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Abstract

Deposition of the extracellular matrix protein tenascin-C is part of the reactive stroma response,
which has a critical role in prostate cancer progression. Here we report that tenascin-C is
expressed in the bone endosteum and involved associated with formation of prostate bone
metastases. Metastatic cells cultured on osteo-mimetic surfaces coated with tenascin-C exhibited
enhanced adhesion and colony formation as mediated by integrin a9p1. Additionally, metastatic
cells preferentially migrated and colonized tenascin-C-coated trabecular bone xenografts in a
novel system that employed chorioallantoic membranes of fertilized chicken eggs as host. Overall,
our studies deepen knowledge about reactive stroma responses in the bone endosteum that
accompany prostate cancer metastasis to trabecular bone, with potential implications to
therapeutically target this process in patients.
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INTRODUCTION

Local prostate cancer (PCa) that progresses and invades outside the gland preferentially
metastasizes to bone among other tissues (1). The formation of new micro metastases and

the subsequent growth of macroscopic tumors results in bone pain and potentially pathologic
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fracture. These metastases are primarily osteoblastic. The specific mechanisms that promote
metastasis to bone are not understood, however, the role of the microenvironment in bone
has been proposed as an important player in this process (1). Specifically, the mechanisms
that mediate colonization of prostate cancer cells to the bone endosteum and then promote
colony expansion are essentially unknown, however alterations in adhesion have been shown
to affect metastatic potential (2). The bone endosteum is a layer of cells lining the internal
trabecular bone and is composed of osteoprogenitor stem cells, resting and active
osteoblasts, and osteoclasts. The endosteum is the site of the osteoblastic niche in bone,
which has been shown to be important for hematopoietic stem cells self-renewal (3).
Importantly, this same endosteal osteoblastic niche has been shown to be the site of prostate
cancer metastases and data suggests that prostate cancer cells compete with hematopoietic
stem cells for this niche (4).

Tenascin-C is a hexameric extracellular matrix protein that is evolutionary conserved in the
order Chordata (5) and plays an essential role in the development of bone and the nervous
system (6,7). Interestingly, the expression of tenascin-C in adult, differentiated tissues at
homeostasis is negligible, but its deposition is essential for wound repair (8-10).
Importantly, tenascin-C is expressed at sites of new bone deposition by osteoblasts (11).
During bone development, tenascin-C was found in osteogenic cells that invade cartilage
during endochondral ossification and in the condensed osteogenic mesenchyme that form
new bone during intramembranous ossification and around new bone spicules. These studies
also showed that after bone formation, some tenascin-C remains located in the endosteum
surface; however, it is not found in the mature bone matrix (12). Important to the results of
the present study, elevated tenascin-C deposition is observed at sites of bone repair after
fractures (13).

In prostate cancer, tenascin-C is deposited early during cancer progression and is a key
hallmark of reactive stroma (14). Reactive stroma recapitulates a normal wound repair (15),
and is composed of a heterogeneous population of vimentin positive cancer associated
fibroblasts (CAFs) and myofibroblasts; cells derived from tissue-resident MSC that express
smooth muscle alpha actin and vimentin (\VIM) upon the influence of TGF-beta (16). This
tenascin-C enrichment of the tumor microenvironment affects cancer cell adhesion,
migration and proliferation (17). In this context, tenascin-c also exhibits immune suppressive
functions in tumors via regulation of cytokine/chemokine expression that affects
inflammation and the immune landscape (18).

The reactive stroma response in prostate cancer initiates early in the disease, during prostatic
intraepithelial neoplasia (PIN)(19) and is predictive of biochemical recurrence after
prostatectomy (20). Persistent deposition of tenascin-C by both CAFs and myofibroblasts
(21) may foster the progression of prostate cancer and initiation of metastasis via differential
adhesion patterns and transient EMT induction (22).

In the case of prostate cancer, metastases preferentially target bone (23). Following Paget’s
“seed and soil” hypothesis (24), the colonization of a secondary site by a cancer cell that has
successfully escaped the primary tumor site is dependent on a suitable environment
amenable to colonization. Therefore, the possibility arises that metastatic colonization
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initiates a reactive response at the secondary site (25), and/or an underlying pathology at the
secondary site created a “fertile soil” in which the metastatic foci preferentially colonizes.
Interestingly, the microenvironment changes present in prostate cancer bone metastases, in
the context of a reactive tissue phenotype, have not been characterized.

We report here a spatial association of human prostate cancer bone metastases with reactive
endosteum foci high in tenascin-C deposition and dissect the role of tenascin-C in regulating
adhesion and colony initiation. Selective adhesion and colony formation on bone/tenascin-C
surfaces was mediated by integrin a.9p1 in prostate cancer cells in novel human 3D
osteogenic organoids and in egg chorioallantoic membrane metastasis models that use
tenascin-C coated, humanized, bovine trabecular bone cubes. This work extends our
understanding of bone metastasis mechanisms in prostate cancer and identifies a9 integrin -
tenascin-C interaction as a key mediator.

