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EPIGRAPH

Let the beauty we love be what we do.
Rumi

Nature’s first green is gold,
Her hardest hue to hold.
Her early leaf’s a flower;
But only so an hour.
Then leaf subsides to leaf.
So Eden sank to grief,
So dawn goes down to day.
Nothing gold can stay.
Robert Frost

A person starts to live when he can live outside himself.
Albert Einstein

v

vi
TABLE OF CONTENTS

Signature Page…………………………………………………………………………... iii
Dedication……………………………………………………………………………….. iv
Epigraph………………………………………………………………………………….. v
Table of Contents………………………………………………………………………... vi
List of Abbreviations…………………………………………………………………... viii
List of Figures……………………………………………………………………............ ix
List of Tables…………………………………………………………………………...... x
Acknowledgements……………………………………………………………………... xi
Vita……………………………………………………………………………………... xiv
Abstract………………………………………………………………………………… xvi

Chapter 1: Prostate Cancer ............................................................................................... 1
1.0
Chapter overview ................................................................................................ 1
1.1
Detection and Diagnosis ..................................................................................... 1
1.2
Treatment ............................................................................................................ 3
1.3
Prognosis ............................................................................................................. 4
1.4
References………………………………………………………………………5
Chapter 2: Stem cells and cancer ...................................................................................... 8
2.0
Chapter overview ................................................................................................ 8
2.1
Stem cells ............................................................................................................ 8
2.2.3
Applications to cancer therapy ................................................................. 13
2.3
Prostate stem cells ............................................................................................. 13
2.3.1
Evidence of prostate regeneration............................................................. 14
2.3.2
Development of prostate based on epithelial-mesenchymal interactions . 16
2.4
Stem Cell Niche and Tumor Microenvironments ............................................ 21
2.4.1
Stem cell niche .......................................................................................... 22
2.4.2
Tumor-permissive microenvironments ..................................................... 25
2.4.3
Prostate stem cell niche............................................................................. 27
2.5
Summary of approach to prostate tumor cell culture ........................................ 29
2.6
References ......................................................................................................... 33
Chapter 3: Tumor-Initiation ............................................................................................ 43
3.0
Chapter overview .............................................................................................. 43

vi

vii
3.1
Senescence ........................................................................................................ 43
3.2.3
Bmi-1 ........................................................................................................ 49
3.4.3
Orthotopic xenografting in the anterior prostate....................................... 58
Chapter 4: Purpose of Project .......................................................................................... 70
4.0 The Problem and Objectives of Study .................................................................... 70
4.1
Overview of Project .......................................................................................... 71
4.1.1
Selective Prostate Tumor Culture System ................................................ 72
4.1.2
Induction of Immortalization and Pluripotentiation in Prostate Tumor
Cultures……………………………………………………………………………..73
4.1.3
In Vivo Assays in Three Microenvironments ........................................... 74
4.2
Implications and future work ............................................................................ 75
Chapter 5: Cultured human tumor stem cells and the .........................................................
prostate tumor stem cell niche generate prostate glands in vivo ...................................... 79
5.1
Introduction ....................................................................................................... 80
5.2
Results ............................................................................................................... 83
5.3
Discussion ......................................................................................................... 89
5.4
Materials and Methods ...................................................................................... 96
5.5
References ....................................................................................................... 101
Chapter 6: Expression of hTERT and Bmi-1 in primary prostate tumor cells ...................
increases formation of tumor glands in vivo .................................................................. 111
6.2
Results ............................................................................................................. 114
6.3
Discussion ....................................................................................................... 117
6.5
References ....................................................................................................... 125
Chapter 7: Induction of pluripotency in human prostate cells from early-stage tumors ....
triggers a highly invasive phenotype ............................................................................ 132
7.1
Introduction ..................................................................................................... 133
7.2
Results ............................................................................................................. 135
7.3
Discussion ....................................................................................................... 138
7.4
Materials and Methods .................................................................................... 141
7.5
References ....................................................................................................... 146
Chapter 8: Conclusion .................................................................................................. 152
8.0
Stem Cells and Cancer .................................................................................... 152
8.1
Model of Prostate Tumor Progression ............................................................ 152
8.2
Selective culture of prostate tumors ................................................................ 153
8.3
Induction of immortalization and pluripotentiation ........................................ 154
8.3.1
Immortalization initiated more proliferative tumor in vivo .................... 154
8.3.2
Induction of Pluripotency triggered a highly aggressive cancer in vivo 155
8.4
Influence of in vivo microenvironment .......................................................... 157

