assignment

780 Ring breathing of cytosine and thymine

850 v(C-C) ring breathing of tyrosine and proline
935 v(C—C) of a-helix conformation for proteins
1002 v(C-C) ring breathing of phenylalanine

1080 v(C-C) of lipids

1124 v(C-0) in carbohydrates

1261 amide III 6(N-H) of proteins

1296 d(CH>) deformations of lipids and proteins
1336 CH3CHg: twisting of nucleic acids

1444 d(CHy>) of proteins and lipids

1654 amide | v(C=0) of proteins, a- helical conformation

We observed a substantial reduction in 1002 cm™ signal in 3D d(23+10) MSCs+PCa SC
and 3D d(23+15) MSCs+PCa SC, as opposed to 3D d(23+5) MSCs+PCa SC or 2D PCa,
indicating a decrease in the amount of phenylalanine relative to the total Raman-active
constituents in cancer cells during cancer progression (Figures 7.5A, 7.4A). Previous studies
have reported a reduction in Raman signal at 1002 cm™ in cancerous nasopharyngeal tissue
compared to non-cancerous counterparts [43]. The change in the Raman band at 1002 cm™ is
attributed to the alteration in protein content and conformation. Furthermore, the Raman band at
1002 cm™ has previously been demonstrated as a prominent and stable signal [43]. In a recent
study, it was shown that advance stage nasopharyngeal cancer blood samples had lower
phenylalanine content compared to that of early-stage [44].

Therefore, the band at 1002 cm™ has the potential to serve as a biomarker to differentiate
between stages of cancer progression at the bone site. In recent years, the cytoplasmic lipid

droplets in cancer cells have received a great deal of attention owing to their ability to provide
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energy storage that can be accessed by cells without the need for extra energy investment in
biosynthesis [45]. These lipids droplets get absorbed, metabolized, and transformed by the
cancer cells into cell membranes and other components needed for their further proliferation
[46]. In line with these observations, we found a significant reduction in intensity of lipid-related
band at 1444 cm™ in 3D d(23+10) MSCs+PCa SC and 3D d(23+15) MSCs+PCa SC as opposed
to 3D d(23+5) MSCs+PCa SC (Figures 7.4C, 7.5C), indicating a reduction in saturated

CH_ bonds in lipids during cancer progression [47]. Raman intensity changes at bands 1261 cm™
and 1654 cm* [Figures 7.4(B, D) & 7.5(B, D)] are associated with a change in the relative
amount of proteins in the a-helical conformation. In the present study, we observed a significant
reduction in intensities of the bands mentioned above in 3D d(23+10) MSCs+PCa SC and 3D
d(23+15) MSCs+PCa SC as compared to 3D d(23+5) MSCs+PCa SC. This reduction in intensity
suggests a change in protein conformation or secondary structure i.e., a-helix to random coil
conversion, during cancer progression [48].

A new computational technique was developed to rapidly identify specific constituents
by obtaining a pure spectrum of the component (actin and myosin). A strip of the pure spectra is
then created digitally outside of the Raman image. PCA is conducted for the image, including the
component strip. Next, the CDP Rodriguez method [36] is used to cluster data into groups. If
data in the specimen image is in the same cluster as the pure component stripe (actin or myosin),
those regions within the map were considered similar to the component of the strip.

Figure 7.6B shows the clusters with actin strip at the top for the specimen from 2D, five-
day, ten-day, and 15-day tumor samples. Figure 7.6C shows the clusters with myosin strip at the

top for the specimen from 2D, five-day, ten-day, and 15-day tumor samples.
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Figure 7.3. (A) PCA score plot spanned by PC1, and PC2 illustrating the intrinsic clustering of
2D PCa and 3D MSCs + PCa SCs. (B) The first two PCs accounting for 92.9% of the total
variation in the Raman spectral dataset, revealing the significant Raman spectral features for the

classification of cancer cells.

Both spatial and quantitative changes to the actin cytoskeleton are observed during cancer
progression, and actin dynamics leading to reorganization of actin within the cancer cells plays
an important role in migration and the EMT/MET transitions [49].