MATERIALS AND METHODS

Bone Metastasis Tissue Microarray

Human bone metastasis tissue microarrays were constructed from the rapid autopsy program
at University of Michigan. TMA#85 contains 63 bone metastases samples, six liver
metastasis samples, three lung metastasis samples, and twelve prostate cancer samples,
representing a total of 32 patients. Tissue samples from bone metastasis include 10 patients
with bone marrow-associated lesions and 12 patients with Trabeculae associated metastatic
foci (in triplicate). This array was analyzed via immunohistochemistry for the reactive
stroma markers tenascin-C, pro-collagen I, smooth muscle alpha actin, vimentin, and
immune cell makers CD14 and CD68 (supplemental experimental procedures, supplemental
tables 1-2)

In Vitro MSC-Derived 3D Endosteal Organoid Model

Human adult mesenchymal stem cells (MSCs, Lonza) growing in T75 cell culture flasks
were trypsinized using standard protocols and washed twice with 10 ml of BFS media
(supplemental experimental procedures) by centrifugation (400 rpm, 3 min). The cell pellet
was re-suspended in BFS media to a concentration of 400,000 cells/300 pl or 800,000
cells/300 pl. Cell culture inserts (Millipore. Millicell-CM 12mm) were prepared as
suggested by the manufacturer and each chamber was seeded with 300 pl of the cell
suspension. After overnight incubation, once MSC spheroids were formed, the BFS media in
both the inner and outer chambers was substituted with complete osteogenic media (R&D
CCMO007 supplemented with CCM008). Osteogenic organoids were cultured for 7, 14, and
21 days, with media changes every two days. Control organoids were kept in BFS media for
the appropriate time points, with media changes every two days.

For cancer co-culture experiments, the media inside the insert was substituted with 300 pl of
cancer cell-specific media containing 4x10°cells (LNCaP, VCaP or PC3), and the media
outside each insert was replaced with 600 pl of the same media, as needed. Control
organoids were exposed to cancer-cell media alone. After 24 hours of incubation at 37°C,
5% CO, the media in the outside chamber was replaced with fresh media. Co culture
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samples were harvested after 48 hours and processed for histology and
immunohistochemistry (supplemental experimental procedures, supplemental table 3)

In vitro Trabecular Bone Scaffold culture system.

Nukbone ® (Biocriss S.A. de C.V. Mexico) bovine trabecular bone scaffolds, in either 200—
500 um particles or 0.5 cm cube were coated with human, full length tenascin-C (Millipore
Cat. No. CC06) or BSA control, by immersion of the bone fragments into a 100 pg/ml
solution of either protein for seven days. Coating was confirmed by immunohistochemistry
(Supplemental experimental procedures). For in vitro adhesion and proliferation
experiments, coated NukBone ® cubes were cultured with 250,000 VVCaP cells in DMEM/
F-12 1:1 (Invitrogen) containing 0.1% BSA, without antibiotics, using non-adhesive (CM)
inserts as described before.

Prostate Cancer Cell Lines Adhesion to Tenascin-C

Tenascin-C coating was done according to published protocols (26), with modifications.
Using a 0.5 mm cutting template (ICN Cat No 4215), we scored circles on the outside of the
bottom of the cell culture wells (Osteo Assay surface, 24 well plates. Cat. No. 3987
Corning® or Costar ® Non-treated, 6 well plates). In the case of the 6 well plate, 3 circles
per well were inscribed. These circles were used as guides for microscopical analysis of
coated surfaces. For coating, a 3 ul drop of human, full length purified Tenascin-C
(Millipore Cat. No. CCO06) at the appropriate concentration (0, 5, 10, 25, 50, 75, and 100 pg/
ml), in PBS pH 7.4, was applied in the center of each of the circles, and incubated 48 hours
at 37°C, until the droplets dried out. BSA at the appropriate concentrations was coated as
control. Tenascin-C coating was verified as follows: coated wells were incubated for 72
hours in DMEM/F-12 1:1 (Invitrogen) containing 0.1% BSA, without antibiotics at 37°C
and 5% CO,. Plates were then fixed with 4% paraformaldehyde for 20 min at room
temperature and tenascin-C was detected via immunocytochemistry (AP-Vector Blue,
supplemental experimental procedures).

Cells (VCaP, PC3 and LNCaP) were seeded at a density of 1x10° cells/cm? in their basal
media (DMEM/F-12 1:1 or RPMI) containing 0.1% BSA, without antibiotics. Cells were
allowed to adhere for 3 hours at 37°C and 5% CO, before washing all wells three times with
warm media. For imaging of adherent cells, fifteen micrographs at a 10X magnification were
acquired for each of the experimental conditions, making sure to image more than 90% of
the coated areas, quantification was performed with the cell counter function in the Image J
software (27).

