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ANNUAL RESEARCH REPORT (DAMD W81XWH-16-1-0523): 

1. INTRODUCTION:

This project is focused on understanding the mechanisms through which the interactions of 
integrin alpha9beta1 with tenascin-C act to mediate metastasis of prostate cancer cells to bone.  
Bone is the primary site for prostate cancer metastasis, yet mechanisms are essentially unknown 
and there are very limited and ineffective therapeutic approaches currently available.  The overall 
goal of the project is to dissect and discover key mechanisms in order to develop more effective 
therapeutic approaches.  The project uses several models developed in our laboratory that have 
been published.   

2. KEYWORDS:

Prostate Cancer 
Bone Metastasis 
Integrin alpha9beta1 
Tenascin-C 
Bone Metastasis Models 
FAK Signaling 
Cell Migration 

3. ACCOMPLISHMENTS:

3a.  What were the major goals of the project? 

The major goals of the project align with the approved SOW as stated below. 

Major Task 1: Generate engineered prostate cancer cell lines with regulated knockdown of alpha 
9 integrin and examine how loss of alpha 9 alters adhesion, phenotype and growth rates of PCa 
cells using in vitro models. 

Subtask 1: Generate engineered prostate cancer cell lines with IPTG-regulated shRNA for 
integrin alpha 9 knockdown and control (scrambled) engineered cells.  Cell lines used: VCaP and 
C4-2B cells.  Verified VCaP in Rowley laboratory presently.  C4-2B will be requested from Dr. 
Leland Chung and verified (MDA PCa 2bfrom ATCC may be used as an alternate).  

Subtask 2: Generate efficient siRNA knockdown for FAK, c-SRC, WNK1 and SSAT. Cell lines 
used: VCaP and C4-2B cells.  Verified VCaP in Rowley laboratory presently.  C4-2B will be 
requested from Dr. Leland Chung and verified (MDA PCa 2bfrom ATCC may be used as an 
alternate). 

Subtask 3: Evaluate the effects of integrin alpha 9 stable knockdown (shRNA) and FAK, c-SRC, 
WNK1 and SSAT (transient knockdown with siRNA) and the effects of relevant drug inhibitors 
on the adhesion, phenotype, and growth properties of prostate cancer cells on osteomemtic 
plates, 3D organoids and TBC in vitro cancer-bone interaction models.   
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Cell lines used:  VCaP and C4-2B cells.  Verified VCaP in Rowley laboratory presently.  C4-2B 
will be requested from Dr. Leland Chung and verified (MDA PCa 2bfrom ATCC may be used as 
an alternate).  
 
Major Task 2:  Demonstrate how integrin a9b1 affects tumor growth and metastasis using in 
vivo models  
 
Subtask 1:  Complete and submit ACURO documents.  
 
Subtask 2: Generate Xenograft models of engineered PCa cells with stable (inducible shRNA) 
knockdown of integrin alpha 9 using implanted 3D organoids and TBCs in nude mice and track 
for tumor growth.  Cell lines used:  Engineered VCaP and C4-2B cells from Aim 1.  Verified 
VCaP in Rowley laboratory presently.  C4-2B will be requested from Dr. Leland Chung and 
verified (MDA PCa 2bfrom ATCC may be used as an alternate).  Mice used:  9 mice/set and 4 
sets of experiments per 3D organoid (36 mice) and per TBC (36 mice) + 36 mice to verify with a 
secondary PCa cell line. = 108 mice 
 
Subtask 3: Generate and evaluate an in vivo metastasis model using implanted 3D organoid and 
TBC models and engineered prostate cancer cells injected intracardially for effects of knocked 
down alpha 9 integrin.  Cell lines used:  Engineered VCaP and C4-2B cells from Aim 1.  
Verified VCaP in Rowley laboratory presently.  C4-2B will be requested from Dr. Leland Chung 
and verified (MDA PCa 2bfrom ATCC may be used as an alternate). 
Mice used:  9 mice/set and 4 sets of experiments per 3D organoid (36 mice) and per TBC (36 
mice) + 36 mice to verify with a secondary PCa cell line. = 108 mice 
 
 3b.  What was accomplished under these goals? 
 
Major Task 1, Subtask 1:  The major activities during this reporting period were to address and 
complete Major Task 1, Subtask 1 proposed experiments. As proposed, we completed all the 
studies with testing siRNAs for successful knockdown and showed that these had the same effect 
as the neutralizing antibody to alpha 9 integrin.  To complete Major Task 1, Subtask 1, we have 
generated VCaP cell lines with stable and inducible knockdown of alpha 9 integrin expression 
(mRNA).  We experienced some initial difficulties and delays with the first round of vector 
development and cell engineering.  For this we generated six shRNA sets (two were scrambled 
and four were shRNA specific for alpha 9 sequences).  We had several difficulties with viability 
and growth of infected VCaP cells.  We suspect there was difficulty with the particular viral 
backbone undergoing recombination that led to cell viability issues.  For the second round of 
development and screening, we used a new vector backbone (tet-inducible) and the same 
scrambled and specific shRNA sequences.  Engineered VCaP cells were derived via puromycin 
selection.  The second round of engineering produced VCaP lines with inducible knockdown.  
We are in the process of verification for tet-inducible knockdown of gene expression and 
knockdown efficiency.  Of two positive clones, one shows tet-inducible knockdown of alpha 9 
integrin expression and the other clone shows, paradoxically, a tet-inducible increase of alpha 9 
expression.  Although this was not intended, this clone will be useful for addressing specific 
mechanisms in subsequent experiments.  The scrambled, control shRNA clones show no effect, 
as expected.  We are in the process of developing additional clones of VCaP cells with tet-
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inducible alpha 9 integrin knockdown, as proposed.  We will next verify knockdown via 
examining protein levels, as proposed.  As outlined in the proposal, all experiments will be 
conducted with VCaP cells and key results will be validated using LNCaP derivative C4-2B cells 
and then with MDA PCa 2b cells, as each are bone metastatic prostate cancer cell lines.  
 
In addition to the proposed study, we plan to also produce VCaP cells that are null (knockout) for 
alpha 9 integrin using CRISPR/Cas9 gene editing protocols.  We expect this to be completed in 
the next 2 months.  This was not proposed in the original application; however, we feel this will 
be a good secondary method to assure complete knockout of alpha 9 protein.  This will become 
important in order to verify studies with the inducible shRNA approach.  We are experienced 
with CRISPR-Cas knockdown and have successfully engineered cells previously.  We do not 
expect any particular difficulty in completing Subtask 1 in the next 2 months. 
 
Major Task 1, Subtasks 2 and 3:  We have made progress on Major Task 1, Subtasks 2 and 3 but 
have not yet completed experiments.  We have acquired most of the antibodies, siRNAs, and 
small molecule inhibitors (drugs) as proposed for each Subtask.  We are in the process and 
planning to fully evaluate each one for efficacy prior to use for the specific proposed 
experiments.   We experienced a delay in conducting experiments due to the delay in engineering 
cell lines as discussed in Subtask1.  We anticipate moving forward rather quickly once additional 
cell lines have been engineered.  Based on our stated Milestone timeline in the approved 
Statement of Work (SOW) we are on pace to complete these studies as proposed. Milestone: 
"Determination of how integrin alpha 9 and downstream mediators FAK, c-SRC, WNK1 and 
SSAT may affect prostate cancer cell adhesion, phenotype and growth on models of bone 
surfaces in vitro".  "MONTHS 12-18".   We plan to complete Subtasks 2 & 3 in the next 6-9 
months. 
 