We observed dramatic changes to the actin region and distribution between the 2D PCa

cells and the PCa cells that have been seeded on the bone-mimetic scaffolds (Figure 7.6B). We
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observed changes to the spatial distribution of both actin and myosin from 2D to the 15-day
tumor samples. The uniform actin and myosin distribution within cells, as observed in 2D

samples, are disturbed as the tumor grows (Figure 7.6B and 7.6C).
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Figure 7.4. Histogram displaying intensities of Raman bands (A) 1002 cm™, (B) 1261 cm™, (C)
1444 cm™, and (D) 1654 cm™* across samples. (n=20, one-way ANOVA followed by post hoc
Tukey test, *p<0.05, **p<0.01, and ***p<0.001 indicate significant difference between 2D PCa
and 3D MSCs + PCa SCs; #p<0.05, #p<0.01, and *#p<0.001 indicate significant difference
between day (23+5), and other days of 3D MSCs + PCa SCs; *p<0.05, *¥p<0.01, and ***p<0.001
indicate significant difference between day (23+10) 3D MSCs + PCa SC and day (23+15) 3D
MSCs + PCa SC).
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Figure 7.5. Raman mapping images of 2D PCa and three 3D MSCs + PCa SCs for vibrational
signatures of: (A) 1002 cm™, (B) 1261 cm™, (C) 1444 cm™, and (D) 1654 cm™.

The actin region in the cells five days, ten, and 15 days after seeding on the bone-mimetic
scaffolds are smaller than the 2D PCa cells. The actin regions in the cells that were seeded on the
bone-mimetic samples for ten days and 15 days not only show reduced size of the actin region

compared but were also scattered and not localized.
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Figure 7.6. Cluster analysis of 2D PCa and PCa cells seeded on bone-mimetic scaffolds for 5, 10
and 15 days, (A) optical images of samples used in Raman Imaging, (B) clusters indicating actin-
rich regions colored in red and the red stripe on the top of the image constitutes digitally
introduced reference actin, (C) clusters indicating DNA rich regions colored in blue and the blue
stripe on the top of the image constitutes digitally introduced reference DNA, (D) average
spectra from ten randomly collected spectra from the actin-rich regions on day 15 and the
reference spectra for actin, (E) average spectra from ten randomly collected spectra from the
DNA rich regions on day 15 and the reference spectra for actin. The bone-mimetic scaffolds are
created by seeding MSCs on 3D nanoclay based scaffolds and culturing for 23 days for
regeneration of bone tissue. PCa cells are seeded after the MSC culture period of 23 days is
completed. The 2D PCa cells indicate PCa cells not seeded on scaffolds.
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Figure 7.7. (A) Reference Actin spectra used for cluster analysis. (B) Cluster map of 3D
d(23+15) MSCs+PCa SC indicating actin-rich regions colored in red and the red stripe on the top
of the image constitutes digitally introduced reference actin, boxes (a,b, and c) drawn on the
cluster map indicate random location on actin-rich region. (C) Spectra from randomly chosen
location on actin-region showing similar features as reference actin.

Figure 7.6D shows pure spectra of actin labeled as reference spectra, and the average
spectra of ten spectra obtained from the actin-rich regions in the cluster analysis and are labeled
as actin-like spectra. Similarly, Figure 7.6E shows the myosin reference spectra and the myosin-

like spectra, an average spectrum obtained from ten spectra in the myosin rich regions in the

cluster analysis.
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Figure 7.8. (A) Reference Myosin spectra used for cluster analysis. (B) Cluster map of 3D
d(23+15) MSCs+PCa SC indicating myosin-rich regions colored in red and the red stripe on the
top of the image constitutes digitally introduced reference myosin, boxes (a,b, and ¢) drawn on
the cluster map indicate random location on myosin-rich region. (C) Spectra from randomly
chosen location on myosin-region showing similar features as reference myosin.