Neutralizing of integrin a9B1 activity.—Integrin neutralization was done as according
to published protocols (28). In brief, VCaP cells were incubated in DMEM/F-12 1:1
(Invitrogen) containing 0.1% BSA, supplemented with a9p1 neutralizing antibody, clone
Y9A2 (Biolegend cat. No. 351603) or mouse isotype control (Mouse 1gG, Sigma-Aldrich
cat. No. 15381), at a concentration of 10 pg/ml for 30 min on ice before being seeded onto
the tenascin-C coated surfaces at a density of 2.2 x10° cells/cm?. As described before, cells
were allowed to adhere for 3 hr. before washing the wells and quantification of adherent
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cells. Knockdown of a9 expression via sSiRNA was conducted and verified as outlined in the
Supplemental experimental procedures (Supplemental table 4).

CAM — Humanized Bovine Bone Integrated Experimental System

This system used the chorioallantoic membrane (CAM) of the chicken egg as a host for a
xenograft composed of the “humanized” NukBone ® in combination with an organoid
consisting of a mixture of VVCaP cells (prostate cancer metastatic cell line) and the prostate-
derived mesenchymal stem cell hpMSC19I (16). Briefly, 8-day-old pathogen-free
embryonated eggs were prepared as previously described (29) to expose the CAM. A
neoprene ring was installed on top of the exposed CAM to delimit the xenograft location,
and 100 pl of attachment factor (Gibco) was added in the chamber and allowed to set. The
trabecular bone cube, coated with human tenascin-CC, is placed on top. The prostate cell
line-derived organoid (Supplemental Experimental Procedures) is deposited on this surface
as well, about 0.5 cm away from the bone scaffold. The egg is then placed in a humidity-
controlled incubator at 37°C for six days. Xenograft-bearing eggs were then incubated on
ice for 20 min to anesthetize the chick. Using a syringe equipped with an 18-gauge needle, 3
ml of ice cold 4% paraformaldehyde was carefully injected through the taped window, to
prevent contamination and touching the CAM/sample, to overlay the fixative over the CAM.
Eggs were incubated on ice for a total of 4 hours to euthanize the chicks. The CAM was then
dissected out in bulk. Tissues were placed in a 4-cm glass-bottomed cell culture dish
(MatTek P35G-0-20-C) containing 5 ml of cold 4% paraformaldehyde and incubated at 4°C
over night without shaking. Tissues were then washed with three changes of PBS (5 ml
each) for 5 minutes. Samples were then decalcified, paraffin embedded and sectioned
(Supplemental Experimental Procedures) taking care of embedding the xenograft with the
CAM in the most proximal side of the block. For analysis of metastatic colonization of the
trabecular bone fragment, 120 serial sections were acquired from each block, at a nominal
thickness of 5 pm, collecting two sections per slide for a total of 60 slides. One out of every
eight slides were then stained with hematoxylin and eosin (H&E). Following microscopic
evaluation for epithelial pockets associated with the bone, adjacent sections were analyzed
by immunohistochemistry studies to verify epithelial origin (pan-cytokeratin), and markers
of interest (human ITGA9). Number of foci per sample were counted based on the following
rubric: metastatic epithelial foci is defined as a) a collection of cuboidal cells that form
clusters on the surface of the trabecular bone or b) a layer of cuboidal cells, in direct contact
with the trabecular surface. Layers and clusters of cells, as previously described, that
associated to different trabeculae and were at least 200 microns apart were counted as two
separate foci. Layers and clusters of cells that associate to blood-like cells that rest atop the
bone fragment were not considered as foci.

In-ovo experiments followed approved protocols from the Institutional Animal Care and Use
Committee.

Statistical Analysis

Statistical analysis was carried out on Prism Software (Graph Pad).
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Cell counts for adhesion experiments were analyzed using one way ANOVA with Tukey’s
multiple comparisons test. ***p<0.001, *p < 0.05

gRT-PCR analysis was analyzed by two-way ANOVA. n = 3; *P < 0.05; **P < 0.01; ***P <
0.001.

CAM-Trabecular bone xenografts foci count data was analyzed using Student’s t test with
Welch correction ***p<0.001.

Identification of a Reactive Endosteum Phenotype in Trabeculae-Associated Metastatic
Foci of Human Prostate Cancer.

To assess a reactive phenotype in the context of bone metastasis, a human prostate cancer
bone metastasis tissue array (TMAS85 array, 63 metastasis samples, University of Michigan)
was evaluated using dual immunohistochemistry protocols as follows: Tenascin-C/vimentin,
smooth muscle alpha-actin/vimentin, pro collagen I/vimentin, as well as
immunohistochemistry for the immune markers CD14 and CD68 (Supplemental
experimental procedures). Image analysis revealed the bone metastasis can be classified into
two distinct groups: a) metastatic foci associated directly with the trabecular bone surface
and b) metastatic foci associated with a reactive marrow stroma but not on the bone surface.
Foci on the bone surface were associated with elevated immunoreactivity for tenascin-C in
the endosteum (Figure 1A, B), whereas smooth muscle alpha-actin staining was negligible
(Figure 1C). Of the 15 patients with trabeculae-associated metastasis, 11 showed trabecular
TNC deposition in at least two of the three samples present in the array (73%). Adjacent
areas immunoreactive to pro collagen | were observed in 69% of tenascin-C positive foci
(Figure 1B), with varying degrees of staining intensity from absent (Supplemental Figure
1A) to high (Supplemental figure 1B-D). We subsequently termed this the reactive
endosteum phenotype. In contrast, bone marrow associated metastatic foci were negative for
tenascin-C and procollagen deposition, and showed a substantial immunoreactivity to
smooth muscle alpha-actin in associated blood vessels (Figure 1C). Elevated staining
intensities of CD14 (Supplemental Figure 2A). and CD68 macrophages (Supplemental
Figure 2B) were also observed in trabeculae associated metastasis, when compared with
marrow associated foci.

