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Abstract

Cancer-stromal interaction results in the co-evolution of both the cancer cells and the surrounding host stromal cells. As a consequence

of this interaction, cancer cells acquire increased malignant potential and stromal cells become more inductive. In this review we suggest
that cancer-stromal interaction can best be investigated by three-dimensional (3D) co-culture models with the results validated by clinical
specimens. We showed that 3D culture promoted bone formation in vitro, and explored for the first time, with the help of the astronauts

of the Space Shuttle Columbia, the co-culture of human prostate cancer and bone cells to further understand the interactions between these

cells. Continued exploration of cancer growth under 3D conditions will rapidly lead to new discoveries and ultimately to improvements in the
treatment of men with hormonal refractory prostate cancer.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Cancer-stromal interaction; Epithelial to mesenchymal transition; 3-Dimensional cell culture; Prostate cancer bone metastasis; Boationineraliz
Cancer metastasis

Contents

R 1 oo o [T o o 353
1.1. Models facilitating active interactions between tumor cells and their microenvironment......................... 354
1.2. Modeling prostate cancer progression and Metastasis. . ... ..ottt 355
1.3. Establishing a 3D culture with the RWV module to study epithelial-stromal interaction. . ........................ 355
1.4. Forming large prostate organoids iN SPACE . . . . ..ottt ettt e e e 356
1.5. Using RWV 3D co-culture to model prostate cancer—stromal interaction. ...ttt 358
1.6. Regulating cell polarity, gene expression, and behaviorin 3D organoids .. ... 359
1.7. Modeling prostate cancer bone metastasis with the RWV 3D co-culture system.. ..., 359

2. CONCIUSION . . e e e 361
ACKNOWIEOGEMENES. . . o ottt ettt e e e e e et e e e e e e e 361
= =] = o 0T 361

1. Introduction which is now known to be pivotal to malignant progres-

sion of the cancer celld—8]. Most studies in the literature,
Cancer cells reside histologically as three-dimensional however, were conducted with cancer cells grown in 2D on
(3D) organoids in an organotypic host microenvironment, plastic surfaces. Cancer cells are highly variable and their
gene expression and cellular behavior are easily modulated
* Corresponding author. by extracellular microenvironment and culture conditions. It

1044-579X/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
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is not surprising that further insight into cancer biology and microenvironmental factors could reverse cancer growth and
therapy requires 3D models with results validated both invivo tumor progressiofil2—15] while some “inductive” stromal
in animal models and by clinical specimens. Gene expressioncells have the potential to convert adjacent benign epithe-
changes in cancer cells from 2D culture often cannot be val- lia to malignant cell§16—18] In these cases, stromal cells
idated in clinical specimens and the screening of drugs for appear to play a dominant role, directing the growth or differ-
cancer treatment using cell lines grown on plastic dishes hasentiation of the cancer cells. Interestingly, cancer cells often
rarely resulted in the identification of a clinically success- seem to be responsive and their growth and differentiation
ful chemotherapeutic agent. We review here our experiencedepend entirely on the microenvironmental cues. The host
using 3D cell culture, co-culture methods to study prostate microenvironment participates actively in a rather inefficient
cancer growth and progression and the formation of bone in but non-random process that is driven by either clonal selec-
vitro. tion or evolution, in which some cancer cells acquire growth
In this article, we focus our discussion in three areas: (1) and survival advantages and others may lose them. This selec-
the use of rotary wall vessel (RWV) culture to study the tion orevolution of cancer cells via tumor—stroma interaction
behaviors of prostate cancer cells upon in vitro interaction at the primary as well as the secondary site of growth could
with either prostate or bone stromal cells; (2) our preliminary lead some cancer cells to exhibit more aggressive behaviors,
experience in adapting RWV culture as a model to study bone such as increased migration, invasion, and metastasis.
formation in vitro; and (3) information learned from a space Little progress has been made in elucidating the molecu-
Shuttle Columbia flight, when prostate cancer and bone cellslar basis of tumor—microenvironmental interaction. This is in
were cultured together for the first time in space. We provide partdue to the lack of a well-defined system by which to study
rationales for the use of 3D models to study tumor—stroma the cellular interaction between relevant cell types in vivo and
interaction, in the belief that 3D systems are grossly under- in vitro. Our laboratory and others have examined several
utilized in the investigation of molecular mechanisms and aspects of the molecular process associated with this interac-
novel therapies for the prevention and treatment of cancer.tion. First, we evaluated cancer-microenvironment commu-
The future development of 3D cell culture models will be nication in the context of its contribution to the development
significantly improved by validation of results in live tissues, of “osteomimicry” and “vascular mimicry” by the cancer
integrating the disciplines of molecular bioinformatics and cells[19,20] Cancer cells can mimic the phenotypes of their

system biology. microenvironment by changing their gene expression profile
to one similar to that of their surrounding stromal cells. Some