The actin-like spectra and myosin-like spectra are obtained from the cells extracted from
tumors formed 15 days after PCa cells are seeded on the bone-mimetic scaffolds. The spectra
from the reference stripes of actin and myosin are not used for obtaining the actin-like and
myosin-like spectra. Both the actin-like spectra and the myosin-like spectra are influenced by

various other cellular constituents that would likely cause the addition of bands or degradation or

amplification of intensities in some spectral regions.
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To validate the spectra obtained from actin-rich and myosin-rich region in the cluster
analysis, we compared them with pure actin and pure myosin reference spectra and observed
actin-related bands at 1002 cm™ (v(C—C) ring breathing of phenylalanine), 1261 cm™ (amide 111
S(N-H) of proteins), 1444 cm™ (8(CH>) of proteins), and 1654 cm™ (amide I v(C=0) of proteins,
a-helical conformation) [50] (Figure 7.6D) and myosin-related bands at 1002 cm™ (v(C—C) ring
breathing of phenylalanine), 1444 cm™ (§(CHy>) of proteins), 1654 cm™ (amide 1 v(C=0) of
proteins, a-helical conformation) (shifted from 1670 cm-1 in reference myosin spectra) (not
shown), and 1336 cm™ (CH3CH twist) (shifted from 1320 cm™ in reference myosin spectra) (not
shown) [50, 51] (Figure 7.6E) in actin-like and myosin-like spectra, respectively. All major
bands of actin and myosin are represented in the actin-like and myosin-like spectra, and the
actin-like spectra appear to be less influenced by other cellular constituents as compared to
myosin. Thus, the cluster analysis can discriminate the actin and myosin regions in the tumor cell
clusters during progression. Cluster analysis of actin and myosin rich regions and corresponding
spectra are reported in Figures 7.7 and 7.8, respectively.

Collectively, these observations suggest that there are significant changes in the
intensities of distinctive biomolecules relative to the total Raman-active constituents in 2D and
3D cultures, suggesting the diagnostic potential of Raman microscopy for prostate cancer bone
metastasis.

7.4. Conclusions

The present study marks the first application of Raman spectroscopy to classify 3D in
vitro prostate cancer bone metastasis and to discriminate between cancer cells at different stages
of tumorigenesis. Our results show that lipid, aromatic amino acid, and extracellular matrix

components are involved in the staging of prostate cancer at the secondary bone site. Raman
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spectroscopic properties of prostate cancer metastasized at bone tissue can be effectively
translated into a great wealth of diagnostic information providing new insights into biochemical
and architectural changes of prostate cancer cells undergoing different stages to tumorigenesis.
Also, from the point of clinical applications, hand-held Raman imaging of tissues for diagnostics
at the patient level would be very valuable. Our methods suggest that the incorporation of Raman
spectroscopy and statistical techniques, such as PCA, makes the classification of cancer
progression straightforward.
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CHAPTER 8. SUMMARY AND CONCLUSIONS
In this dissertation, we report development of a biologically relevant, 3D tissue-
engineered breast cancer model tumor model that provides a unique
microenvironment mimicking the physiological cell-cell and cell-matrix interactions,
leading to more appropriate BrCa cell behavior in the later stage of cancer metastasis
in bone. The unique and distinct behavior of various cells lines including the high
metastatic MDA-MB-231 and the low metastatic MCF-7 was observed at the bone
metastasis site. The changes to migratory capabilities and invasiveness of MDA-MB-
231 in comparison to tumor growth with MCF-7 was directly observed on the 3D
model. Also, the model was able to be mimic MET stage of cancer metastasis, thus
providing a platform for studying later stage of breast cancer pathogenesis in bone.
In this dissertation, we showed that 3D in vitro model allows investigation of the
interactions between breast cancer cells and bone and facilitates quantification of
bone formation with different breast cancer cells. MCF-7 cells secrete ET-1, which
promotes osteoblastic differentiation via Wnt/B-catenin signaling and induces bone-
forming activity, leading to increased bone formation. Inactivation of Wnt/B-catenin
signaling by MDA-MB-231 secreted DKK-1 leads to inhibited bone formation
through down-regulation of osteoblast differentiation. Most importantly, the model
exhibited both inhibited and excessive bone formation with different cell lines,
mimicking bone lesions observed in breast cancer patients. Therefore, this model is
suitable for studying cellular mechanisms underlying the change during bone
metastasis. However, it should be noted that our model does not take the early phases

of bone metastases, such as local invasion, intravasation, dissemination via
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circulation, and extravasation into consideration. Thus, our data suggest that Wnt/f-
catenin pathway regulates osteogenesis at secondary bone site.