Major Task 2, Subtask 1:  We have also completed Major Task 2, Subtask 1, acquiring ACURO 
approval for this project. 
 
Major Task 2, Substasks 2 and 3:  The proposed studies involve in vivo approaches and depend 
on developing the engineered cell lines generated during Major Task 1 studies.  We anticipate 
Major Task 2 to be completed on time in year 02 and 03.   
 
Other studies have been completed that do affect the proposed Major Task 2 studies.  As part of 
another funded project, we have made progress on a model system that will impact the Major 
Task 2 studies in year 02 and 03.  We have generated a chicken egg chorioallantoic membrane 
(CAM) model, whereby organoids of human prostate cancer / mesenchymal stem cells are placed 
onto the CAM of a fertilized chick egg and incubated with a bovine trabecular bone cube (TBC) 
coated with either control protein (BSA) or human tenascin-C.  These studies show that prostate 
cancer cells preferentially migrated to and formed colonies on the tenascin-C coated TBC, as 
compared to the control TBCs.  Although not proposed in the original application, use of this 
model will be important to Major Task 2 of the SOW, as we can use this unique in vivo model to 
verify the mouse in vivo studies, as originally proposed.  Moreover, the CAM model will help us 
tease out mechanisms in a much more easily manipulated in vivo model system.  We anticipate 
doing this in addition to the originally proposed studies in Major Task 2, as one of our additional 
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/ supplemental approaches to verify data.  This model has now been published.  See attached 
manuscript that is now in press (San Martin, et al., 2017, Cancer Research, In press). 
 
 3c.  What opportunities for training and professional development has this project 
 provided? 
 
The project has been developed as a component of Ms. Linda Tran's Ph.D. Thesis project.  She is 
supported 50% by this project.  Results have been discussed with her Thesis Advisory 
Committee.   
 
 3d.  How were results disseminated to communities of interest? 
 
We are just completing year 01, therefore data has not been presented at a national meeting. 
Results have been discussed in intra-lab meetings.  In addition, results have been discussed in 
our Bone Metastasis focus group in the Dan L Duncan Comprehensive Cancer Center at Baylor 
College of Medicine. 
 
We have published the foundational information that this project was based on.  Data in this 
manuscript was presented as preliminary data in the grant application.  See attached manuscript 
that is now in press: 
 
San Martin et al. Tenascin-C and integrin alpha-9 mediate prostate cancer Interactions with bone. 
2017.  Cancer Res. (in press).  Published on line 10-24-2017,    doi: 10.1158/0008-5472.CAN-17-
0064. 
 
 3e.  What do you plan to do during the next reporting period to accomplish the 
 goals? 
 
Major Task 1: We plan to continue to develop more VCaP cell lines with both tet-inducible 
knockdown (using shRNA) of alpha 9 integrin as well as knockout using CRISPR/Cas9 gene 
editing approaches, as described in section 3b.  We will continue to screen engineered prostate 
cancer cell lines for altered signaling pathways, as proposed in the grant application.  We plan to 
complete most of Major Task 1 by the end of the next project period.  This will involve 
screening the engineered cell lines and determining which signaling pathway is activated by 
alpha 9 integrin.   
 
Major Task 2:  During year 02, we should be able to initiate the in vivo studies outlined in the 
grant application.  We plan on completing the in vivo studies during Year 03. 
 
4.  IMPACT: 
 
 4a.  What was the impact on the development of the principal discipline(s) of the 
 project?   
 
The published preliminary data has made an impact on the field of prostate cancer bone 
metastasis.  This work is now in press and has been presented in part at various research 
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presentations at BCM. The community now knows the importance of the alpha 9 integrin and the 
interaction with tenascin-C.  It is anticipated that this information will be of importance in 
generating future therapeutic and prognostic approaches.  
 
 4b.  What was the impact on other disciplines? 
 
Nothing to report yet.  It is anticipated that the data gained will impact on the research conducted 
in other tumor systems that metastasize to bone.   
 
 4c.  What was the impact on technology transfer? 
 
Nothing to report. 
 
 4d.  What was the impact on society beyond science and technology? 
 
Nothing to report. 
 
5.  CHANGES / PROBLEMS 
 
 5a.  Changes in approach and reasons for change: 
  
There have been no changes from the original plan, tasks, or procedures to conduct the research.  
We have experiences somewhat of a delay in generating stable cell lines with successful and 
inducible knockdown of alpha 9 integrin, however we have followed the original proposed plan 
and now have generated these cells, as discussed in Section 3b.  The only change has been to use 
constructs with tetracycline-induced expression of shRNA instead of IPTG-induced expression.   
 
 5b.  Actual or anticipated problems or delays and actions or plans to resolve them: 
  
The only problem encountered was generating stable cell lines with inducible shRNA 
knockdown of alpha 9 integrin.  We did complete all the studies with testing siRNAs for 
successful knockdown and showed that these had the same effect as use of the neutralizing 
antibody to alpha 9.  We believe the delay has been resolved with successful knockdown with 
maintained cell viability.  We are also resolving this using CRISPR/Cas 9 knockout approaches 
as discussed in section 3b. 
 
 5c.  Changes that had a significant impact on expenditures: 
  
We have taken longer to generate stable shRNA knockdown cell lines than anticipated during 
year 01.  This has resulted in less expenditure of funds for year 01 than we expected.  We 
anticipate using these funds fully in year 02. 
 
 5d.  Significant changes in use or care of human subjects, vertebrate animals, 
 biohazards, and/or select agents: 
  
We have had no changes in human cell line use, animals, biohazards or select agents. 
 
 5e.  Significant changes in use or care of human subjects: 
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We have had no changes in use or care of human subjects. 
 
 5f.  Significant changes in use or care of vertebrate animals: 
  
We have had no significant changes in use or care of vertebrate animals. 
 
 5g.  Significant changes in use of biohazards and/or select agents: 
  
We have had no significant change in use of biohazards or select agents.  
 
6.  PRODUCTS: 
 
 6a.  Publications, conference papers, and presentations: 
 
This preliminary data that supported this project has now been published (see 6b).  
 
 6b.  Journal Publications: 
  
Preliminary work supporting this project was published in a manuscript now in press:   
 
San Martin et al. Tenascin-C and integrin alpha-9 mediate prostate cancer Interactions with bone. 
2017.  Cancer Res. (in press).  
 
 6c.  Books or other non-periodical, one-time publications: 
  
Nothing to report. 
 
 6d.  Other publications, conference papers, and presentations: 
  
Nothing to report. 
 
 6e. Website(s) or other Internet site(s): 
 
Nothing to report. 
 