1.1. Models facilitating active interactions between prostate cancer cells, for instance, can express a series of

tumor cells and their microenvironment bone cell-specific genes and display osteomimetic properties

[19,21,22] Melanoma cells can mimic vasculogenic features

Cancer is the malignant transformation of epithelial cells, by expressing markers that are otherwise specific to vascular
and therefore is considered as a single-cell disease withendothelial cell§20,23,24] It seems that some tumor cells
heterogeneity among epithelial cells only. Convenience and are highly plastic, with stem-cell-like properties and the abil-
ease of culturing single cell types made 2D cell culture one ity to sense environmental cues in the extracellular milieu
of the most commonly used methods in cancer research.and to adapt to or co-evolve with the host microenvironment.
Past research focusing on cancer largely assumed that tumor Second, we analyzed the ability of cancer cells to undergo
microenvironment was a passive and an inert entity. Recently, morphologic transitions, such as the transition of cancer
however, ample evidence has emerged that in vivo cancercells from columnar sheath-like cells to dominantly spindle-
progression is supported by active participation of both host shaped cells. Prostate epithelial cells are terminally dif-
(epigenetic) and tumor (genetic) factors. Cancer and hostferentiated and in the glandular prostate they are tightly
stroma are proposed to co-evolve with each other in a fash-arranged in a layer to ensure the polarity of their secretion.
ion that may be mechanically described as a “vicious cycle” Prostate cancer cells, however, would abandon this geomet-
between cancer and bone strof8d.0]. ric bondage and acquire the ability to invade and migrate,

It has long been proposed that cancer metastasis is base@hich are features of spindle-shaped mesenchymal cells. This
on a mechanism analogous to a “seed (cancer)” and “soil epithelial-mesenchymal transition (EMT) and the reciprocal
(microenvironment)” relationshifl1]. This theory could mesenchymal—epithelial transition (MET) may well be the
explain the well-known organ specificity of breast cancer basis of prostate cancer cell invasion, migration, and metas-
metastasis. Primary tumors contain heterogeneous cancetasis [4,25—-28] upon prostate cancer progression through
cells, and progression and metastasis of the tumor is the resultifferent downstream signaling networks that are dictated by
of anon-random, sequential, and successive selection or evothe tumor microenvironment.
lution of these cancer cells linked to microenvironment. In Thirdly, we used 3D cell culture to study epithelial-
this respect, the active involvement of the microenvironment stromal interaction. We found that the survival and prolifer-
may lead to divergent consequences, probably depending oration of cancer cells, grown as 3D organoids, are intimately
the compatibility between the cancer and the neighboring linked to the surrounding extracellular matrix and soluble fac-
stromal cells. For instance, certain embryonic epigenetic andtors in the microenvironmen29]. As a general rule, these
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cells display coordinated rather than sporadic changes of genestromal cell§17]. Organ-specific stromal milieus, with com-
expression. Changes in the extracellular matrix or soluble plex cell types releasing specified growth factors, extracellu-
factors could alter such cancer cell behaviors as cell polarity, lar matrices, and metalloproteinases, must be responsible for
organization, migration, and invasion. The high dependencethe malignant evolution of the marginally tumorigenic and
of these cell features on the microenvironment strongly indi- non-metastatic human LNCaP prostate cancer cell line into
cates the possible reversibility or vulnerability of cancer cells its genetically related bone metastatic variants, the C4-2 and
under certain growth conditions, which could be exploited for C4-2B LNCaP subline38—42]
therapeutic gain. Direct evidence to support the assertion that host factors
In view of the active participation of the microenviron- contribute to tumor formation and angiogenesis was provided
ment in cancer progression, the therapeutic co-targeting ofby Huang et al[43,44], who found that human ovarian can-
both cancer and stroma must be considered in cancer therapyger cells grew less in animals with MMP-9 deficiency, which
[17,30-32] In terms of the plasticity and dependence of can- led to decreased level of extracellular matrix remodeling
cer cells on the stroma, certain stromal milieus may serve as aand angiogenesis adjacent to the sites of tumor coloniza-
cancer microenvironment only transiently along the routes of tion. Macrophages were identified as the major source of
cancer cell migration and metastasis, and the possibility thatthe MMP-9 supporting the growth, angiogenesis, and metas-
cancer cells and their adjacent stromal cells co-evolve like tasis of the ovarian tumors through enhanced extracellular
moving targets offers additional challenges for the develop- matrix remodeling. As splenic macrophages isolated from
ment of effective targeted therapies for the management ofwild-type animals supplemented the deficiency of MMP-9,