In this dissertation, we observed enhanced drug resistance to paclitaxel at the bone
metastasis site as compared to the cells not at the bone site. Our results showed that
breast cancer cells grown at 3D metastatic bone site not only require higher drug
concentrations than 2D cultures to achieve a comparable reduction in cell viability but
also exhibited increased resistance to apoptosis in response to paclitaxel. Upon
exploring the underlying mechanism of drug resistance, we noticed that elevated
levels of IL-6 secretion in the breast cancer culture at 3D metastatic bone site
activated STAT3 signaling, which inhibited apoptosis by upregulating expression of
anti-apoptotic Bcl-2 along with a substantial reduction in expression of tumor
suppressor gene p53 and upregulated expression of multidrug resistance-related genes
(MRP1, ABCG2) rendering cancer cells grown in 3D cultures drug-resistant. Taken
together, our data demonstrate that the 3D bone-mimetic nanoclay scaffolds-based in
vitro tumor model is a promising testbed for screening new therapeutics for breast
cancer bone metastasis. Also, our results indicate that the bone interface at metastasis
of breast cancer modulates drug resistance in breast cancer cells.

In this dissertation, we reported the evolution of nanomechanical properties of breast
cancer cells at metastases using quasi-static and dynamic nanoindentation methods.
We found that scaffolds-grown MCF-7 cells exhibited dramatic changes in elastic
modulus and demonstrated liquid-like behavior over time compared to MCF-7 as
received cells. In contrast, scaffolds-grown MM 231 cells neither showed significant

differences in elastic modulus nor exhibited liquid-like behavior over time as
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compared to as-received MM 231 cells. Scaffolds-grown MCF-7 cells were softer and
had a larger loss tangent (a measure of liquid-like behavior) than as-received MCF-7
cells, whereas elastic moduli and loss tangent values were similar for as-received and
scaffolds-grown MM 231 cells. From immunofluorescence and gene expression
analysis results, we observed that the significant reduction in elastic modulus together
with increased liquid-like behavior of scaffolds-derived MCF-7 cells compared to
MCEF-7 as received cells, was induced by depolymerization and reorganization of F-
actin to the adherens junctions. In contrast, scaffolds-derived MM 231 cells showed
insignificant changes in F-actin reorganization over time, as opposed to their as-
received counterparts. The significant reduction of F-actin during progression of
metastasis in MCF-7 cells at bone indicates a critical role of the highly viscoelastic
cytoplasm in MCF-7, leading to overall increase in loss tangent. The MM-231 cell
line does not exhibit this behavior. It is interesting to note that the pathogenesis of the
two cell cells is quite different clinically and here we demonstrate the use of a bone
scaffold testbed to create metastasis that can be captured through nanomechanical
evolution. Collectively, our data indicate that the nanomechanical properties of breast
cancer cells could be used as a possible biomarker of breast cancer progression at
metastases.

In this dissertation, we used FT-IR spectroscopy to identify spectral biomarkers of
cancer progression on 3D in vitro model of breast cancer bone metastasis. Results
demonstrate absorption bands in IR spectra of control monoculture and sequential
culture of cancer cells all received contributions from proteins, lipids, and nucleic

acids. Selected intensity ratios from the lipid region as well as the fingerprint region
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showed significant differences between monoculture and sequential cultures.
Significant changes were observed in the spectral correlations in the metastasis to
bone by use of MCF-7 and MDA-MB-231 cell lines, indicating that the proposed
spectroscopy method can be useful in capturing prognosis of nature of cancer
progression. Combining intensity ratios in FT-IR spectroscopy with principal
component analysis provided a method for monitoring of cancer progression on 3D in
vitro model. This method provides an understanding of the molecular composition of
different IR absorption regions and could serve as a useful non-invasive and cost-
effective tool in the clinical diagnosis of breast cancer bone metastasis.