 6f.  Technologies or techniques: 
 
Development of this project has led to the use of the chick chorioallantoic membrane (CAM) 
model to study human prostate cancer cell migration, metastasis and colony growth on trabecular 
bone.  This model was reported in our recent publication.  Although this model is not specifically 
proposed in this project, any data we generate with Task 2 studies (in vivo mouse studies) can be 
verified using the CAM bone model.  This model was published in the following manuscript: 
 
San Martin et al. Tenascin-C and integrin alpha-9 mediate prostate cancer Interactions with bone. 
2017.  Cancer Res. (in press).  
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 6g.  Inventions, patent applications, and/or licenses: 
 
Nothing to report. 
 
 6f.  Other Products: 
 
Nothing to report. 
 
 
7.  PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
 
 7a.  What individuals have worked on the project? 
 

Name:   David  R.  Rowley,  Ph.D.  

Project  Role:   Principal  Investigator  

Researcher  Identifier  (e.g.  ORCID  ID):  
0000-0002-1297-8124 
  

Nearest  person  month  worked:   1.2  person  months  

Contribution  to  Project:  
Principal  Investigator.    Study  design  and  supervision.    
Analysis  of  data.    Writing  all  reports.  

Funding  Support:     

  
  
  

Name:   Linda  Tran  

Project  Role:   Graduate  Student  

Researcher  Identifier  (e.g.  ORCID  ID):     

Nearest  person  month  worked:   6  person  months  

Contribution  to  Project:  
Ms.  Tran  conducted  the  experiments  of  Task  1.      
She  has  also  been  involved  in  animal  husbandry  

Funding  Support:     

  
  
  

Name:   Truong  D.  Dang  

Project  Role:   Research  Assistant  /  Laboratory  Technician  

Researcher  Identifier  (e.g.  ORCID  ID):     

Nearest  person  month  worked:   6  person  months  

Contribution  to  Project:  

Mr.  Dang  provided  project  support  by  culturing  all  cells,  
ordering  all  supplies,  management  of  the  laboratory  
and  assisting  Ms.  Tran  with  experiments.  

Funding  Support:     
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  7b.  Has there been a change in the active other support of the PD/PI(s) or   

  senior/key personnel since the last reporting period? 
 
There has been a change in active support for Dr. Rowley.  The following projects have been 
completed during the year 01 project period: 
 
Completed:  1 R01 DK083293-01 A1 09/01/2010 to 08/31/2014 (NCE to 08/31/2016)                     
15% Effort 15% effort (1.8 Calendar Months on NCE) 
 
Completed:  DOD DAMD W81XWH-12-1-0197 (PC111729)  09/01/12 to 08/31/15 (NCE to 
08/31/16).  10% effort (1.2 Calendar Months) 
 
Completed:  NIH 5U54 CA163124-05 (University of Michigan Subcontract to BCM) 8/1/2015 to 
7/31/2016 (NCE to 7/31/17)  5% Effort (0.6 Calendar Months). 
 

The following project has been approved and a Notice of Award has been made.  Dr. Rowley is 
the Principal Investigator: 
 
Funded:  DOD DAMD W81XWH-17-1-0605 (PC160801)  9/1/2017 to 8/31/2020. 25% Effort (3 
calendar months). 

 
  7c.  What other organizations were involved as partners? 
 
Nothing to report. 
 
8.  SPECIAL REPORTING REQUIREMENTS 
 
 8a.  Collaborative Awards: 
 
Nothing to report 
 
 8b.  Quad Charts: 
 
Nothing to report 
 
 
9.  APPENDICES  
 
Publication that is currently in press (see attached Page Proofs). 
 
San Martin et al. Tenascin-C and integrin alpha-9 mediate prostate cancer Interactions with bone. 
2017.  Cancer Res. (in press).  
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8 Abstract

9 DepositionQ6 of the extracellular matrix protein tenascin-C is
10 part of the reactive stroma response, which has a critical role in
11 prostate cancer progression. Here, we report that tenascin-C is
12 expressed in the bone endosteum and is associated with
13 formation of prostate bone metastases. Metastatic cells cul-
14 tured on osteo-mimetic surfaces coated with tenascin-C exhib-
15 ited enhanced adhesion and colony formation as mediated by
16 integrin a9b1. In addition, metastatic cells preferentially

18migrated and colonized tenascin-C–coated trabecular bone
19xenografts in a novel system that employed chorioallantoic
20membranes of fertilized chicken eggs as host. Overall, our
21studies deepen knowledge about reactive stroma responses in
22the bone endosteum that accompany prostate cancer metas-
23tasis to trabecular bone, with potential implications to ther-
24apeutically target this process in patients. Cancer Res; 1–14.
25�2017 AACR.

26

27 Introduction
28 Local prostate cancer that progresses and invades outside the
29 gland preferentiallymetastasizes to bone among other tissues (1).
30 The formation of new micrometastases and the subsequent
31 growth of macroscopic tumors results in bone pain and poten-
32 tially pathologic fracture. These metastases are primarily osteo-
33 blastic. The specific mechanisms that promote metastasis to bone
34 are not understood; however, the role of themicroenvironment in
35 bonehasbeenproposed as an important player in this process (1).
36 Specifically, the mechanisms that mediate colonization of pros-
37 tate cancer cells to the bone endosteum and then promote colony
38 expansion are essentially unknown; however, alterations in adhe-
39 sion have been shown to affect metastatic potential (2). The bone
40 endosteum is a layer of cells lining the internal trabecular bone
41 and is composed of osteoprogenitor stem cells, resting and active
42 osteoblasts, and osteoclasts. The endosteum is the site of the
43 osteoblastic niche inbone,whichhas been shown tobe important