cancer in patients. the growth, angiogenesis and colonization of ovarian can-

cer in the MMP-9 deficient transgenic mice resumed. Such
1.2. Modeling prostate cancer progression and results support the concept that stroma is a potential target in
metastasis ovarian cancer therapy.

Table 1 summarizes a number of well-characterized

Several celllines are available for prostate cancer researchhuman prostate cancer models that can be used to study
but only three methods are established and commonly usedhe interaction between tumor and the host microenviron-
to study the malignant transition of these cells. First, sta- ment. These include the LNCaP prostate cancer progres-
ble transfection to prostate cancer cell lines of oncogenes,sion model and the invasive ARCaP model established in
cell cycle regulators, and mediators for cell proliferation, sur- our laboratory, both established from 3D tumor growth in
vival, and anti-apoptosis are widely applied to evaluate their xenografts under the influence of host microenvironment and
contribution to the progression and metastasis of prostate canthrough tumor—stromal interaction. These two models both
cer. Second, prostate cancer cells are grown in media withencompass the two lethal phenotypes of human prostate can-
androgens removed, or inoculated into surgically castratedcer, androgen independence and bone metastasis. Both the
hosts to select those that can survive and proliferate in anLNCaP and ARCaP prostate cancer progression models con-
androgen-independent fashion. Third, prostate cancer cellssist of their respective lineage-related sublines evolved from
are co-inoculated with relevant organ-specific stromal cells the parental cells, which share common genetic backgrounds
or tumor-derived extracellular matrices in intact or castrated but display diverse tumorigenic potential. Cells in these mod-
hosts. There are limited models that can be used to specificallyels express androgen receptor and secrete prostate specific
modify the prostate cancer microenvironment in experimen- antigen (PSA). The most remarkable aspect of these models
tal animals, but the available transgenic animals at best onlyis how prostate cancer cells acquire additional tumorigenic
partly recapitulate the metastatic profiles of human prostate and metastatic potentials merely through interaction with the
cancer. This situation leaves us with a knowledge gap abouthost microenvironment, without introduction of any exoge-
the precise contribution of the tumor microenvironment to nous genetic materials. In contrast, control 2D cultures, either
cancer progression and metastasis. Since co-inoculation ofgrown alone or with organ-specific stromal cells, failed to
prostate cancer cells with stroma promotes tumor progressiongenerate any invasive and metastatic sublines from the same
and metastasis, acquisition of additional tumorigenicity and parental cell lines. Our analyses revealed that cancer pro-
metastatic potential must be due to both the genetic make-upgression to metastasis would occur if tumor cells interacted
of the cancer cells and the proper host microenvironment.  with the host microenvironment in a contact-dependent man-

Consistent with the above assertion, it has been shown thater. Proper alignment and organization of cancer cells with
orthotopically, rather than ectopically, inoculated prostate their surroundings in a 3D geometry is essential for tumor
tumor cells can be promoted to acquire metastatic ability in progression.
soft tissues and bori83-37] In addition, we observed that
cellular interaction with bone stromal cells in vivo, or under 1.3. Establishing a 3D culture with the RWV module to
3D culture in vitro, could permanently alter both the pheno- study epithelial-stromal interaction
type and genotype of the prostate cancer cell lines. Prostate
cancer cells acquire increased metastatic potential and addi- Throughout development, epithelial cells are found in
tional cytogenetic abnormalities after interaction with bone close contact with interstitial mesenchymal tissues, which
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Table 1
Human prostate cancer cell and xenograft models to study cancer-microenvironment interaction
Model Commonly used cell lines Comments (references)
Lineage-related models
LNCaP C4.C4-2,C4-2B LNCaP subclones with increasing androgen-independence and bone metastatic
potential[38,39,41]
ARCaP ARCaP sublines Clones selected from ARCaP bone metd3&3ig]
PC-3 PC-3M, PC-3M-Pro4, PC-3M-LN4 Selected after orthotopic implantation of PC-3M[¢8|B0]
CWR22 CWR22Rv1 Hormone relapsed CWR22 tumor grown in a castrate{Bi¢82]
RWPE-1 RWPE-1 sublines Immortalized prostate epithelial cell line RWPE-1 gave rise sublines with increased

tumorigenicity upon N-methyl-N-nitrourea expos(iga]