Differentiation of Mesenchymal Stem Cells in non-Adhesive Conditions Produces 3D
Osteogenic Organoids.

To evaluate interactions of an activated endosteum and prostate cancer metastatic cell lines, a
human 3D osteogenic organoid model was generated. At seven days of osteogenic induction
in non-adherent conditions, human mesenchymal stem cells generated spheroids that
differentiated into hard, white, opalescent organoids. These organoids were apparently
tethered to the sides of the cell culture insert by distinct, fibrous, and flexible tendrils (Figure
2A). Histological analysis of 3D organoids revealed that a central mass of cells was
surrounded by a flat and compact layer of outer cells that were nearly identical to the
endosteum layer associated with trabecular bone (Figure 2A-H&E). These cells were

Cancer Res. Author manuscript; available in PMC 2021 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martin et al.

Page 7

positive for osteocalcin, alkaline phosphatase, and osteonectin (SPARC), confirming
osteoblast differentiation (Figure 2A). Interestingly, this layer was also positive for tenascin-
C deposition (Figure 2A). Immunoreactivity to smooth alpha actin, while present in control
organoids, was negative in osteo induced conditions (Supplemental Figure 3A, B). Finally,
control 3D organoids retain a soft, loosely aggregated structure (Supplemental Figure 4A)
with reduced viability as shown by TUNEL staining (Supplemental Figure 4B) and
immunohistochemistry for cleaved caspase 3 (Supplemental Figure 4C).

Prostate Cancer Cell Lines Preferentially Adhere to Tenascin-C high foci in 3D Osteogenic

Organoids.

Under co-culture conditions with the 3D osteogenic organoids, the prostate bone metastatic
cell line VCaP, exhibited selective attachment to foci high in tenascin-C high, localized
primarily on the endosteum tendrils (Figure 2B). Distinct branching of the endosteal tendrils
around the cancer clusters was observed in some samples. In stark contrast, co-culture of the
3D organoids with the metastatic line PC-3, which is osteolytic, resulted degradation of the
osteogenic organoid (Supplemental Figure 5A) creating holes in the matrix, and detachment
of the endosteum tendrils from the culture vessel wall. Endosteum tendrils that remained
showed the characteristic tenascin-C enrichment with clusters of cancer cells. LNCaP
prostate cancer cells (derived from a lymph node metastasis) adhered to the surface of 3D
osteogenic organoids and elicited a reactive degradation response of the endosteum
manifested as furrows in the underlying matrix (Supplemental Figure 5B).

Prostate Cancer Metastatic Cells Adhere to Tenascin-C in a Dose-Dependent Manner.

To assess whether bone metastatic prostate cancer cell lines would adhere preferentially to
tenascin-C, we used both non-treated, ultra-low adhesion cell culture plates and Osteo Assay
plates (pre-treated with osteo-mimetic calcium phosphate) that were coated with increasing
concentrations of human tenascin-C. A stable coating with tenascin-C was verified via
immunocytochemistry (Figure 3A, B). At 3 hours of incubation in serum-free medium, we
observed a differential and concentration-dependent adhesion of VCaP cells with an optimal
adhesion observed with a coating of 75 pg/ml of tenascin-C (Figure 3C). Furthermore,
adhering VVCaP cells proliferated and formed three dimensional foci at 72 hours of culture in
serum-free media conditions (Figure 3A, Supplemental Figure 6A). Interestingly, the
osteoclastic cell line PC3, and the lymph node-derived cell line LNCaP did not show
enhanced adhesion to tenascin-C under these conditions (Supplemental Figure 6B, C
respectively), and adhere to the substrate at significantly lower levels than VVCaP
(Supplemental Figure 6D).