vi

viii
LIST OF ABBREVIATIONS
AR
Bmi-1
BPH
CD44
CK 5/14
CK 8/18
c-kit
c-Myc
DHT
DMEM
hES
H&E
Int. α2β1
iPS
iPTuS
Klf-4
MSCV
Nanog
Oct-4
p63
PrEp
PrTuSC
UGM
SCC
SCID
SCF
SCID
Sox-2
SSEA-3
SSEA-4
TERT
T/A
Tra-1-60
Tra-1-81
UGM

androgen receptor
B lymphoma Mo-MLV insertion region 1, polycomb group RING protein
benign prostate hyperplasia
cell surface glycoprotein
high molecular weight cytokeratin
low molecular weight cytokeratin
CD117, stem cell factor receptor
proto-oncogene, Myc transcription factor
dihydrotestosterone
Dulbecco-(Vogt)’s Minimum Essential Medium
human embryonic stem cells
hematoxylin and eosin
Integrin α2β1
induced pluripotent stem cells
induced pluripotent tumor stem cells
Kruppel-like factor 4, transcription factor
mouse stem cell virus
Nanog homeobox
octamer-4, transcription factor
p53-protein analog
prostate epithelial cells
Prostate Tumor Stem/Progenitor Cells
rat urogenital mesenchyme
stem cell cluster
severe combined immunodeficiency
stem cell factor
severe combined immunodeficient
(sex determining region Y)-box 2, transcription factor
stage-specific embryonic antigen 3
stage-specific embryonic antigen 4
telomerase
transit-amplifying
podocalyxin, mucin-like embryonic cell surface marker
podocalyxin, mucin-like embryonic cell surface marker, alternate epitope
embryonic urogenital sinus mesenchyme

viii

ix
LIST OF FIGURES
Figure 1-1.

Comparison of human and mouse prostate organs…………………….. 7

Figure 2-1.

Stochastic and hierachical model of tumor-initiation…………………. 40

Figure 2-2.

Arrangement of cells in the prostate gland…………………………..... 41

Figure 2-3.

Hierarchical model of prostate stem cell differentiation…………….... 42

Figure 3-1.

Hypothesis of senescence and immortalization……………………….. 66

Figure 3-2.

Suppression of replicative senescence by Bmi-1……………………… 67

Figure 3-3.

General scheme for inducting pluripotency in human somatic cells….. 68

Figure 3-4.

Schematic representation of in vivo assays used in this work………… 69

Figure 4-1.

Schematic representation of the work………………………………….78

Figure 5-1.

Colony growth from early-stage prostate tumor tissue samples………106

Figure 5-2.

Prostate Tumor Stem Cell (PrTuSC) cultures express stem/progenitor
cell markers…………………………………………………………….107

Figure 5-3.

Prostate tumor stem cell niches differentially express putative
stem/progenitor markers……………………………………………….108

Figure 5-4.

Tissue recombination and subcutaneous implantation of PrTuSC
cultures stimulate slow-growing prostatic glands……… ………… .109

Figure 5-5.

Orthotopic xenografting of PrTuSC cultures into anterior prostate of
SCID/Beige mice gave rise to typical prostate cancer histology……...110

Figure 6-1.

Bright-field microscopy and senescence assay………………………..127

Figure 6-2.

Expression of ectopic hTERT and Bmi-1……………………………..128

Figure 6-3.

Subcutaneously injected BT cells generated tumors in multiple organ
sites…………………………………………………………………….129

Figure 6-4.

Tissue recombination Histology of BT-treated prostate tumor cells
generate glands under kidney capsule………………………………....130

ix

x
Figure 6-5.