45for hematopoietic stem cells self-renewal (3). Importantly, this
46same endosteal osteoblastic niche has been shown to be the site of
47prostate cancer metastases, and data suggest that prostate cancer
48cells compete with hematopoietic stem cells for this niche (4).
49Tenascin-C is a hexameric extracellular matrix protein that is
50evolutionary conserved in the order Chordata (5) and plays an
51essential role in the development of bone and the nervous system
52(6, 7). Interestingly, the expression of tenascin-C in adult, differ-
53entiated tissues at homeostasis is negligible, but its deposition is
54essential for wound repair (8–10). Importantly, tenascin-C is
55expressed at sites of new bone deposition by osteoblasts (11).
56During bone development, tenascin-C was found in osteogenic
57cells that invade cartilage during endochondral ossification and in
58the condensed osteogenic mesenchyme that form new bone
59during intramembranous ossification and around new bone
60spicules. These studies also showed that after bone formation,
61some tenascin-C remains located in the endosteum surface;
62however, it is not found in the mature bone matrix (12). Impor-
63tant to the results of the current study, elevated tenascin-C
64deposition is observed at sites of bone repair after fractures (13).
65In prostate cancer, tenascin-C is deposited early during cancer
66progression and is a key hallmark of reactive stroma (14). Reactive
67stroma recapitulates a normal wound repair (15) and is com-
68posedof a heterogeneous populationof vimentin-positive cancer-
69associated fibroblasts (CAF) and myofibroblasts, cells derived
70from tissue-resident mesenchymal stem cells (MSC) that express
71smooth muscle alpha actin and vimentin (VIM) upon the influ-
72ence of TGFb (16). This tenascin-C enrichment of the tumor
73microenvironment affects cancer cell adhesion, migration, and
74proliferation (17). In this context, tenascin-c also exhibits immu-
75nosuppressive functions in tumors via regulation of cytokine/
76chemokine expression that affects inflammation and the immune
77landscape (18).
78The reactive stroma response in prostate cancer initiates early in
79the disease, during prostatic intraepithelial neoplasia (19) and is
80predictive of biochemical recurrence after prostatectomy (20).
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83 Persistent deposition of tenascin-C by both CAFs and myofibro-
84 blasts (21) may foster the progression of prostate cancer and
85 initiation of metastasis via differential adhesion patterns and
86 transient EMT induction (22).
87 In the case of prostate cancer, metastases preferentially target
88 bone (23). Following Paget's "seed and soil" hypothesis (24), the
89 colonization of a secondary site by a cancer cell that has success-
90 fully escaped the primary tumor site is dependent on a suitable
91 environment amenable to colonization. Therefore, the possibility
92 arises that metastatic colonization initiates a reactive response at
93 the secondary site (25), and/or an underlying pathology at the
94 secondary site created a "fertile soil" in which the metastatic foci
95 preferentially colonizes. Interestingly, the microenvironment
96 changes present in prostate cancer bonemetastases, in the context
97 of a reactive tissue phenotype, have not been characterized.
98 We report here a spatial association of human prostate cancer
99 bone metastases with reactive endosteum foci high in tenascin-C
100 deposition and dissect the role of tenascin-C in regulating adhe-
101 sion and colony initiation. Selective adhesion and colony forma-
102 tion on bone/tenascin-C surfaces was mediated by integrin a9b1
103 in prostate cancer cells in novel human three-dimensional (3D)
104 osteogenic organoids and in egg chorioallantoic membrane
105 (CAM) metastasis models that use tenascin-C–coated, human-
106 ized, bovine trabecular bone cubes. This work extends our under-
107 standing of bone metastasis mechanisms in prostate cancer and
108 identifies a9 integrin–tenascin-C interaction as a key mediator.

109 Materials and Methods
110 Bone metastasis tissue microarray
111 Human bone metastasis tissue microarrays were constructed
112 from the rapid autopsy program at University of Michigan (Ann
113 Arbor, MI). TMA#85 contains 63 bone metastases samples, six
114 liver metastasis samples, three lung metastasis samples, and 12
115 prostate cancer samples, representing a total of 32 patients. Tissue
116 samples from bone metastasis include 10 patients with bone
117 marrow–associated lesions and 12 patients with trabeculae-asso-
118 ciated metastatic foci (in triplicate). This array was analyzed via
119 IHC for the reactive stroma markers tenascin-C, pro-collagen I,
120 smooth muscle alpha actin, vimentin, and immune cell makers
121 CD14 and CD68 (Supplementary Experimental Procedures, Sup-
122 plementary Tables S1 and S2).

123 In vitro MSC-derived 3D endosteal organoid model
124 Human adult MSCs (Lonza) growing in T75 cell culture flasks
125 were trypsinized using standard protocols and washed twice with
126 10 mL of BFS media (Supplementary Experimental Procedures)
127 by centrifugation (400 rpm, 3 minutes). The cell pellet was
128 resuspended in BFS media to a concentration of 4 � 105 cells/
129 300 mL or 8 � 105 cells/300 mL. Cell culture inserts (Millipore.
130 Millicell-CM 12 mm) were prepared as suggested by the manu-
131 facturer, and each chamber was seeded with 300 mL of the cell
132 suspension. After overnight incubation, onceMSC spheroidswere
133 formed, the BFSmedia in both the inner and outer chambers were
134 substituted with complete osteogenic media (R&D CCM007
135 supplemented with CCM008). Osteogenic organoids were cul-
136 tured for 7, 14, and 21 days, with media changes every 2 days.
137 Control organoids were kept in BFS media for the appropriate
138 time points, with media changes every 2 days.
139 For cancer coculture experiments, the media inside the insert
140 were substituted with 300 mL of cancer cell–specific media

142containing 4 � 105 cells (LNCaP, VCaP, or PC3), and the
143media outside each insert was replaced with 600 mL of the
144same media, as needed. Control organoids were exposed to
145cancer cell media alone. After 24 hours of incubation at 37�C,
1465% CO2, the media in the outside chamber were replaced with
147fresh media. Coculture samples were harvested after 48 hours
148and processed for histology and IHC (Supplementary Experi-
149mental Procedures; Supplementary Table S3)

150In vitro trabecular bone scaffold culture system
151Nukbone (Biocriss S.A. de C.V.) bovine trabecular bone scaf-
152folds, in either 200 to 500mmparticles or 0.5-cm cubewere coated
153with human, full-length tenascin-C (Millipore cat. no. CC06)
154or BSA control, by immersion of the bone fragments into a
155100 mg/mL solution of either protein for 7 days. Coating was
156confirmed by IHC (Supplementary Experimental Procedures).
157For in vitro adhesion and proliferation experiments, coated Nuk-
158Bone cubeswere culturedwith 250,000VCaP cells inDMEM/F-12
1591:1 (Invitrogen) containing 0.1% BSA, without antibiotics, using
160nonadhesive (CM) inserts as described before.

161Prostate cancer cell lines adhesion to tenascin-C
162Tenascin-C coating was done according to published protocols
163(26), with modifications. Using a 0.5-mm cutting template (ICN
164cat no 4215), we scored circles on the outside of the bottomof the
165cell culture wells (Osteo Assay surface, 24-well plates. cat. no.
1663987 Corning or Costar nontreated, 6-well plates). In the case of
167the 6-well plate, 3 circles perwellwere inscribed. These circleswere
168used as guides for microscopical analysis of coated surfaces. For
169coating, a 3 mL drop of human, full-length purified tenascin-C
170(Millipore cat. no. CC06) at the appropriate concentration (0, 5,
17110, 25, 50, 75, and 100 mg/mL), in PBS pH 7.4, was applied in the
172center of each of the circles and incubated 48 hours at 37�C, until
173the droplets dried out. BSA at the appropriate concentrations was
174coated as control. Tenascin-C coating was verified as follows:
175coated wells were incubated for 72 hours in DMEM/F-12 1:1
176(Invitrogen) containing 0.1% BSA, without antibiotics at 37�C
177and 5% CO2. Plates were then fixed with 4% paraformaldehyde
178for 20minutes at room temperature, and tenascin-C was detected
179via immunocytochemistry (AP-Vector Blue, Supplementary
180Experimental Procedures).
181Cells (VCaP, PC3, and LNCaP) were seeded at a density of 1 �
182105 cells/cm2 in their basal media (DMEM/F-12 1:1 or RPMI)
183containing 0.1% BSA, without antibiotics. Cells were allowed to
184adhere for 3 hours at 37�C and 5% CO2 before washing all wells
185three times with warm media. For imaging of adherent cells, 15
186micrographs at a�10magnification were acquired for each of the
187experimental conditions,making sure to imagemore than 90%of
188the coated areas; quantification was performed with the cell
189counter function in the ImageJ software (27).