VCaP cells grown on tenascin-C coated Osteo Assay plates adhere readily to the surface,
showing spreading as early as 3 hours after seeding (Figure 3B), and were also able to
develop three dimensional foci at 72 hours of culture in serum free conditions. Cells seeded
on tenascin-C coated osteo mimetic plates adhere and initiate proliferation upon seeding,
whereas control cultures exhibit a lag time of approximately 15-18 hours (Figure 3D).
Thereafter, both experimental and control cells proliferate at approximately the same rate.
Cultures on tenascin-C plates also reach a higher population density compared to control,
with both groups seeded in serum-free media (Figure 3D). In addition, elevated population
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density was confirmed with VCaP cells seeded onto human tenascin-C coated trabecular
bone scaffolds (NukBone ®) as compared to control conditions in both serum free and low-
serum culture conditions (Supplemental Figures 7A, B respectively) as shown via MTT
assay (Supplemental Figure 7C). These trabecular bone scaffolds (Supplemental Figure 8A)
readily absorb a stable coating of tenascin-C (Supplemental Figure 8B). Finally, VCaP cells
form three dimensional colonies on these tenascin-C-coated scaffolds in non-serum culture
conditions (Supplemental Figure 8C)

Integrin a9p1 is Essential for Adhesion of Prostate Cancer-Derived Metastatic Cells to

Tenascin-C

Owning to the rapid adhesion observed in both the low adhesion and osteo mimetic,
tenascin-C coated cell culture conditions, we hypothesized that metastatic cell lines
exhibited integrin profiles that mediated interaction with tenascin-C. Thus, a cohort of
prostate cell lines (PNT1A, BPH1, LNCaP, VCaP, PC3, 22RV1, Dul45, and LNCaP C4-2B)
were profiled for expression of integrins known to mediate tenascin-C binding. A relatively
high expression level of a9 integrin was noted in VVCaP cells (Figure 4A and Supplemental
Figures 9-10), which was later confirmed via immunohistochemistry for the a9p1 dimer in
cells associated with 3D osteogenic organoids (Figure 4B). Further, IHC analysis showed
cells immunoreactive to integrin a9 in 74% of the cancer foci associated with tenascin-C in
the TMABS tissue array samples (Figure 4C). Finally, both neutralization of the a9p1
integrin dimer via neutralizing antibodies (Figure 4D, E) and knockdown of the a9 subunit
gene expression with siRNA (Figure 4F-G, Supplemental Figure 11A-B, Supplemental
Table 5, and experimental procedures), ablated VVCaP adhesion to tenascin-C coated osteo
mimetic surfaces. Together, these data support the hypothesis that the a9p1 integrin plays an
important role in the adhesion and colonization of prostate cancer cells in the bone
metastatic niche.

Tenascin-C Induces Chemotaxis and Colony Formation of VCaP in a Chorioallantoic
Membrane (CAM) — Humanized Bovine Bone Integrated Experimental System

To model the interactions between reactive endosteum on trabecular bone and metastatic
cancer cells, we developed an /n ovo xenograft system in which a human tenascin-C-coated
trabecular bovine cube was co-cultured in close proximity to an organoid (Figure 5A)
comprised of bone metastatic cells (VCaP) and human prostate-derived mesenchymal stem
cells (hpMSC 19-1) on a chicken egg chorioallantoic membrane (CAM).

A mixture of VCAP and of hpMSC191 was cultured overnight under non-adhesive
conditions to produce 3D organoids as we have reported previously (16) (Supplemental
Experimental Procedures). This mixture of cells starts contraction and segregation into
distinct epithelial and stromal compartments as early as three hours after seeding (Figure
5A, B, C). At this early time point, it is possible to detect the epithelial compartment via
immunohistochemistry for pan cytokeratin and androgen receptor (AR) (Figure 5D). These
3D organoids were placed on the CAM of the fertilized chicken egg, along with Nukbone ®
bovine trabecular bone cubes coated with either tenascin-C or BSA as control, as previously
described (Figure 5E, F).
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After six days of /in ovoincubation, trabecular bone cubes recruited CAM blood vessels that
infiltrate into the trabecular bone cube in a tenascin-C independent manner (Figure 5G).
Tenascin-C coated trabecular bone cubes show colonization of VVCaP cells, identified by
expression of human a9 integrin, indicating these cells migrated from the organoid towards
to scaffold (Figure 5 H, 1). Quantification of foci revealed that VVCaP preferentially migrate
to tenascin-C coated bone fragments as compared with BSA coated controls (Figure 5J).

Tenascin-C Elicits the Production of Collagen Xllal in Metastatic Prostate Cells.

To assess potential downstream effectors of tenascin-C induced biology, two-dimensional
RP/LC-MS analysis in VCaP cells cultured on tenascin-C coated Osteo Assay plates was
conducted (Supplemental Experimental Procedures). An increase in production of Laminin
Subunit Beta 2 (LAMB2), Optineurin (OPTN), Golgi Associated, Gamma Adaptin Ear
Containing, ARF Binding Protein 1 (GGAL), Phospholipase D Family Member 3 (PLD3)
and Palmitoyl-Protein Thioesterase 2 (PPT2) was observed (Figure 6A). Of relevance, a
distinct increase (30-fold) of collagen12, alphal (COL12A1) protein was noted and
subsequently confirmed in VCaP grown on 3D osteogenic organoids using IHC (Figure 6B).
Ablation of adhesion to tenascin-Coated osteo plates via sSiRNA knock down of integrin a9
resulted in a decrease of transcript for COL12A1 in VCaP cells cultured on tenascin-C
coated osteo mimetic surfaces (Figure 6C), suggesting a direct link between cell binding and
this osteogenic collagen production by the epithelial cell.