Orthotopic xenografting into anterior prostate………………………....131

Figure 7-1.

Immunostaining of iPS clone.………………………………………….148

Figure 7-2.

Subcutaneous injection induces growth with less-differentiated
features…………………………………………………………………149

Figure 7-3.

Tissue recombination of iPTuS cells with urogenital mesenchyme under
the kidney gave rise to invasive tumor…………………………………150

Figure 7-4.

Orthotopic xenografting stimulates tumor growth and in multiple
sites……………………………………………………………………..151

Figure 8-1.

Model for tumor initiation……………………………………………...160
LIST OF TABLES

Table 5-1.

RT-PCR primers……….……………………………………………….105

x

xi
ACKNOWLEDGEMENTS

I would like to start by acknowledging the members of my committee: Dr. Martin
Haas, my advisor and mentor, who guided me in my transition from materials science
engineering into stem cell biology. I am grateful for all that I have learned in the past few
years, in particular for the time spent working and discussing ideas, side-by-side at the
tissue culture hoods. His energy, courage, and curiosity bring light to our days in and out
of lab. Dr. Sungho Jin, my co-advisor and visionary chair of our interdisciplinary
program, who gave me the opportunity to pursue this graduate degree, and allows his
students to take creative risks in their scientific work. Dr. Gabe Silva, for his
encouragement, and for sharing his confocal microscope, where I was introduced to the
wonders of immunocytochemistry. Dr. David Gough, for his support and collaboration on
this project. Dr. Dan Donoghue, for his inquisitiveness and willingness to work together
in this field of research.
I would like to acknowledge the many teachers that have shared their expertise
and their passion for science with me. Dr. Stephen M. Baird is a wellspring of
enthusiasm, who inspires me to pursue a balance between science and art. He joyfully
trained me in the curious skill of interpreting histological slides. Jo Yeargin is always
ready to brainstorm and help me through the ups-and-downs of molecular biology
techniques. I am glad for her thoughtful scrutiny of my writing. Dr. Juan-Carlos
Belmonte and Dr. Angel Raya are instrumental to our iPS study. Their enthusiasm and
commitment to this intercontinental collaboration showed me how science can make the
world a smaller place. Dr. Omar Franco, Dr. Ming Jiang, and the Simon Hayward

xi

xii
laboratory at Vanderbilt University educated me in the intricacies of microsurgery on
mice. Dr. Brian Seunghan Oh showed me how to perform materials science techniques
and analyze data in the very beginning of my graduate work. Dr. Kersi Pestonjamasp was
always so helpful when troubleshooting microcopy and immunostaining. Dr. Eduardo
Macagno first introduced me to microdissection and animal work. The late Dr.
Marguerite Vogt, is a scientist whom I have never met. I have been lucky to learn about
her inspiring life, one story at a time, and her scientific spirit silently informs my work.
Thank you to all the many characters that have graced my path here at UCSD:
my friends in the Materials Science Engineering program and the myriad of
graduate/professional departments, Graduate Student Association, and UCSD
Entrepreneur Challenge. I am glad to have shared my home with many different
roommates, who have shown me new perspectives from which to see the world.
I appreciate Charlotte Lauve for her kind administrative advice. I have many happy
memories with current and former members of the Haas lab, in particular Chris Wu, Judy
Rabano, Adam Best, Tuan Le, and the Jin lab, who were always ready with new solutions
to fix problems. Working with people both committed to work and to a balanced life
made sometimes-tough lab days more enjoyable.
Last, but certainly not least, I thank my family – Mom, Dad, and grandparents –
for their unconditional love and support. I thank my sister, Hanneke, on her way to
becoming a dentist, who is always ready to lend an ear (or take a tooth). I thank my
husband, Chris, for his encouragement, patience, and support through all these years.
Chapter 5, in part, is currently being prepared for submission for publication of
the material. Fiñones, Rita R.; Wu, Christopher; Yeargin, Jo; Le, Tuan; Baird, Stephen

xii

xiii
M.; Haas, Martin. The dissertation author was the primary investigator and author of this
material.
Chapter 6, in part, is currently being prepared for submission for publication of
the material. Fiñones, Rita R.; Yeargin, Jo; Baird, Stephen M.; Haas, Martin. The
dissertation author was the primary investigator and author of this material.
Chapter 7, in part, is currently being prepared for submission for publication of
the material. Fiñones, Rita R.; Raya, Angel; Yeargin, Jo; Baird, Stephen M.; Belmonte,
Juan-Carlos Izpisúa; Haas, Martin. The dissertation author was the primary investigator
and author of this material.