190Neutralizing of integrin a9b1 activity
191Integrin neutralization was done as according to published
192protocols (28). In brief, VCaP cells were incubated inDMEM/F-12
1931:1 (Invitrogen) containing 0.1% BSA, supplemented with a9b1-
194neutralizing antibody, cloneY9A2 (BioLegend cat. no. 351603)or
195mouse isotype control (mouse IgG, Sigma-Aldrich cat. no. I5381),
196at a concentration of 10 mg/mL for 30minutes on ice before being
197seeded onto the tenascin-C–coated surfaces at a density of 2.2 �
198105 cells/cm2.Asdescribed before, cellswere allowed to adhere for
1993 hours before washing the wells and quantification of adherent
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202 cells. Knockdown of a9 expression via siRNA was conducted and
203 verified as outlined in the Supplementary Experimental Proce-
204 dures (Supplementary Table S4).

205 CAM-humanized bovine bone integrated experimental system
206 This system used the CAM of the chicken egg as a host for a
207 xenograft composed of the "humanized" NukBone in combina-
208 tion with an organoid consisting of a mixture of VCaP cells
209 (prostate cancer metastatic cell line) and the prostate-derived
210 MSC hpMSC19I (16). Briefly, 8-day-old pathogen-free embryo-
211 nated eggs were prepared as described previously (29) to expose
212 the CAM. A neoprene ring was installed on top of the exposed
213 CAM to delimit the xenograft location, and 100 mL of attachment
214 factor (Gibco) was added in the chamber and allowed to set. The
215 trabecular bone cube, coated with human tenascin-CC, is placed
216 on top. The prostate cell line–derived organoid (Supplementary
217 Experimental Procedures) was deposited on this surface as
218 well, about 0.5 cm away from the bone scaffold. The egg
219 was then placed in a humidity-controlled incubator at 37�C for
220 6 days. Xenograft-bearing eggs were then incubated on ice for
221 20minutes to anesthetize the chick.Using a syringe equippedwith
222 an 18-gauge needle, 3 mL of ice cold 4% paraformaldehyde was
223 carefully injected through the taped window, to prevent contam-
224 ination and touching theCAM/sample, to overlay thefixative over
225 the CAM. Eggs were incubated on ice for a total of 4 hours to
226 euthanize the chicks. The CAM was then dissected out in bulk.
227 Tissues were placed in a 4-cm glass-bottomed cell culture dish
228 (MatTek P35G-0-20-C) containing 5 mL of cold 4% paraformal-
229 dehyde and incubated at 4�C overnight without shaking. Tissues
230 were then washed with three changes of PBS (5 mL each) for 5
231 minutes. Samples were then decalcified, paraffin embedded, and
232 sectioned (Supplementary Experimental Procedures), taking care
233 of embedding the xenograft with the CAM in the most proximal
234 side of the block. For analysis of metastatic colonization of the
235 trabecular bone fragment, 120 serial sections were acquired from
236 each block, at a nominal thickness of 5mm, collecting two sections
237 per slide for a total of 60 slides. One of every eight slides were then
238 stained with hematoxylin and eosin (H&E). Following micro-
239 scopic evaluation for epithelial pockets associated with the bone,
240 adjacent sections were analyzed by IHC studies to verify epithelial
241 origin (pan-cytokeratin), andmarkers of interest (human ITGA9).
242 Number of foci per sample were counted on the basis of the
243 following rubric: metastatic epithelial foci is defined as (i) a
244 collection of cuboidal cells that form clusters on the surface of
245 the trabecular boneor (ii) a layer of cuboidal cells, indirect contact
246 with the trabecular surface. Layers and clusters of cells, as previ-
247 ously described, that associatedwith different trabeculae andwere
248 at least 200mmapartwere counted as two separate foci. Layers and
249 clusters of cells that associate with blood-like cells that rest atop
250 the bone fragment were not considered as foci.
251 In ovo experiments followed approved protocols from the
252 Institutional Animal Care and Use Committee.

253 Statistical analysis
254 Statistical analysis was carried out on Prism Software (Graph-
255 Pad). Cell counts for adhesion experiments were analyzed using
256 one-way ANOVA with Tukey multiple comparisons test (���, P <
257 0.001; �, P < 0.05). qRT-PCR analysis was analyzed by two-way
258 ANOVA (n ¼ 3; �, P < 0.05; ��, P < 0.01; ���, P < 0.001). CAM-
259 trabecular bone xenografts foci count data were analyzed using
260 Student t test with Welch correction (���, P < 0.001).

262Results
263Identification of a reactive endosteumphenotype in trabeculae-
264associated metastatic foci of human prostate cancer
265To assess a reactive phenotype in the context of bonemetastasis,
266a human prostate cancer bone metastasis tissue array (TMA85
267array, 63 metastasis samples, University of Michigan) was eval-
268uated using dual IHC protocols as follows: tenascin-C/vimentin,
269smoothmuscle alpha-actin/vimentin, pro-collagen I/vimentin, as
270well as IHC for the immune markers CD14 and CD68 (Supple-
271mentary Experimental Procedures). Image analysis revealed the
272bone metastasis can be classified into two distinct groups: (i)
273metastatic foci associated directly with the trabecular bone surface
274and (ii) metastatic foci associated with a reactive marrow stroma
275but not on the bone surface. Foci on the bone surface were
276associated with elevated immunoreactivity for tenascin-C in the
277endosteum (Fig. 1A and B), whereas smooth muscle alpha-actin
278staining was negligible (Fig. 1C). Of the 15 patients with trabec-
279ulae-associatedmetastasis, 11 showed trabecular TNC deposition
280in at least two of the three samples present in the array (73%).
281Adjacent areas immunoreactive to pro-collagen Iwere observed in
28269% of tenascin-C–positive foci (Fig. 1B), with varying degrees of
283staining intensity from absent (Supplementary Fig. S1A) to high
284(Supplementary Fig. S1B–S1D). We subsequently termed this the
285reactive endosteum phenotype. In contrast, bone marrow–asso-
286ciated metastatic foci were negative for tenascin-C and pro-col-
287lagen deposition and showed a substantial immunoreactivity to
288smooth muscle alpha-actin in associated blood vessels (Fig. 1C).
289Elevated staining intensities of CD14 (Supplementary Fig. S2A)
290and CD68 macrophages (Supplementary Fig. S2B) were also
291observed in trabeculae-associated metastasis, when compared
292with marrow-associated foci.