DISCUSSION.

We report a reactive endosteum phenotype that accompanies trabecular bone-associated
prostate cancer metastasis, characterized by elevated deposition of tenascin-C and collagen 1.
Although its expression is limited in adult differentiated bone, tenascin-C plays an essential
role in bone repair processes such as the formation of granulation tissue during fracture
repair, in osteogenic differentiation, mineralization and bone remodeling due to mechanical
load (13,30,31). Further, bone stromal cells and osteoblasts show increased tenascin-c
expression upon in vitro co-culture with prostate cancer-derived cell lines (32) suggesting
that tenascin-c deposition could arise as a response to metastatic colonization. It has been
previously suggested that prostate metastatic cells compete with hematopoietic stem cells for
their niche in bone (33), a niche that has been shown to be enriched in tenascin-C during
activation (34). Our studies show that bone metastatic prostate cancer cells differentially
adhere, proliferate more rapidly and form 3D colonies in tenascin-C coated osteo mimetic
surfaces. Further, in a 3D osteogenic organoid model, prostate cancer cells preferentially
attach at sites high in tenascin-C /n vitro and tenascin-C coated bone fragments show
enhanced metastatic colonization in an in ovo xenograft approach.

It is also important to note that the interaction of integrins with tenascin-C is mediated
through the IDG and RGD sequences within the third fibronectin type I11 repeat in human
tenascin-C (35). Of interest, the fibronectin type 111 repeat of mouse tenascin-C lacks the
IDG and RGD sequences (35). It is possible that lack of these sequences in mouse tenascin-
C may explain, in part, why transgenic mouse models of cancer rarely metastasize to bone or
why injection of human cancer cells in immune compromised mice rarely metastasize to
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bone. In contrast, studies where human fetal bone fragments were implanted into SCID mice
showed preferential metastasis of tail vein-injected human prostate cancer cells to human
bone fragments as compared with implanted mouse bone or endogenous mouse skeleton
(36). In light of our results, this is not surprising, as tenascin-C expression is high in fetal
human bone (11,12).

Repetitive bone loading in normal life leads to microscopic cracks or micro fractures in bone
that undergoes subsequent bone repair processes. In humans, these micro fractures increase
with age in an exponential manner (37). Tenascin-C is overexpressed in endosteum
undergoing bone repair (13). In many cancer foci, we observed elevated tenascin-C
deposition in the endosteum of the trabeculae represented in the section, not just in the
immediate region occupied by foci of cancer cells. It is possible that prostate cancer cells
preferentially colonize the tenascin-C high reactive endosteum of bone trabeculae that are
undergoing the normal process of micro fracture repair as a function of aging. In this
scenario, data reported here might suggest that cancer cells may not induce the reactive
endosteum, rather an existing micro fracture-associated reactive endosteum is a preferential
site for seeding of metastatic cells and colony initiation / formation. Since tenascin-C is
highly deposited in the reactive stroma of primary prostate cancers (14), it’s possible that
cancer cells acquire a tenascin-C addiction prior to metastasis to bone.

It is estimated that 15% of the male population will develop invasive prostate cancer in the
United States (38). In most cases, resection of the primary tumor and concomitant therapies
grants a fifteen-year recurrence-free survival. Biochemical recurrence, as refers to elevated
prostate specific antigen (PSA) levels is usually the first sign of prostate cancer progression,
which is followed by distant metastasis in about 5% of patients. Interestingly, distant
metastasis occurs 8-10 years after biochemical recurrence (39). The mechanisms that
mediate this delay in metastatic development are not understood. Evidence suggests that
tumor cells disseminate from prostate cancer in as many as 25% of patients with localized
disease and that higher concentrations of these cells in blood negatively correlate with
survival (40). However, it has been proposed that disseminated cancer cells become dormant
in the secondary site microenvironment through several mechanisms (41,42). \We propose
that the tenascin-C rich osteo environments used throughout our study model a normal age-
related or androgen ablation-induced bone loss (43,44) and/or subsequent incidence of
subclinical micro-fractures. In this context, production of tenascin-C necessary for repair
occurring at proximal site to a dormant foci might trigger their escape from dormancy, via
differential cellular adhesion, consistent with previous findings (45).

Importantly, this study also provides evidence that metastatic prostate cancer cells interact
with tenascin-C in the endosteum via the integrin a9p1 dimer (ITGA9 — ITGBL1), as ablation
of its activity via SiRNA or neutralizing antibodies inhibits cell spreading on tenascin-C
coated osteo surfaces. Further, integrin a9 positive cells are present at prostate metastatic
foci enriched with tenascin-C in human samples (Figure 5). Integrin a9p1 has been
previously implicated in the induction of metastatic phenotypes in cancers where the
primary tumor is also enriched in tenascin-C expression, such as breast (46-48), lung (49)
and colon (50). Of key interest, a9p1 mediates the interaction between the hematopoietic
stem cell and a tenascin-C -rich niche in the endosteum (34). Integrin a9p1 also plays a
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critical role in extravasation of neutrophils (51). Hence, the same integrin identified in the
present study has been shown to mediate extravasation events and bone marrow colonization
events in other normal cell types.