xiii

xiv
VITA
Born, Makati, Metro Manila, Philippines
2001

B.S., University of California, Berkeley
Materials Science and Engineering

2001-2002

Research Assistant, Materials Science Division
Lawrence Berkeley National Laboratory

2002

Pre-doctoral Research Fellow, Polymer Chemistry
Uppsala University, Uppsala, Sweden

2003-2008

Graduate Student, Materials Science and Engineering
University of California, San Diego

2003-2006

Research Assistant, Materials Science and Engineering
University of California, San Diego

2006

Teaching Assistant, Culture, Art, and Technology Writing Program
University of California, San Diego

2006-2008

Research Fellow, Chancellor’s Collaboratories
University of California, San Diego

2006-2009

Research Assistant, Department of Biology and Cancer Center
University of California, San Diego

2009

Ph.D., Materials Science and Engineering
University of California, San Diego

PUBLICATIONS
Fiñones R. R., Wu C., Yeargin J., Le T., Baird S. M., Haas M. Cultured human tumor
stem cells and the prostate tumor stem cell niche generate prostate glands in vivo.
Manuscript in preparation.
Fiñones R. R., Yeargin J., Le T., Baird S. M., Haas M. Expression of hTERT and Bmi-1
in primary prostate tumor cells increases gland formation in vivo. Manuscript in
preparation.
Fiñones R. R., Raya A., Yeargin J., Baird S. M., Belmonte J.C., Haas M. Induction of
pluripotency in human prostate cells from early-stage tumors trigger highly invasive
phenotype. Manuscript in preparation.

xiv

xv
Frimodig J. Hueck I. Fiñones R. R., Haas, M. Chapter Title. Book Title. Editors.
Springer-Verlag. Submitted (2009).
Pisanic T. R., Blackwell J. D., Shubayev V. I., Fiñones R. R., Jin, S. Nanotoxicity of iron
oxide nanoparticle internalization in growing neurons. Biomaterials, Vol. 28 (16): 257281 (2007).
Oh S., Daraio C., Chen L. H., Pisanic T. R., Fiñones R. R., Jin, S. Significantly
accelerated osteoblast cell growth on aligned TiO2 nanotubes. Journal of Biomedical
Materials Research A, Vol. 78 (1): 97-103 (2006).
Oh, S. H., Fiñones, R. R., Daraio C., Chen L. H., Jin S. Growth of nano-scale
hydroxyapatite using chemically treated titanium oxide nanotubes. Biomaterials, Vol. 26
(24): 4938-43 (2005).
Hu, Y; Doeff, M M; Kostecki, R; Fiñones, R. Electrochemical performance of sol-gel
synthesized LiFePo4 in Lithium batteries. Journal of the Electrochemical Society. Vol.
151 (8): A1279-A1285 (2004).
Tucker M. C., Doeff M. M., Richardson T. J., Fiñones R., Cairns E. J., Reimer J.A..
Hyperfine fields at the Li site in LiFePO(4)-type olivine materials for lithium
rechargeable batteries: a (7)Li MAS NMR and SQUID study. Journal of the American
Chemical Society, Vol. 124 (15): 3832-3 (2002).
Tucker, M. C., Doeff M. M., Richardson T. J., Fiñones R, Reimer J. A., Cairns E. J. 7Li
and 31P magic angle spinning nuclear magnetic resonance of LiFePO4-type materials.
Electrochemical and Solid-State Letters. Vol. 5(5): A95-A98 (2002).