293Differentiation of MSCs in nonadhesive conditions produces
2943D osteogenic organoids
295To evaluate interactions of an activated endosteum and pros-
296tate cancer metastatic cell lines, a human 3D osteogenic organoid
297model was generated. At 7 days of osteogenic induction in
298nonadherent conditions, human MSCs generated spheroids that
299differentiated into hard, white, opalescent organoids. These orga-
300noidswere apparently tethered to the sides of the cell culture insert
301by distinct, fibrous, and flexible tendrils (Fig. 2A). Histologic
302analysis of 3D organoids revealed that a central mass of cells was
303surrounded by a flat and compact layer of outer cells that were
304nearly identical to the endosteum layer associated with trabecular
305bone (Fig. 2A–H and E). These cells were positive for osteocalcin,
306alkaline phosphatase, and osteonectin (SPARC), confirming oste-
307oblast differentiation (Fig. 2A). Interestingly, this layer was also
308positive for tenascin-C deposition (Fig. 2A). Immunoreactivity to
309smooth alpha actin, while present in control organoids, was
310negative in osteo-induced conditions (Supplementary Fig. S3A
311and S3B). Finally, control 3D organoids retain a soft, loosely
312aggregated structure (Supplementary Fig. S4A) with reduced
313viability as shown by TUNEL staining (Supplementary Fig.
314S4B) and IHC for cleaved caspase-3 (Supplementary Fig. S4C).

315Prostate cancer cell lines preferentially adhere to tenascin-C
316high foci in 3D osteogenic organoids
317Under coculture conditions with the 3D osteogenic organoids,
318the prostate bone metastatic cell line VCaP exhibited selective
319attachment to foci high in tenascin-C high, localized primarily on
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322 the endosteum tendrils (Fig. 2B). Distinct branching of the
323 endosteal tendrils around the cancer clusters was observed in
324 some samples. In stark contrast, coculture of the 3D organoids
325 with the metastatic line PC-3, which is osteolytic, resulted deg-
326 radation of the osteogenic organoid (Supplementary Fig. S5A)
327 creating holes in the matrix, and detachment of the endosteum
328 tendrils from the culture vessel wall. Endosteum tendrils that
329 remained showed the characteristic tenascin-C enrichment with
330 clusters of cancer cells. LNCaPprostate cancer cells (derived froma
331 lymph node metastasis) adhered to the surface of 3D osteogenic
332 organoids and elicited a reactive degradation response of the
333 endosteummanifested as furrows in the underlying matrix (Sup-
334 plementary Fig. S5B).

336Prostate cancer metastatic cells adhere to tenascin-C in a dose-
337dependent manner
338To assess whether bone metastatic prostate cancer cell lines
339would adhere preferentially to tenascin-C, we used both non-
340treated, ultralow adhesion cell culture plates and Osteo Assay
341plates (pretreated with osteo-mimetic calcium phosphate) that
342were coated with increasing concentrations of human tenascin-C.
343A stable coating with tenascin-C was verified via immunocyto-
344chemistry (Fig. 3A and B). At 3 hours of incubation in serum-free
345medium,weobserved adifferential and concentration-dependent
346adhesion of VCaP cells with an optimal adhesion observed with a
347coating of 75 mg/mL of tenascin-C (Fig. 3C). Furthermore, adher-
348ing VCaP cells proliferated and formed 3D foci at 72 hours of

Figure 1.

Characterization of the reactive
endosteum phenotype in prostate-
derived bone metastasis. Bone
metastasis tissue arrays were stained
for reactive stroma markers.
Characteristic trabeculae–associated
and bone marrow metastasis samples
shown. Arrows, metastatic foci. Scale
bar, 100mm.A, Tenascin-C (AP-Vector
Blue)-vimentin (HRP-Nova Red).
B, Pro-collagen I (AP-Vector Blue)-
vimentin (HRP-Nova Red). C, Smooth
muscle alpha actin (AP-Vector Blue)-
vimentin (HRP-Nova RedQ7 ).
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Figure 2.

MSC-derived osteogenic organoid and its interactions with the prostate cancer–derived metastatic cell line VCaP. A mesenchymal stem cell–derived
osteogenic 3D 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 7 days of induction, organoids turn hard and opalescent, and develop endosteal
tendrils. Brightfield image scale bar, 200 mm. 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 mm. B, Coculture 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). Brightfield
scale bar, 500 mm. H&E scale bar, 250 and 50 mm. IHC tenascin-C scale bar, 50 mm.
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351 culture in serum-free media conditions (Fig. 3A; Supplementary
352 Fig. S6A). Interestingly, the osteoclastic cell line PC3, and the
353 lymph node–derived cell line LNCaP did not show enhanced
354 adhesion to tenascin-C under these conditions (Supplementary
355 Fig. S6B and S6C, respectively), and adhere to the substrate at
356 significantly lower levels than VCaP (Supplementary Fig. S6D).
357 VCaP cells grown on tenascin-C–coated Osteo Assay plates
358 adhere readily to the surface, showing spreading as early as 3
359 hours after seeding (Fig. 3B) andwere also able to develop 3D foci
360 at 72 hours of culture in serum-free conditions. Cells seeded on
361 tenascin-C–coated osteo-mimetic plates adhere and initiate pro-
362 liferation upon seeding, whereas control cultures exhibit a lag
363 time of approximately 15 to 18 hours (Fig. 3D). Thereafter, both
364 experimental and control cells proliferate at approximately the
365 same rate. Cultures on tenascin-C plates also reach a higher
366 population density compared with control, with both groups
367 seeded in serum-free media (Fig. 3D). In addition, elevated
368 population density was confirmed with VCaP cells seeded onto

370human tenascin-C–coated trabecular bone scaffolds (Nuk-
371Bone) as compared with control conditions in both serum free
372and low-serum culture conditions (Supplementary Figs. S7A
373and S7B, respectively) as shown via MTT assay (Supplementary
374Fig. S7C). These trabecular bone scaffolds (Supplementary
375Fig. S8A) readily absorb a stable coating of tenascin-C (Sup-
376plementary Fig. S8B). Finally, VCaP cells form 3D colonies on
377these tenascin-C–coated scaffolds in nonserum culture condi-
378tions (Supplementary Fig. S8C).

379Integrin a9b1 is essential for adhesion of prostate cancer–
380derived metastatic cells to tenascin-C
381Owning to the rapid adhesion observed in both the low
382adhesion and osteo-mimetic, tenascin-C–coated cell culture con-
383ditions, we hypothesized that metastatic cell lines exhibited
384integrin profiles that mediated interaction with tenascin-C. Thus,
385a cohort of prostate cell lines (PNT1A, BPH1, LNCaP, VCaP, PC3,
38622RV1, Du145, and LNCaP C4-2B) was profiled for expression of

Figure 3.

VCaP adhesion and spreading in ultralow attachment and osteo-mimetic plates is enhanced by tenascin-C coating. A, VCaP adhesion in ultralow 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 mm. B, VCaP adhesion in osteo-mimetic plates.
Confirmation of tenascin-C coating by immunocytochemistry. VCaP attachment (3 hours) to tenascin-C. Scale bar, 25 mm. VCaP culture on tenascin-C–coated
surfaces form 3D foci in nonserum-containing media at 48 hours regardless of culture surface type. Scale bar, 50 mm. 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, 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,
mean values � SEM. P < 0.0001.
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Figure 4.