We also show here a significant induction in COL12A1 production by a prostate epithelial
metastatic cell line (VCaP), which results from contact with tenascin-C on osteo mimetic
surfaces. Collagen Xlla (COL12A1) is a member of the fibri-associated collagens with
interrupted triple helices (FACIT) family, where it contributes to the organization and
mechanical properties of collagen fibrils (52). COL12A1 is present throughout
mesenchymal tissues during development, but it is restricted to fascia and basement
membranes in dermis, kidney and muscle in adult organisms; a distribution that is conserved
throughout vertebrate species (53). In bone development, a knock out mouse model for
COL12A1 shows shorter, thinner long bones with low mechanical strength as well as
decreased bone matrix deposition (54). COL12A null osteoblasts differentiate slower with
poor mineralization, showing abnormal polarization; a role in the establishment of cell-cell
interactions during bone formation has been implicated (55). Given the predominantly
osteoblastic nature of prostate cancer is enticing to hypothesize that tenascin-C induced
production of COL12A1 in metastatic cells would stimulate osteoblast differentiation and
osteoid deposition at metastatic sites.

In conclusion, given that the reactive microenvironment response is essential for prostate
cancer progression our work on characterizing the reactive response in the bone
microenvironment, and what effect it has on metastasis addresses a major gap in the field.
Hereof, we identify tenascin-C as an extracellular component of the osteoblastic niche that
fosters the colonization and growth of trabecular-associated bone metastasis. In vitro and in
vivo studies established that metastatic cells bearing integrin a9p1 selectively migrate and
colonize bone enriched in tenascin-C, suggesting that therapies aimed at blocking this axis
will positively impact the outcome for patients with metastatic prostate cancer.
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Trabeculae associated Bone Marrow associated

TNC
VIM

Figure 1. Characterization of the reactive endosteum phenotypein prostate derived bone
metastasis

Bone metastasis tissue arrays were stained for reactive stroma markers. Characteristic
trabeculae — associated and bone marrow metastasis samples shown. Metastatic foci denoted
with arrows. Scale bar 100 um.

A) Tenascin-C (AP-Vector Blue)-Vimentin (HRP-Nova Red)

B) Pro Collagen | (AP-Vector Blue)-Vimentin (HRP-Nova Red)

C) Smooth Muscle Alpha Actin (AP-Vector Blue)-Vimentin (HRP-Nova Red)
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Differentiation
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Figure 2. M SC-derived osteogenic organoid and itsinteractionswith the prostate cancer -
derived metastatic cell line VCaP.

A mesenchymal stem cell-derived osteogenic three-dimensional spheroid model was
developed to generate a fully defined, human model system where cancer and endosteum
compartments are easily manipulated.

A) Experimental protocol for organoid development. After seven days of induction,
organoids turn hard and opalescent, and develop endosteal tendrils. Bright field image, scale
bar 200 um. The osteogenic organoid expresses osteoblast-specific markers: IF. Osteocalcin
(BGLAP) FITC. DAPI nuclear counterstain. H&E. IHC alkaline phosphatase (ALPL),
osteonectin (SPARC) and tenascin-C (TNC) Scale bar 100 pum.

B) Co-culture of the osteogenic organoid with the metastatic cell line VCaP. Cancer cells (*)
associate at the sites of highest tenascin-C deposition, closer to the endosteal tendrils (T).
Bright field. Scale bar 500 um. H&E scale bar 250 um and 50 um. IHC Tenascin-C, Scale
bar 50 pm.
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Figure 3. VCaP adhesion and spreading in ultra-low attachment and osteo mimetic platesis
enhanced by tenascin-C coating.
A) VCaP adhesion in ultra-low attachment plates. Confirmation of tenascin-C coating by

immunocytochemistry (AP-Blue). VCaP attachment (3 hours) in tenascin-C or BSA control.
Note that cells flatten out and spread on tenascin-C and they do not lift from ULA plates
after washing. Scale bar 25 um

B) VCaP adhesion in osteo mimetic plates. Confirmation of tenascin-C coating by
immunocytochemistry. VCaP attachment (3 hours) to tenascin-C Scale bar 25 um.