xv

xvi
ABSTRACT OF THE DISSERTATION

Inducing Pluripotency and Immortality in Prostate Tumor Cells:
A Stem Cell Model of Cancer Progression
by
Rita Roces Fiñones
Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2008
2009
Professor Martin Haas, Co-Chair
Professor Sungho Jin, Co-Chair

The progression from local prostate tumor to lethal prostate cancer is not well
understood. Although current treatments cure a majority of patients, a significant
minority (~12%) of people are diagnosed with late-stage, hormone-independent disease.
As yet, the origin of the hormone-independent prostate cancer cells is unknown. In the
present study, the transition to the lethal form of this disease is hypothesized to occur
when a genetically-compromised tumor cell undergoes (1) an immortalization or (2) a
pluripotentiation step.

In this work, cells from early-stage, human prostate tumors were grown in
optimized culture conditions in the absence of testosterone. We then utilized the prostate
tumor cells to assess the mechanisms involved in the transition from local tumor to
aggressive cancer. Two separate groups of genes were used to model this transition. In
one study, prostate tumor cells were retrovirally transduced to express Bmi-1 and
telomerase (TERT), a combination that allows epithelial cells to bypass senescence and

xvi

xvii
become an immortal cell line. In the second approach, prostate tumor cells were
transduced using a four-gene, induced pluripotent stem (iPS) cell strategy that reprograms
adult cells to a pluripotent embryonic stem (ES)-cell state. Cellular response to different
microenvironments was assayed in vivo by subcutaneous injection, implantation under
the kidney capsule with embryonic urogenital mesenchyme (a technique termed “tissue
recombination”), and orthotopic engraftment into the anterior prostate of SCID/Beige
mice.

The results of this work demonstrate that prostate cells can be selectively cultured
from local tumors. These cells express prostate stem cell characteristics and initially grow
from clusters within a putative prostate tumor stem-cell niche. Bmi-1 and TERT extended
cell lifespan and increased proliferation, but did not promote a malignant phenotype.
Thus, immortalization of prostate tumor cells may be necessary but not sufficient to
progress the disease. In contrast, the induction of pluripotency in prostate cells triggered a
highly invasive phenotype. This finding suggests that the acquisition of pluripotency is a
mechanism that promotes the transition from local tumor to a more aggressive cancer.

xvii
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Chapter 1
Prostate Cancer
1.0

Chapter overview
Prostate cancer is the third leading cause of death in developed countries and the

second most commonly diagnosed malignant disease in U.S. males (Damber and Aus
2008). In 2007, the 218,000 individuals diagnosed with prostatic disease resulted in
27,000 mortalities (Jemal, Siegel et al. 2007). Routine examinations and screening of
PSA levels favor early diagnosis and treatment of localized disease by surgical resection,
radiotherapy, and hormone-ablation therapy, effectively removing or shrinking the bulk
of the tumor. The same treatment options, and combinations thereof, allow the alleviation
of disease symptoms for patients diagnosed with late-stage or metastatic disease. Active
monitoring, or watchful waiting, of the patient is sometimes the most reasonable option,
especially in the case of men with shorter life expectancy or other health risks.
Although these early-detection programs and techniques have increased the rate
of diagnosis, strategies to identify which of the 12% of U.S. patients will develop
advanced disease are not yet clear. Available treatment programs are not effective with
patients that relapse with an androgen-independent (AI) form of the disease. Currently,
there is no effective treatment for patients who develop androgen-independent disease.
The mechanism involved in the transition from local-tumor to hormone-independent
disease is unknown. Thus, it is critical to conduct cell-based studies that reveal the
underlying nature of metastatic progression.