VCaP adhesion to tenascin-C is mediated by a9b1 integrin. A, The metastatic prostate cell line VCaP expresses a significantly higher amount of integrin
alpha nine when compared with other prostate cell lines. qRT-PCR data, mean values � SEM; ���� , P < 0.0001. B, Staining for the a9b1 dimer in the
osteogenic organoid co culture. Scale bar 100 mm. C, Staining for a9 integrin (Texas Red) in the human metastasis prostate array. Image shows an adjacent
section to the sample shown in Fig. 1. Metastatic foci (�) shown associated to trabecular bone (T). Arrows, ITGA9 cells. Scale bar, 100 mm. D, Neutralization of
a9b1 via a neutralizing antibody ablates attachment to tenascin-C in VCaP. E, Summary of three independenta9b1 neutralization experiments on tenascin-C–coated
osteo surfaces; data, mean values � SEM. ���, P < 0.001. F, Neutralization of alpha 9 integrin via SiRNA ablates VCaP attachment to tenascin-C. G, Summary of
three independent a9b1 knockdown-adhesion experiments on tenascin-C–coated osteo surfaces; data, mean values � SEM.�, P < 0.05.
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389 integrins known to mediate tenascin-C binding. A relatively high
390 expression level of a9 integrin was noted in VCaP cells (Fig. 4A;
391 Supplementary Figs. S9 and S10), which was later confirmed via
392 IHC for the a9b1 dimer in cells associated with 3D osteogenic
393 organoids (Fig. 4B). Furthermore, IHC analysis showed cells
394 immunoreactive to integrin a9 in 74% of the cancer foci associ-
395 ated with tenascin-C in the TMA85 tissue array samples (Fig. 4C).
396 Finally, both neutralization of the a9b1 integrin dimer via neu-
397 tralizing antibodies (Fig. 4D and E) and knockdown of the a9
398 subunit gene expression with siRNA (Fig. 4F and G; Supplemen-
399 tary Fig. S11A and S11B; Supplementary Table S5; and Supple-
400 mentary Experimental Procedures) ablated VCaP adhesion to
401 tenascin-C–coated osteo-mimetic surfaces. Together, these data
402 support the hypothesis that the a9b1 integrin plays an important
403 role in the adhesion and colonization of prostate cancer cells in
404 the bone metastatic niche.

405 Tenascin-C induces chemotaxis and colony formation of VCaP
406 in a CAM-humanized bovine bone integrated experimental
407 system
408 To model the interactions between reactive endosteum on
409 trabecular bone and metastatic cancer cells, we developed an in
410 ovo xenograft system in which a human tenascin-C–coated tra-
411 becular bovine cube was cocultured in close proximity to an
412 organoid (Fig. 5A) comprised of bone metastatic cells (VCaP)
413 and human prostate-derived MSCs (hpMSC 19-I) on a chicken
414 egg CAM.
415 A mixture of VCAP and of hpMSC19I was cultured overnight
416 under nonadhesive conditions to produce 3D organoids as we
417 have reported previously (Supplementary Experimental Proce-
418 dures; ref. 16). This mixture of cells starts contraction and segre-
419 gation into distinct epithelial and stromal compartments as early
420 as 3 hours after seeding (Fig. 5A, B, C). At this early time point, it is
421 possible to detect the epithelial compartment via IHC for pan-
422 cytokeratin and androgen receptor (Fig. 5D). These 3D organoids
423 were placed on the CAM of the fertilized chicken egg, along with
424 Nukbone bovine trabecular bone cubes coated with either tenas-
425 cin-C or BSA as control, as described previously (Fig. 5E and F).
426 After 6 days of in ovo incubation, trabecular bone cubes
427 recruited CAM blood vessels that infiltrate into the trabecular
428 bone cube in a tenascin-C–independentmanner (Fig. 5G). Tenas-
429 cin-C–coated trabecular bone cubes show colonization of VCaP
430 cells, identified by expression of human a9 integrin, indicating
431 these cellsmigrated from the organoid toward to scaffold (Fig. 5H
432 and I). Quantification of foci revealed that VCaP preferentially
433 migrate to tenascin-C–coated bone fragments as compared with
434 BSA-coated controls (Fig. 5J).

436Tenascin-C elicits theproductionof collagenXIIa1 inmetastatic
437prostate cells
438To assess potential downstream effectors of tenascin-C–
439induced biology, two-dimensional RP/LC-MS analysis in VCaP
440cells cultured on tenascin-C–coated Osteo Assay plates was con-
441ducted (Supplementary Experimental Procedures). An increase in
442production of Laminin Subunit Beta 2 (LAMB2), Optineurin
443(OPTN), Golgi Associated, Gamma Adaptin Ear Containing, ARF
444Binding Protein 1 (GGA1), Phospholipase D Family Member 3
445(PLD3), and Palmitoyl-Protein Thioesterase 2 (PPT2) was
446observed (Fig. 6A). Of relevance, a distinct increase (30-fold) of
447collagen12, alpha1 (COL12A1) protein was noted and subse-
448quently confirmed in VCaP grown on 3D osteogenic organoids
449using IHC (Fig. 6B). Ablation of adhesion to tenascin-coated
450osteo plates via siRNA knockdown of integrin a9 resulted in a
451decrease of transcript for COL12A1 in VCaP cells cultured on
452tenascin-C–coated osteo-mimetic surfaces (Fig. 6C), suggesting a
453direct link between cell binding and this osteogenic collagen
454production by the epithelial cell.

455Discussion
456We report a reactive endosteum phenotype that accompanies
457trabecular bone–associated prostate cancer metastasis, character-
458izedby elevateddeposition of tenascin-C and collagen I. Although
459its expression is limited in adult differentiated bone, tenascin-C
460plays an essential role in bone repair processes, such as the
461formation of granulation tissue during fracture repair, in osteo-
462genic differentiation, mineralization, and bone remodeling due
463to mechanical load (13, 30, 31). Furthermore, bone stromal cells
464andosteoblasts show increased tenascin-c expression upon in vitro
465coculture with prostate cancer–derived cell lines (32), suggesting
466that tenascin-c deposition could arise as a response to metastatic
467colonization. It has been previously suggested that prostate met-
468astatic cells compete with hematopoietic stem cells for their niche
469in bone (33), a niche that has been shown to be enriched in
470tenascin-C during activation (34). Our studies show that bone
471metastatic prostate cancer cells differentially adhere, proliferate
472more rapidly, and form 3D colonies in tenascin-C–coated osteo-
473mimetic surfaces. Furthermore, in a 3D osteogenic organoid
474model, prostate cancer cells preferentially attach at sites high in
475tenascin-C in vitro and tenascin-C–coated bone fragments show
476enhancedmetastatic colonization in an in ovo xenograft approach.
477It is also important to note that the interaction of integrins with
478tenascin-C is mediated through the IDG and RGD sequences
479within the third fibronectin type III repeat in human tenascin-
480C (35). Of interest, the fibronectin type III repeat of mouse