Xenograft models

MDA-PCa MDA-PCa2a, MDA-PCa-2b Derived from specimens of a single prostate cancer patient with bone metastasis
(84]

LuCaP LuCaP35, LuCaP35y, LuCaP23-1, LuCaP23-12 Developed from multiple patients with prostate cancer metastasis to lymph node
and liver[85,86]

LAPC LAPC-4, LAPC-8, LAPC-9 Derived by implanting surgical specimens from patients into SCID[BW{e

PC PC-82, PC-133, PC-135, PC-295, PCEW The PC xenografts were established by growing primary prostate cancer or lymph
node metastasis in nude mi@s]

DuCaP DuCaP Derived from the dura mater of a prostate cancer p@®nt

VCaP VCaP Derived from the vertebra of prostate cancer metaf2a$is

are composed of differentiated types of stromal cells of meso- through the mechanism of perpetual fluid rotation. Fluid rota-
dermal origin[45-48] Not only is an intimate relationship  tion of the cells assist the experimental cells to form 3D
between epithelial and stromal cells a prerequisite to the conglomerates spontaneously, without any need for other
maintenance of tissue architecture and organization, but alsomanipulations.
for the morphogenesis, cytodifferentiation, and expressed We found that upon culture in the RWV 3D module,
function of the epithelial cell compartment in all glandu- LNCaP prostate cancer cells form 3D organoids sponta-
lar organs including the prostate gland. Upon neoplastic neously. Importantly, prostate stromal cells became manda-
transformation, disturbance of the epithelial-stromal interac- tory for the maintenance of androgen responsiveness and
tion could work as the “driving force” for further malignant PSA production by the LNCaP ce[s9]. LNCaP cells grown
transformation of the epithelial cell compartm3,49,50] alone in 3D lost the ability to produce PSA, even in the pres-
Recent studies, for example, uncovered “reactive stroma” ence of androgens. Only co-culturing LNCaP with prostate
in the vicinity of tumor nodules. These stroma produce a stromal cells could maintain androgen responsiveness and
spectrum of growth factors and cytokines similar to those PSA production. These results suggested a critical role of
normally found in inflammatory stroma during wound heal- prostate stroma in supporting the growth and differentiation
ing [30,49,51,52] This observation supports the early pro- status of the prostate epithelium, a result known to agree
posal that cancer is a wound that does not H&3]. In with the normal physiology of the prostate epithelium and its
addition, the whole process of cancer progression is accom-control by host endocrine factors. In contrast, in 2D cultures
panied by the cancer cells “recruiting” non-cancerous host LNCaP cells can produce PSA in response to androgen stim-
stromal cells, including infiltrating inflammatory cells, the ulation regardless of the presence or absence of the stroma.
migration and attachment of new blood vessel cells, the dif- This result indicates an uncoupling of the epithelial-stromal
ferentiation of smooth muscle cells, and the accumulation interaction while prostate epithelial cells are maintained as
of poorly characterized mesenchymal fibroblg&4—58] the 2D culture. If this holds true for other prostate cancer
Through soluble and matrix-associated factors or cell-cell cells when cultured as 2D as opposed to 3D, we suggest that
contact, these cells may direct the fate and guide the migra-a large body of the current literature on androgen action in
tion and invasion of the cancer cells by means of EMT and prostate cancer cell lines must be re-evaluated. Moreover, in
MET. view of the tight coupling of growth and PSA expression by
A number of 3D techniques have been designed to prostate epithelium when co-cultured with prostate stroma
investigate the mechanisms of tumor—stromal interaction as 3D organoids under RWV conditions, promising future
and determine its consequencdsble 2 summarizes the  opportunity of discovering new therapeutics could come from
main models used in such studies in vitro. With regard the use of this 3D model.
to the interaction between prostate cancer cells and bone
stroma, we will discuss our experience using the rotary 1.4. Forming large prostate organoids in space
wall vessel, a NASA-designed 3D cell culture model. With
the RWV, cells are grown suspended in microgravity- One unique opportunity with RWV 3D studies is the pos-
simulating conditions in the presence of beads. The over- sibility of transferring concepts and experimental designs in
all effect is a negative contribution of gravity on the cells cancer biology from ground-based study to a space station
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Table 2