VCaP culture on tenascin-C coated surfaces form three dimensional foci in non-serum
containing media at 48 hr. regardless of culture surface type. Scale bar 50 pm

C) VCaP attachment to tenascin-C is concentration dependent. Summary of three
independent experiments analyzing cell number after 24-hour culture in osteo surfaces, data
represents mean values £SEM. ***p<0.001

D) VCaP cells attach and initiate proliferation sooner on tenascin-C coated osteo mimetic
plates and reach higher density relative to control (BSA-coated) conditions in serum-free
media. Summary of four independent experiments analyzing cell proliferation on osteo
surfaces via MTT assay, data represents mean values +SEM, p<0.0001.
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Figure 4. VCaP adhesion to tenascin-C ismediated by a9p1 integrin.
A) The metastatic prostate cell line VCaP expresses a significantly higher amount of integrin

alpha nine when compared to other prostate cell lines. RT-QPCR Data represents mean
values £SEM, **** p<0.0001

B) Staining for the a9p1 dimer in the osteogenic organoid co culture. Scale bar 100 pm

C) Staining for a9 Integrin (Texas Red) in the human metastasis prostate array. Image shows
an adjacent section to the sample shown in Figure 1. Metastatic foci (*) shown associated to
trabecular bone (T). ITGA9 cells denoted by arrows. Scale bar 100 pum.
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D) Neutralization of a9p1 via a neutralizing antibody ablates attachment to tenascin-C in
VCaP.

E) Summary of three independent a9p1 neutralization experiments on tenascin-C coated
osteo surfaces data represents mean values £SEM. ***p<0.001

F) Neutralization of alpha 9 integrin via SIRNA ablates VVCaP attachment to tenascin-C
G) Summary of three independent a9p1 knockdown-adhesion experiments on tenascin-C-
coated osteo surfaces, data represents mean values +SEM.*p<0.05.
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Figure 5. The CAM- Humanized Bovine Boneintegrated experimental system shows preferential
cancer cell chemotaxisand colonization bone scaffolds enriched in tenascin-C

A) Graphic representation of the prostate epithelial-stroma organoid structure. Distinct
hpMSC 19-1 (stroma) internal compartment self-segregates from an epithelial mantle.

B) Formation of the prostate epithelial-stroma organoid. A mixture of hpMSC 19-1 and
VCaP is seeded in suspension in non-adhesive conditions. Two hours after seeding, the
organoid contracts and segregation of the epithelial (*) and the stromal compartments occurs
(Stromal-epithelial border highlighted by dotted line). Images captured with the CytoSmart
live cell imaging system (Lonza).
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C) Bright field image of the organoid at 24-hour incubation. Scale bar 500 um

D) Serial sections of the prostate organoid: H&E. IHC for androgen receptor (AR) and pan-
cytokeratin (PCK) denote the epithelial compartment of the organoid. Scale bar 100 pm

E) Experimental setup of the /n ovo xenograft system

F) Trabecular bone scaffold /i ovo. Inset: Trabecular bone scaffold. Scale bar 5 mm

G) Bulk dissection of the xenograft. Tenascin-C coated bone xenograft after 6 days of
incubation /n ovo. The bone fragment associates with the CAM. Blood vessels infiltrate the
trabecular bone xenograft. Scale bar 2.5 mm

H, 1) Serial sections of CAM associated-bone xenograft is colonized by VCaP. H&E, IF a9
integrin (Texas Red), tissue counterstained with DAPI scale bar 100 um

J) Summary of eight independent experiments (19 tenascin-C samples, 15 control),
analyzing the number of VVCaP foci associated to bone xenografts shows preferential
recruitment to tenascin-C coated scaffolds. ***p<0.001
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Figure 6. Differential protein expression in VCaP cultured in tenascin-C-Osteo plate.
A) Mass spectrometry reveals enhanced expression of Collagen 12A and Laminin beta 2

subunit in VCaP because of culture on tenascin-C coated osteo surfaces

B) VCaP that associate with the osteogenic organoid express COL12A1. IHC COL12A1
C) Ablation of adhesion via Integrin a9 knock out decreases expression of COL12A1 in
VCaP when cells are cultured on tenascin-C coated osteo mimetic surfaces. Summary of
three independent RT PCR studies on the expression of COL12A1 upon ITGA9 knock out
*p<0.05

Cancer Res. Author manuscript; available in PMC 2021 May 03.




	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Bone Metastasis Tissue Microarray
	In Vitro MSC-Derived 3D Endosteal Organoid Model
	In vitro Trabecular Bone Scaffold culture system.
	Prostate Cancer Cell Lines Adhesion to Tenascin-C
	Neutralizing of integrin α9β1 activity.

	CAM – Humanized Bovine Bone Integrated Experimental System
	Statistical Analysis

	RESULTS
	Identification of a Reactive Endosteum Phenotype in Trabeculae-Associated Metastatic Foci of Human Prostate Cancer.
	Differentiation of Mesenchymal Stem Cells in non-Adhesive Conditions Produces 3D Osteogenic Organoids.
	Prostate Cancer Cell Lines Preferentially Adhere to Tenascin-C high foci in 3D Osteogenic Organoids.
	Prostate Cancer Metastatic Cells Adhere to Tenascin-C in a Dose-Dependent Manner.
	Integrin α9β1 is Essential for Adhesion of Prostate Cancer-Derived Metastatic Cells to Tenascin-C
	Tenascin-C Induces Chemotaxis and Colony Formation of VCaP in a Chorioallantoic Membrane (CAM) – Humanized Bovine Bone Integrated Experimental System
	Tenascin-C Elicits the Production of Collagen XIIa1 in Metastatic Prostate Cells.

	DISCUSSION.
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