In this dissertation, we employed Raman spectroscopy to classify 3D in vitro prostate
cancer bone metastasis model and to discriminate between MDA-PCa-2b prostate
cancer cells at different stages of tumorigenesis. Our results show that lipid, aromatic
amino acid, and extracellular matrix components are involved in the staging of
prostate cancer at the secondary bone site. Raman spectroscopic properties of prostate
cancer metastasized at bone tissue can be effectively translated into a great wealth of
diagnostic information providing new insights into biochemical and architectural
changes of prostate cancer cells undergoing different stages to tumorigenesis. Our
methods suggest that the incorporation of Raman spectroscopy and statistical
techniques, such as PCA, makes the classification of cancer progression

straightforward.
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CHAPTER 9. FUTURE DIRECTIONS

In this study, we report the development of a biologically relevant, 3D tissue-engineered

breast cancer model for studying bone metastasis using nanoclay based scaffolds. This study

provides a lot of new insight into the crosstalk between bone and metastatic breast cancer cells.

Based on the understanding gained about the interactions between breast cancer cells and bone

microenvironment during this work, the following suggestions can be made for future research.

In this dissertation, we have reported the mimicking the last stage of breast cancer
bone metastasis. Further experiments need to be carried out to verify the suitability of
our model for studying initial stages in metastatic progression, i.e., cellular/tumoral
dormancy. Besides, the complexity of our system can be increased by incorporating
immunological, hematopoietic, and vascular elements that are known to have critical
roles in regulating metastatic progression. Furthermore, incorporation of dynamic
fluid flow with the help of a bioreactor would help us understand the role of shear
stress on the phenotypic switch of breast cancer cells. Also, usage of patient-derived
breast cancer cells in the 3D in vitro model might help us to predict possible patient
outcomes to specific therapeutics.

In this dissertation, we showed that osteogenesis in the 3D in vitro model of breast
cancer bone metastasis is mediated by Wnt/p-catenin signaling pathway. MCF-7 cells
secrete ET-1, which promotes osteoblastic differentiation via Wnt/p-catenin signaling
and includes bone-forming activity, leading to increased bone formation. Inactivation
of Wnt/B-catenin signaling by MM 231 secreted DKK-1 leads to inhibited bone
formation through the down-regulation of osteoblast differentiation. Further, 3D in

vitro model exhibited mixed bone lesions with different cell types, mimicking bone
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lesions observed in breast cancer patients. However, it should be noted that our model
does not take the early phases of bone metastases, such as local invasion,
intravasation, dissemination via circulation, and extravasation into consideration.
Thus, our data suggested that the Wnt/B-catenin pathway regulates osteogenesis at the
secondary bone site. Further experiments need to be carried out to evaluate whether
this pathway also governs in the early phases of breast cancer bone metastasis. Also,
this study opens a window for targeting DKK1 and ET-1 as a therapeutic approach
for breast cancer mediated bone metastasis. Further studies could be planned to use
anti-DKK1 neutralizing antibodies such as BHQ880 (Novartis Pharmaceuticals), and
DKN-01 (Leap Therapeutics) to see if they could bring about a change in the outcome
of bone metastasis as they are already in use in clinical trials of multiple myeloma
and advanced biliary cancer, respectively [1, 2]. The therapeutic strategy for blocking
ET-1 has been in use for decades, mainly for pulmonary arterial hypertension (PAH),
by targeting ETAR or both ETAR and ETBR with small molecule antagonists,
selective peptide agonists/antagonists, and monoclonal antibody antagonists [3].
Blocking ET-1 has also been effective in various cancers. Therefore, blocking ET-1
using strategies mentioned above could have potential as a therapeutic approach for
bone metastasis.