Common models for 3D cell culture or tumor growth

Model Method Comment Applications (references of examples)
Xenograft transplantation Cells implanted to in vivo Tumorigenicity[91,92]

immune-compromised host
Microenvironment close to Tumor invasion and metasta$és,94]
biological conditions
Complex factors contribute to the Chemosensitivity95,96]
microenvironment
Angiogenesig97,98]

Pellet culture Cells cultured in spheroid formed by in vitro single or multiple cell Growth/differentiatior{99,100]
sedimentation types
Chorioallantoic membrane Cells inoculated on chorioallantoic in vivo Vasculo-angiogenesj401]

membrane of the chick embryo
Immunodeficient host Tumor invasion and metastHsi2,103]
Limited experimental time

Matrigel Cells cultured in mixture with in vivo or in vitro Growth/differentiatiorf92]
reconstituted basement membrane
components extracted from EHS tumor
The most popular assay for cell ~ Tumor invasior{104,105]
growth and invasion

Angiogenesi§106]
Chemosensitivity107]
Liquid-overlay Cells cultured on the surface of agarose in vitro Tumor growth[108,109]
gel matrix, which blocks attachment of
the cells
Most cells form spontaneous Differentiation[110]
aggregate spheroids
Soft agar colony formation Single cell cultured in suspension in in vitro Tumor growth/surviva[111]
agarose gel matrix
Anchorage-free growth Tumorigenicify12]
The colony contains cells in 3D Chemosensitivity113,114]
arrangement
Differentiation[115,116]
Synthetic matrix Cells cultured in synthetic 3D-simulating in vivo or in vitro Tissue/organ engineerirfiyl 7-120]
matrices
Scaffolds simulating mechanical Chemosensitivity121]
conditions
Rotary cell culture Cells/tissues/organs cultured in rotary  in vitro Tissue engineerinfi.22]
wall vessel under micro-gravity
simulated condition
Spontaneous cell aggregation Tissue reconstit|tiaf]
Single cell type or co-culture Growth/differentiatifi24]

Tumor-stromal interactiofi.25]
Metabolism/toxicology[126]

in the future, where reduced gravity conditions exists nat- numbers for inoculation, cell feeding schedules, and dura-
urally. The reduced gravity system may mimic cancer cell tion (duration was a constraint of the mission length rather
growth and differentiation as would occur in patients more than culture due to the need of bring back the live cul-
closely. We live in a Xx g terrain constantly subjected to unit  tures) of co-culture. A reciprocal cellular interaction model
gravity, but cancer cells carried in blood, lymphatic fluid, or was established on the ground and in space to evaluate
even in bone marrow could be seen as existing in sub-gravity how human prostate cancer cells may interact with human
conditions, just as cellular aggregates or emboli exist in a osteoblasts under these co-culture conditions since prostate
weightless statf60]. To understand the effect of gravity on  cancer bone metastasis occurs most frequently and is gener-
the 3D growth of chimeric prostate cancer organoids com- ally considered as lethal. The major focus of these ground
prised of human prostate cancer cells (LNCaP) and humanand space-based studies is to test the hypothesis that reci-
osteoblasts (MG63), we conducted the first study in spaceprocity of cellular interaction between prostate cancer and
through a NASA-sponsored Shuttle Columbia flight. The bone stromal cells results in a permanently altered genotype
experimental design included multiple runs in microgravity- and phenotype of these cells after exposure to a reduced
simulated ground conditions to determine the optimal cell gravity 3D culture conditions. The tragedy of the Shuttle
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Ground

Space

Fig. 1. Formation of large prostate cancer organoids with the 3D RWYV culture in space. LNCaP and MG-63 cell lines were cultured in T-medium containing
10% FBS, 1Q.g/ml Ciprofloxacin, Jug/ml Amphoterecin, and 90 mg/dl glucose. In preparation for flight readiness, the two cell lines were each determined to
be free of bacteria, fungus, HIV-1, HIV-2, HTLV-1, HTLV-2, hepatitis B and C, and mycoplasma by microbiological laboratory testing, and thusakd not p

any infectious risk to the Shuttle crew. In preparation for inoculating the bioreactor, one gram of Cultispher GL beads were hydrated in phéesthte buf
saline (50 ml) and autoclaved (12, 20 min). The beads were washed twice and resuspended in T-medium (50 ml). The beads (312 mg) were loaded into
a 60 cc syringe and injected into the vessel. A total o&38° LNCaP cells and % 10° MG-63 cells were each harvested and loaded into 5cc syringes.
Immediately after injecting the beads, each cell line was injected into the bioreactor. The rotation speed and medium feeding schedules @ictach biore
two on ground and one in space, were each controlled by computers to assure both the near-zero gravity of the cultures and that the conditiores of the med
and thus the cultures were equivalent (not shown). A media sample from the cell culture was taken for archiving and monitored fgr@H HODs, Na,