Figure 5.
The CAM-humanized bovine bone integrated experimental system shows preferential cancer cell chemotaxis and colonization bone scaffolds enriched in
tenascin-C. A, Graphic representation of the prostate epithelial–stroma organoid structure. Distinct hpMSC 19-I (stroma) internal compartment self-segregates
from an epithelial mantle. B, Formation of the prostate epithelial–stroma organoid. A mixture of hpMSC 19-I and VCaP is seeded in suspension in
nonadhesive conditions. Two hours after seeding, the organoid contracts and segregation of the epithelial (�) and the stromal compartments occurs (dotted
line, stromal–epithelial border). Images captured with the CytoSmart live cell imaging system (Lonza). C, Brightfield image of the organoid at 24-hour
incubation. Scale bar, 500 mm. E, 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 mm. E, Experimental setup of the in ovo xenograft system. F, Trabecular bone scaffold in 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 in ovo. The bone
fragment associateswith theCAM.Bloodvessels infiltrate the trabecular bone xenograft. Scale bar, 2.5mm.Hand I,Serial sections ofCAM-associatedbone xenograft
is colonized byVCaP. H&E, IFa9 integrin (Texas Red), tissue counterstainedwith DAPI scale bar, 100 mm. J, Summary of eight independent experiments (19 tenascin-
C samples, 15 control), analyzing the number of VCaP foci associated with bone xenografts shows preferential recruitment to tenascin-C–coated scaffolds.
��� , P < 0.001.
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483 tenascin-C lacks the IDG and RGD sequences (35). It is possible
484 that lack of these sequences in mouse tenascin-C may explain, in
485 part, why transgenicmousemodels of cancer rarelymetastasize to
486 bone or why injection of human cancer cells in immunocom-
487 promised mice rarely metastasize to bone. In contrast, studies
488 where human fetal bone fragments were implanted into SCID
489 mice showed preferential metastasis of tail vein–injected human
490 prostate cancer cells to human bone fragments as compared with
491 implanted mouse bone or endogenous mouse skeleton (36). In
492 light of our results, this is not surprising, as tenascin-C expression
493 is high in fetal human bone (11, 12).
494 Repetitive bone loading in normal life leads to microscopic
495 cracks or microfractures in bone that undergoes subsequent bone
496 repair processes. In humans, these microfractures increase with
497 age in an exponentialmanner (37). Tenascin-C is overexpressed in
498 endosteum undergoing bone repair (13). In many cancer foci, we
499 observed elevated tenascin-C deposition in the endosteum of the
500 trabeculae represented in the section, not just in the immediate
501 region occupied by foci of cancer cells. It is possible that prostate
502 cancer cells preferentially colonize the tenascin-C high reactive
503 endosteum of bone trabeculae that are undergoing the normal
504 process of microfracture repair as a function of aging. In this

506scenario, data reported here might suggest that cancer cells may
507not induce the reactive endosteum; rather, an existing microfrac-
508ture-associated reactive endosteum is a preferential site for seed-
509ing of metastatic cells and colony initiation/formation. As tenas-
510cin-C is highly deposited in the reactive stroma of primary
511prostate cancers (14), it is possible that cancer cells acquire a
512tenascin-C addiction prior to metastasis to bone.
513It is estimated that 15% of the male population will develop
514invasive prostate cancer in the United States (38). In most cases,
515resectionof the primary tumor and concomitant therapies grants a
51615-year recurrence-free survival. Biochemical recurrence, as refers
517to elevated PSA levels, is usually the first sign of prostate cancer
518progression, which is followed by distant metastasis in about 5%
519of patients. Interestingly, distant metastasis occurs 8 to 10 years
520after biochemical recurrence (39). The mechanisms that mediate
521this delay in metastatic development are not understood. Evi-
522dence suggests that tumor cells disseminate from prostate cancer
523in as many as 25% of patients with localized disease and
524that higher concentrations of these cells in blood negatively
525correlate with survival (40). However, it has been proposed that
526disseminated cancer cells become dormant in the secondary site
527microenvironment through several mechanisms (41, 42). We

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 knockout. �, P < 0.05
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530 propose that the tenascin-C–rich osteo environments used
531 throughout our study model a normal age-related or androgen
532 ablation–inducedbone loss (43, 44) and/or subsequent incidence
533 of subclinical microfractures. In this context, production of tenas-
534 cin-C necessary for repair occurring at proximal site to a dormant
535 foci might trigger their escape from dormancy, via differential
536 cellular adhesion, consistent with previous findings (45).
537 Importantly, this study also provides evidence that metastatic
538 prostate cancer cells interact with tenascin-C in the endosteum via
539 the integrina9b1dimer (ITGA9– ITGB1), as ablationof its activity
540 via siRNA or neutralizing antibodies inhibits cell spreading on
541 tenascin-C–coated osteo surfaces. Furthermore, integrin a9–pos-
542 itive cells are present at prostate metastatic foci enriched with
543 tenascin-C in human samples (Fig. 5). Integrin a9b1 has been
544 previously implicated in the induction of metastatic phenotypes
545 in cancers where the primary tumor is also enriched in tenascin-C
546 expression, such as breast (46–48), lung (49), and colon (50). Of
547 key interest, a9b1 mediates the interaction between the hemato-
548 poietic stem cell and a tenascin-C–rich niche in the endosteum
549 (34). Integrin a9b1 also plays a critical role in extravasation of
550 neutrophils (51). Hence, the same integrin identified in the
551 current study has been shown to mediate extravasation events
552 and bone marrow colonization events in other normal cell types.
553 We also show here a significant induction in COL12A1
554 production by a prostate epithelial metastatic cell line (VCaP),
555 which results from contact with tenascin-C on osteo-mimetic
556 surfaces. Collagen XIIa (COL12A1) is a member of the fibril-
557 associated collagens with interrupted triple helices (FACIT)
558 family, where it contributes to the organization and mechanical
559 properties of collagen fibrils (52). COL12A1 is present through-
560 out mesenchymal tissues during development, but it is restrict-
561 ed to fascia and basement membranes in dermis, kidney, and
562 muscle in adult organisms, a distribution that is conserved
563 throughout vertebrate species (53). In bone development, a
564 knockout mouse model for COL12A1 shows shorter, thinner
565 long bones with low mechanical strength as well as decreased
566 bone matrix deposition (54). COL12A-null osteoblasts differ-
567 entiate slower with poor mineralization, showing abnormal
568 polarization; a role in the establishment of cell–cell interac-
569 tions during bone formation has been implicated (55). Given
570 the predominantly osteoblastic nature of prostate cancer is
571 enticing to hypothesize that tenascin-C induced production of
572 COL12A1 in metastatic cells would stimulate osteoblast dif-
573 ferentiation and osteoid deposition at metastatic sites.

575In conclusion, given that the reactive microenvironment
576response is essential for prostate cancer progression, our work on
577characterizing the reactive response in the bone microenviron-
578ment andwhat effect it has onmetastasis addresses amajor gap in
579the field. Herein, we identify tenascin-C as an extracellular com-
580ponent of the osteoblastic niche that fosters the colonization and
581growthof trabecular-associatedbonemetastasis. In vitro and in vivo
582studies established that metastatic cells bearing integrin a9b1
583selectively migrate and colonize bone enriched in tenascin-C,
584suggesting that therapies aimed at blocking this axiswill positively
585impact the outcome for patients with metastatic prostate cancer.
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