1

2
1.1

Detection and Diagnosis
Early-detection of localized prostatic disease increases the likelihood of survival,

as confined tumors are more responsive to available treatments. Standard tests involve a
digital rectal exam for presence of an abnormal tissue at or near the prostate, the walnutsized organ that encircles the urethra and is located beneath the bladder (Fig. 1-1).
Screening patient blood for serum Prostate-Specific Antigen (PSA) levels is also a
common diagnostic test. Although the correlation between PSA level and prostate cancer
risk is still being debated, PSA levels above 10 ng/ml are considered intermediate to high
risk, which prompt further attention (D'Amico, Whittington et al. 1998).
Diagnosis requires the acquisition of tissue via needle biopsy of the prostate at 6
-12 sites. Histological analysis of tissue is necessary to identify anomalous glands or
cellular features. The Gleason score system is a widely used and accepted technique to
assess the severity of prostate cancer progression by cellular morphology (Gleason 1966).
This method is based on the identification of typical cell patterns on stained biopsy tissue.
Prostate glands in the tissue are scored according to different features, e.g. degree of
organization of cells in glands, biochemical staining for prostate-specific markers, and
level of abnormal invasion into surrounding tissue. In general, the more disordered the
cells in the tissue, the higher the Gleason grade, and the more severe the outlook for the
patient.
The two most common types of prostatic disease are benign prostate hyperplasia
(BPH) and prostate cancer (PrCa), which are morphologically and pathologically distinct.
Benign prostate hyperplasia (BPH) is a disease of prostate stromal cells, which include
smooth muscle cells and fibroblasts that surround normal prostate glands (Isaacs 2008).
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Prostate cancer (PrCa), also call prostate adenocarcinoma, is a disease of the epithelial
cells, which include the luminal and basal cells that form the organ. The Gleason grading
system, developed by the late Gleason, is a morphological criteria used to assess patient
prognosis from a prostate biopsy (Gleason 1966). Generally, an increase in the epithelial
cell disorganization is associated with a poor prognosis. In this work, we focus on
understanding the progression of prostate cancer, which leaves patients that develop
androgen-independent disease with no treatment options.

1.2

Treatment
Approaches to treatment of early-stage prostate cancer are curative or palliative,

depending on the assessed stage of disease and other risk stratification factors. Watchful
waiting, also known as active monitoring, is the following of patient health without
treatment. This option is ideal for patients with low-risk for developing disease, or
individuals with shorter life-expectancy. Patients with local tumors that have not
extended growth beyond the prostatic capsule may undergo radical prostatectomy or
radiotherapy. Radical prostatectomy, the complete removal of the prostate, has been
shown to increase the 7-year survival rate of patients with local disease (Wong, Mitra et
al. 2006). Another option for treatment of local disease is radiotherapy with iridium-192,
by insertion of radioactive materials (or seeds), or by an external –beam source (Pickles
and Pollack 2006). Efficacy of radiotherapy lacks data and analysis, but remains a
treatment option (Mangar, Huddart et al. 2005).
Hormone therapy can be conducted after either prostate resection or radiotherapy.
Because growth and function of the prostate is highly responsive to the androgen
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testosterone, hormone levels are pharmacologically decreased to prevent proliferation of
remnant prostate tumor cells. Pharmaceutical agents such as finasteride, an α-reductase
inhibitor that restrains the enzymatic conversion of the hormone to the more biologicallyactive dihydrotestosterone form, suppresses the ability of cells to respond to androgen
(Damber and Aus 2008). Anti-androgens, such as the nonsteroidal bicalutamide, prevent
the body’s native production of androgen (See, McLeod et al. 2001). Combining both
approaches is termed “androgen blockade.” Tumors initially respond by shrinking in size,
due to apoptosis and death of the androgen-responsive, androgen-receptor (AR)expressing cells that make up the tumor bulk. The initial response in patients is alleviated
pain and decrease in serum PSA, and the disease is held at bay (Maitland and Collins
2008).