K, Cl, BUN, and glucose concentrations at regular intervals to determine real-time culture status. In parallel, a cell sample was archivedpferirpest ex
biochemical and molecular analyses. The pictures depicted were transmitted to NASA Mission Control during the indicated period of space &ightnAs sh

the pictures, much larger prostate organoids were formed in space as compared to the parallel ground study despite there was no differend#izatiturcose u

rate between ground and space studies (data not shown).

Columbia flight unfortunately resulted in the loss of flight 1.5. Using RWV 3D co-culture to model prostate

crews and our ability to recover most of the valuable sam- cancer—stromal interaction

ples cultured in space. We obtained, however, electronically

transmitted pictures from Shuttle Columbia describing the  We found a series of remarkably permanent genetic and
real-time growth and aggregation of the chimeric prostate behavioral changes in LNCaP cells co-cultured with either
cancer comprised of the LNCaP and MG63 osteoblast cell prostate or bone-derived stromal cells using both the 3D
lines into growing prostate organoidBig. 1). These pic- RWYV module and chimeric xenografts in mip&l,61] The
tures are lined up on a real-time basis with the control study observed changes included permanent chromosomal recom-
conducted on the ground, using identical bioreactor equip- bination as assessed by cytogendtids61]and comparative
ment and computer programs to control medium feeding, genomic hybridization62]. These changes were accom-
sampling and monitoring. There was a remarkable differ- panied by behavioral changes in the prostate cancer cells,
ence in the sizes of the aggregates. Prostate organoids irwhich exhibited both increased androgen independence and
space reached golf-ball size within 6 days after co-culture, increased bone metastatic potential. That stromal cells were
whereas in the same period prostate aggregates only 3—-5 mna prerequisite for these cellular interaction models involv-
in diameter were formed on the grounéid. 1). This dif- ing human LNCaP cells was confirmed by control experi-
ference is most likely due to the lower shear forces applied ments using 2D co-culture, where no genetic and behavioral
to the cells in microgravity conditions as compared to the changes were noted in the LNCaP cells. Using the RWV co-
high shear forces applied on the cells cultured in the ground- culture system under 3D growth conditions, we were able
based experiment. Higher rotation rates of the RWV are to establish a simplified epithelial-stromal interaction model
required to suspends the cells and simulate the micrograv-with only two partners, LNCaP and the prostate or bone
ity conditions in space. Growth of coculture of cancer cells stroma. This model can be expanded and applied to molecu-
types in space offer several advantages: (1) it reduces thdar analysis of prostate cancer progression by incorporating
shear forces on the cells and (2) allows cancer cells to additional relevant cell types such as vascular endothelial,
form natural interactions with other relevant cell types. The smooth muscle, neuroendocrine and inflammatory cells, in
RWV 3D co-culture of cancer cells with stroma will likely  the construction of chimeric prostate cancer organoids.