In this dissertation, our results showed that breast cancer cells grown in 3D metastatic
bone site exhibited altered physiological and biochemical properties including
increased drug resistance, inhibited rate of apoptosis, enhanced expression of
multidrug resistance-related genes, and elevated levels of cytokine IL-6 and its

downstream effectors (STAT3) associated with drug resistance, as opposed to 2D
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monolayer cultures. Most importantly, STATS3, a potential biomarker for
chemoresistance in many cancers, was activated in our 3D breast cancer bone
metastasis model. Further studies need to be carried out by blocking either IL-6 or
STATS3 by anti-IL-6 mAb and Stattic, a small-molecule inhibitor of STAT3 activation
and dimerization, respectively [4].

In this dissertation, we have investigated the nanomechanical properties of breast
cancer cells during the disease progression at the secondary metastatic site using the
3D in vitro model that we have developed. We have shown that breast cells become
softer with the disease progression at the bone microenvironment due to F-actin
reorganization during establishment of cell-cell adhesion between adjacent cells.
Therefore, further studies need to be carried out using both experimental and
modeling approaches to investigate deformation behavior of F-actin at phases of
organization. Katti et al. showed the influence of the various cellular components on
mechanical behavior cells with the help of computational models [5]. Furthermore,
methods described in the dissertation could be translated into clinical studies in the
form of elastography. Elastography is a non-invasive medical imaging technique that
maps the stiffness and elastic properties of a tissue. It uses low frequency vibration
during ultrasound or magnetic resonance imaging (MRI) to measure stiffness of
organs inside the body.

In this dissertation, we evaluated the feasibility of vibrational spectroscopy
approaches such IR and Raman spectroscopy as diagnostic tools for bone metastasis
of breast and prostate cancer, respectively. FTIR-based method provided an

understanding of the molecular composition of different IR absorption regions and
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could serve as a useful non-invasive and cost-effective tool in the clinical diagnosis of
breast cancer bone metastasis. Raman spectroscopic properties of prostate cancer
metastasized at bone tissue can be effectively translated into a great wealth of
diagnostic information providing new insights into biochemical and architectural
changes of prostate cancer cells undergoing different stages of tumorigenesis. Also,
from the point of clinical applications, hand-held Raman imaging of tissues for
diagnostics at the patient level would be very valuable. Fiber-optic probes for in vivo
diagnostics by IR and Raman spectroscopy have been in use as optical tools for
guided biopsies, and disease characterization [6, 7]. These methods could be used in
conjunction with our spectroscopic markers to develop a robust, specific, and

relatively non-invasive technique for early detection of bone metastasis.
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APPENDIX
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Figure Al. L-D curves of as received MCF-7 cells at maximum displacement of 1000 nm.
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Figure A5. L-D curves of as received MCF-7 cells at maximum displacement of 2000 nm.
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Figure A5. L-D curves of as received MCF-7 cells at maximum displacement of 2000 nm
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Figure A5. L-D curves of as received MCF-7 cells at maximum displacement of 2000 nm
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Figure A5. L-D curves of as received MCF-7 cells at maximum displacement of 2000 nm
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Figure A6. L-D curves of scaffolds-derived MCF-7 cells (d5) at maximum displacement of 2000
nm.
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Figure A6. L-D curves of scaffolds-derived MCF-7 cells (d5) at maximum displacement of 2000
nm (Continued).
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Figure A6. L-D curves of scaffolds-derived MCF-7 cells (d5) at maximum displacement of 2000
nm (Continued).
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Figure A6. L-D curves of scaffolds-derived MCF-7 cells (d5) at maximum displacement of 2000
nm (Continued).
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Figure A7. L-D curves of scaffolds-derived MCF-7 cells (d10) at maximum displacement of
2000 nm.
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Figure A7. L-D curves of scaffolds-derived MCF-7 cells (d10) at maximum displacement of
2000 nm (Continued).
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Figure A7. L-D curves of scaffolds-derived MCF-7 cells (d10) at maximum displacement of

2000 nm (Continued).
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Figure A7. L-D curves of scaffolds-derived MCF-7 cells (d10) at maximum displacement of

2000 nm (Continued).
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Figure A8. L-D curves of scaffolds-derived MCF-7 cells (d15) at maximum displacement of
2000 nm.
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Figure A8. L-D curves of scaffolds-derived MCF-7 cells (d15) at maximum displacement of

2000 nm (Continued).
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Figure A8. L-D curves of scaffolds-derived MCF-7 cells (d15) at maximum displacement of
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Figure A8. L-D curves of scaffolds-derived MCF-7 cells (d15) at maximum displacement of
2000 nm (Continued).
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Figure A9. L-D curves of as received MM 231 cells at maximum displacement of 1000 nm.