1.3

Prognosis
Although 70-80% of patients respond well to resection of local tumors and

hormonal treatment, the development of advanced disease remains untreatable through
current methods. Strategies for the treatment of prostate cancer have been available since
the 1940’s, so novel approaches to hormone-independent disease are needed (Huggins
and Hodges 1941). On the cellular level, the recurring tumor is deemed androgenindependent, likely due to high expression of AR or its mutation and the resulting
aberrant functional response to testosterone levels (Marcelli, Ittmann et al. 2000; Chen,
Welsbie et al. 2004). Time-to-death in patients that relapse with this androgenindependent, advanced form of prostate cancer is approximately two years (Tannock, de
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Wit et al. 2004; Aragon-Ching and Dahut 2007). Androgen-independent disease is the
Achilles heel of prostate cancer.
The progression of treatable prostate cancer to incurable, androgen-independent
disease demonstrates that there is an opportunity to tailor treatments and to evoke a more
optimal patient response. Patient relapse after excision of a localized tumor demonstrates
that removal of the tumor may not be enough to hinder progression of the disease.
Whereas patients originally present with similar symptoms, for example, an increase in
serum Prostate Specific Antigen (PSA), it is unclear which patients will be effectively
cured, or which patient will develop malignant disease (Damber and Aus 2008).
Hormone therapy successfully treats and manages the disease for a majority of patients,
leaving a smaller yet significant percent of people vulnerable to develop malignant,
androgen-independent disease. Improved prognostic methods are needed to more
accurately identify the risk of relapse. The notion that a small minority of prostate cells
are capable of generating a malignant tumor, with altered responses to hormone, suggests
that the androgen-independent cells in recurrent disease are intrinsically different from
the initial diseased tissue. Elucidating the mechanisms that promote the transition from
local to malignant disease should lead to the development of novel, targeted therapies.

1.4
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Figure 1-1.
Comparison of human and mouse prostate organs.
The prostate is a male organ that produces an alkaline component of seminal fluid. In the human,
the prostate organ lies below the bladder and encircles the urethra (left). In the mouse, the
prostate is made up of several different lobes: the anterior, dorsal, lateral, and ventral prostate,
which are differentially arranged in the regions adjacent to the bladder and urethra (right).
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Chapter 2
Stem cells and cancer
2.0

Chapter overview
Stem cells are crucial to sustaining life in multicellular organisms. Stem cells are

uniquely endowed with the ability to self-renew and differentiate. These two properties
enable these cells to generate organs, maintain homeostasis, and replenish cells in a
highly-regulated manner. Cancer cells may also have or acquire stem-cell properties
(Reya, Morrison et al. 2001; Singh, Clarke et al. 2004). In contrast to normal stem cells,
cancer cells proliferate and differentiate aberrantly, upsetting the cellular and physiologic
balance in the organism. The cancer stem cell hypothesis proposes that a small subset of
cells is responsible for propagating disease. From this perspective, these rare, stem-like
cells must be eliminated in order to prevent patient relapse and metastasis in patients with
cancer.

2.1

Stem cells
Stem cells are cells with the unique ability to give rise to different cell types and

to proliferate through a self-renewal mechanism. The first proof of stem cells was
demonstrated by Till and McCulloch (Till and Mc 1961). In their work, mice were
exposed to a sub-lethal dose of radiation. They showed that injection of non-irradiated,
bone-marrow-derived cells generated colony-forming units (CFU) in the spleen. The
number of CFU’s observed were proportional to the number of cells injected. Later, they
confirmed that bone-marrow-derived cells were capable of self-renewal and
differentiation into different cell-types in blood (Becker, Mc et al. 1963). These first
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studies establish the two stem-cell properties. Differentiation is the ability of a cell to
generate specialized cell types. Self-renewal is the capacity of a cell to divide and retain a
copy of itself. In the case of blood, self-renewal is crucial in sustaining the population of
blood cells over the lifetime of the organism.
The two main types of stem cells are embryonic stem (ES) cells and adult stem
cells (ASC) (Palsson and Bhatia 2004). Embryonic stem cells are cells derived from the
inner cell mass of a blastocyst that is generated after in vitro fertilization of an egg. Adult
stem cells are stem cells that reside within specialized microenvironments in specific
tissues, termed niches (Fuchs, Tumbar et al. 2004). Stem cells divide through either
asymmetric or symmetric cell division. In the case of asymmetric cell division, a stem
cell divides into two daughter cells that are identical to the original stem cell, giving rise
to a major increase in the cell population. In a symmetric cell division, a stem cell divides
into one cell that is also a stem cell (process of self-renewal), and into a second
specialized cell (process of differentiation).
It has been proposed that ASC have the ability to divide both asymmetrically and
symmetrically, but further investigation of self-renewal in other ASC systems is needed
(Bodine, Seidel et al. 1996; Morrison and Kimble 2006). ES cells from mouse, on the
other hand, self-renew symmetrically when maintained under strict culture conditions
(Ying, Nichols et al. 2003). The genetic differences between mouse and human ES cells,
currently limit symmetric self-renewal of ASC, using the cell culture conditions
employed today (Humphrey, Beattie et al. 2004; Pera, Andrade et al. 2004). A possible
link between normal stem-cell and cancer cells is the acquired ability of cancer cells to
self-renew symmetrically or asymmetrically.
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2.2