offer new insights into the nature of the cellular interac- Reciprocity of genetic and behavioral changes was also
tion between cancer and its microenvironment and allow us observed in 3D co-culture with reactive stromal cells. We
to dissect the molecular steps underlying the co-evolution recently determined that stroma isolated from prostate cancer
of cancer and stromal cells. These models can be carefullyspecimens, unlike stroma from normal donors, preferentially
characterized and utilized to benefit future drug discovery induced tumor formation by LNCaP cells in xenograft (Sung,
programs. et al., unpublished results). To investigate this phenomenon
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in vitro, we reactivated the prostate stromal and bone stro- the precise mechanism of cellular interaction between can-
mal cells by co-culturing them with C4-2, an androgen- cer cells and their in vivo environment remains speculative,
independent subline of the LNCaP lineage, in the RWV 3D the underlying molecular basis is most likely contributed
model[63]. The tumor-reactivated stromal cells were then by coordinated changes of gene expression in response to
purified and mixed with LNCaP cells in xenograft inocula- inductive cues from the host environment. In a series of
tion. While stromal cells were able to promote cancer growth, reviews, Ingbef68—71]elegantly summarized the principle
this series of studies revealed that stroma reactivated by canof mechanochemical transduction of signals controlling nor-
cer cells could promote further cancer progression (unpub- mal and malignant tissue differentiation. Mechanical stretch
lished results). There was a clear difference between theof cells can trigger a list of chemical signals, aimed at con-
androgen-dependent LNCaP and the androgen-independertrolling the growth of the cell, expansion of basement mem-
C4-2 cellsinterms of their capability to reactivate the stromal branes, and orderly progression of morphogenesis and cytod-
cells [63], with the C4-2 but not the LNCaP cells display- ifferentiation of the developing tissues. In carcinogenesis, a
ing significant greater potential to activate bone stromal cells deregulated epithelial-mesenchymal interaction could cause
(unpublished data). Importantly, none of these phenomenaaccelerated turnover of basement membrane and release of
could be observed in 2D cultures. If the RWV 3D culture mechanical constraints on epithelium; and abnormal growth,
recapitulates the real microenvironment for prostate cancerdifferentiation, and migration may ensue. These properties
growth, these results may indicate that in vivo prostate can- have been validated with breast cancer and breast stroma
cer cells are engaged in a reciprocal communication with the co-cultured organoids grown as 3D tissues using the RWV
surrounding stroma. It can be speculated etiologically that technology.

in an organotypic microenvironment, stroma provide favor-

able factors facilitating cancer cell growth and survival while 1.7. Modeling prostate cancer bone metastasis with the
cancer cells return the favor by reactivating the stroma for RWV 3D co-culture system

further accommodation. This scenario will inevitably lead to

a “vicious cycle” that is likely the foundation of the uncon- Most prostate cancer metastases elicit an osteoblastic
trollable cancer growth observed in several metastatic modelsresponse in bone. It would be ideal if an in vitro model
[9,10,17,51,64] could be established specifically for the mechanistic study of
prostate cancer bone metastasis. Because a 3D architecture
1.6. Regulating cell polarity, gene expression, and and cellular interaction are essential for ex vivo formation
behavior in 3D organoids of human bong72], we initiated a project to develop an

in vitro 3D culture model for bone formation, with a modi-

The growth of cancer cells in situ is not the same as that of fied protocol from the 3D co-culture of prostate cancer cells
a 2D adherent cell array. Our experience and others showedand prostate or bone stroma. Most of the current 2D and 3D
that 3D culture forms a compacted organoid in close inter- cultures resort mineralization conditions to induce differen-
action with its microenvironmerj65], a scenario that better  tiation of the bone-forming osteoblasts. The mineralization
mimics in vivo conditions. A number of 3D experimental condition usually includes addition of crucial nutrients of
models have been developed to assess how the microenvironascorbic acid phosphate, vitamin OBglycerol phosphate,
ment regulates cellular behavior, including cell polarity, gene and calcium gluconate to the culture media. In co-culture of
expression, and cellular function. Malignant breast cancer the bone-forming osteoblasts and prostate cancer cells, how-
cells growing on plastic dishes exhibited a similar pheno- ever, some of these reagents may affect prostate cancer cells
type to non-malignant breast epithelium. When placed in a and complicate data interpretation. Our ultimate goal was to
3D reconstituted extracellular scaffold, however, malignant develop a simplified bone-forming culture condition, which
breast cells formed amorphous structures with an enhancedvould facilitate co-culture of prostate cancer cells with the
rate of proliferation, partly due to a change in the expression bone.
of integrins and receptors for epidermal growth factors, as  We used the RWV 3D culture system to screen a panel
well as a disability to sense contextual cues in the surroundingof bone-derived primary cultures and established osteoblas-
microenvironment. In contrast, under the same conditions, tic cell lines for their ability to form mineralized bones in
non-malignant breast epithelial cells will undergo growth the culture medium that accommodates prostate cancer cell
arrest and differentiate into a polarized alveolar structure thatgrowth (RPMI 1640 with 5% FBS). All the osteoblastic
secretes milg66]. In addition, developing kidney, cartilage, cells tested tolerated this culture condition well, and upon
heart, pancreas, and ovary have been successfully cultureRWV 3D culture, they readily formed conglomerates, which
under similar conditionsTable 2. These results suggest a were examined for bone formation with histological and bio-
parallelism of growth condition requirement between organ chemical methods. Through this screening, we were able
development and carcinogenesis. to identify hFOB1.19, a conditionally immortalized human