289



As received MM 231

35 35
30 30
25 25
= 20 = 20
2 s T
© ©
o 10 o 10
S 5 S 5
0 0
5 200 400 600 800 1000 5 200 400 600 800 1000
-10 ) =10 :
Displacement (nm) Displacement (nm)
35
30
25
Z o =
2 s =
B ®
(@] 5 (@]
— il
0
5 200 400 600 800 1000
-10 . -10 .
Displacement (nm) Displacement (nm)

Load (uN)

5 200 400 600 800 1000
Displacement (nm)

Figure A9. L-D curves of as received MM 231 cells at maximum displacement of 1000 nm
(Continued).
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Figure A9. L-D curves of as received MM 231 cells at maximum displacement of 1000 nm
(Continued).
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Figure A9. L-D curves of as received MM 231 cells at maximum displacement of 1000 nm

(Continued).
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Figure A10. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of

1000 nm.
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Figure A10. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of
1000 nm (Continued).

294



Scaffolds-derived MM 231 (d5)

w
o

30

N
wv

25

20

N
o

= =
2 =2 s
o 10 b 10
(@] (o]
a5 - 5
0 + 0
Q0 200 400 600 800 1000 59 200 400 600 800 1000
Displacement (nm) Displacement (nm)
40 35
35 30
30 55
= s = 55
2 2 =2 &
R e
2 15 g .
S 10 9
5 5
0 0
5 0 200 400 600 800 1000 50 200 400 600 800 1000
Displacement (nm) Displacement (nm)
35
30
s
<
El 20
5 15
S 10
= |
5
0
s 0 200 400 600 800 1000

Displacement (nm)

Figure A10. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of
1000 nm (Continued).
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Figure A10. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of
1000 nm (Continued).
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Figure A11. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of
1000 nm.
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Figure A11. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of
1000 nm (Continued).
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Figure A11. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of
1000 nm (Continued).
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Figure A11. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of
1000 nm (Continued).
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Scaffolds-derived MM 231 (d15)
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Figure A12. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of
1000 nm.
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Figure A12. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of

1000 nm (Continued).
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Figure A12. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of
1000 nm (Continued).
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Figure A12. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of
1000 nm (Continued).
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Figure A13. L-D curves of as received MM 231 cells at maximum displacement of 2000 nm.
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Figure A13. L-D curves of as received MM 231 cells at maximum displacement of 2000 nm
(Continued).
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Figure A13. L-D curves of as received MM 231 cells at maximum displacement of 2000 nm

(Continued).
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Figure A13. L-D curves of as received MM 231 cells at maximum displacement of 2000 nm

(Continued).
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Figure Al14. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of
2000 nm.
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Figure Al14. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of
2000 nm (Continued).
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Figure Al4. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of
2000 nm (Continued).
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Figure Al4. L-D curves of scaffolds-derived MM 231 cells (d5) at maximum displacement of

2000 nm (Continued).
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Figure A15. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of
2000 nm.
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Figure A15. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of
2000 nm (Continued).
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Figure A15. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of
2000 nm (Continued).
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Figure A15. L-D curves of scaffolds-derived MM 231 cells (d10) at maximum displacement of

2000 nm (Continued).
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Figure A16. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of
2000 nm.
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Figure A16. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of
2000 nm (Continued).
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Figure A16. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of
2000 nm (Continued).
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Figure A16. L-D curves of scaffolds-derived MM 231 cells (d15) at maximum displacement of
2000 nm (Continued).
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