A 3D assembly of prostate cancer cells can be conve-fetal osteoblastic cell line, that could spontaneously form
niently constructed by growing them with their relevant stro- mineralized bone without addition of any mineralizing com-
mal cells using the 3D RWV technolofy9,61,67] Although ponents to the media, though adding the above reagents could
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Fig. 2. Mineralization of the hFOB1.19 cells in 3D culture. Human osteosarcoma cell MG62@® and the immortalized human embryonic osteoblastic

cell hFOB1.19 (5¢< 10°) were incubated separately in RPMI 1640 with 5% FBS, in the NASA RWV system for 9 days. Cell balls obtained from the 3D culture
were placed onto a cell culture dish and photographed under transmitting light microscope at low magnificejoPénel A: After 9 days of culture, the

MG63 cells aggregated into tightly packed cell balls, without visible mineralization. No mineralization was seen in MG63 cell balls even aftat 8kten
culturing (up to 14 days). On the other hand, the hFOB1.19 cells formed loose aggregates, with palpable and hard cores, which are opaque umder transmit
light. The mineralization was confirmed with histological assays (not shown). Panels B, C, and D represent progressive mineralization witl8d .tt& hFO

cell balls after 3, 6, and 9 days of culture, respectively.-Bamm.

increase the subsequent mineralization in a quantitative man-per se. A few human osteoblastic cell lines are available for
ner Fig. 2and data not shown). We found that the hFOB1.19 the study of bone formation, but only two of them, MG63
conglomerates were visible at 24 h of RWV 3D culture, and and hFOB1.19, have been reported to form actual miner-
mineralization within the conglomerates visible 48 h later alized nodules in 2D culturelg3,74] Traditionally, bone
(Fig. 2. In contrast, other osteoblastic cells had only marginal formation by human cell lines is of interest for the poten-
capability to form visible bone with mineralization under the tial bioengineering as disease treatment. In this field, the 3D
same cell culture condition (data not shown). Interestingly, formation of mineralized bone nodules has been reported
when cultured in 2D, the hFOB1.19 cells rarely form appre- only within artificial matrice$75], with the experiments car-
ciable crystallized bone, even at full confluence. It seemed ried out under Ix g condition. Our screening thus provided
that the bone-forming ability of this cell line was genetically a unique finding that certain osteoblastic cells could form
programmed but required the input from cell microenviron- mineralized bone spontaneously in RWV 3D culture, in the
ment under RWV 3D culture condition. These features can absence of key medium components necessary for mineral-
be explored in routine RWV 3D co-cultures without the use izing conditions. As for the mechanism, the differentiated
of additional mineralizing components. bone formation between 2D and the RWV 3D culture indi-
Bone formation is currently a subject of intensive investi- cates a fundamental requirement for 3D condition by bone
gation. Most of the mineralization models reported so far used cell biology. On the other hand, it may be due to differenti-
primary bone marrow mesenchymal precursor cells. Severalated production of extracellular matrix proteins in these cells
murine osteoblastic cell lines are widely used for mineraliza- under terrestrial gravity and zero gravity, because by altering
tion studies for their capability to form mineralized nodules mechanical sensing, gravity has a fundamental influence on
in 2D culture. Most of these studies pursue gene expressionggene expressior{g6]. The finding of the spontaneous bone
regulated by endocrine factors, rather than bone formation mineralization by hFOB1.19 cells in the RWV 3D module
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will have a great impact on the study of bone mineralization Illan Ramon, Payload Specialist for their courage in devoting
beyond the field of prostate cancer research. their lives to the exploration of space and discoveries bene-
In relation to prostate cancer research, our study indicatedfitting humanity. We thank them for their performance of the
thatitis possible to carry out an in vitro molecular analysis of RWV 3D experiments in space. Works reported in this article
prostate cancer bone metastasis. By first establishing a uniqueare supported by research funds to RXW (DoD PC040578);
bone formation model under RWV 3D culture conditions to LWKC (NASANCC9-144, NIH CA098912, DoD DAMD
with a single specified osteoblastic cell line, we are now able 17-00-1-0526, and DAMD 17-03-2-0033); and to HEZ (NIH
to co-culture each prostate cancer cell line with the mineral- CA82739).
ized bone. Because this co-culture can be easily manipulated
and the samples evaluated quantitatively, the interaction of
the prostate cancer cells with bone can be carefully mon-
itored. Integrating this model with genetic and therapeutic
studies will yield valuable information on the mechanisms n
mediating the interaction between prostate cancer cells and
bone.
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