Cancer stem cells
More than six decades of hematology research has generated strong evidence for

hematopoietic stem cells (HSC), which give rise to the different cell types in blood by
highly-regulated cell division. A ground-breaking study by John Dick and colleagues first
demonstrated that acute myeloid leukemia resulted from a mutated HSC with stem-cell
characteristics of self-renewal and differentiability (Lapidot, Sirard et al. 1994; Bonnet
and Dick 1997). A careful history of this story is reviewed by John Dick and merits a
thoughtful reading (Dick 2008). The discovery of HSCs and leukemic stem cells (LSC) in
AML demonstrates that cells with stem-cell properties are also present in cancer.
2.2.1

Cancer stem cell hypothesis
The cancer stem cell hypothesis posits that a small subset of cells within a local

tumor are uniquely capable of initiating a tumor (Baum, Weissman et al. 1992).
Heterogeneity of cells in tumors is the key observation that supports this theory (Kim and
Dirks 2008). Tumors consist of a heterogeneous mix of cell-types. Cell types are either
from the same lineage as the tumor tissue, i.e. abnormal milk-secreting cells in breast
cancer, from other developmental lineages, or are poorly-differentiated. Tumor
heterogeneity can be modeled according to two theories (Fig. 2-1). In the stochastic
model, all cells in a tumor are capable of generating tumors (Dick 2008). In the
hierarchical model, only a small subset of cells have the intrinsic ability to initiate
tumors. The cancer stem cell (CSC) hypothesis is based on this hierarchical model of
cancer. In this work, we define the CSC as a cell that exists at low frequencies in the bulk
tumor, expresses stem-cell characteristics, and drives tumorigenesis. It is important to
note that another term, “tumor-initiating cell (TIC),” is also in current use (Kelly and Yin
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2008).
2.2.2

Similarities between normal and cancer stem cells
Normal stem cells and cancer cells employ similar pathways to self-renew and

differentiate. Three key pathways involved in the development of an organism or the
maintenance of adult stem cells appear to be involved (Reya, Morrison et al. 2001). Wnt
signaling has been shown to maintain self-renewal in the hematopoietic system, bone
marrow, mouse fetal liver, epidermal, and gut epithelial cells (Austin, Solar et al. 1997).
Oncogenic mutations involving Wnt progress the growth of colon carcinoma and
epidermal tumors (Chan, Gat et al. 1999; Polakis 2000). Sonic hedgehog (SHH)
signaling sustains self-renewal and multipotentiality in hematopoetic, germ cells, and
neural environments (Karanu, Murdoch et al. 2000; Varnum-Finney, Xu et al. 2000;
Spradling, Drummond-Barbosa et al. 2001). In medulloblastoma and basal cell
carcinoma, mutated SHH mechanisms parallel the same proliferative mechanisms in the
tumor environment (Gailani and Bale 1999; Wechsler-Reya and Scott 2001). Notch
signaling is implicated in the self-renewal of HSC, neural, and germ cells, whereas this
same pathway is co-opted for a malicious purpose in mammary neoplasia and T-cell
leukemias (Ellisen, Bird et al. 1991).
CSCs have been reported in solid tumors, including the brain, colon, and breast
(Al-Hajj, Wicha et al. 2003; Singh, Clarke et al. 2003; Bao, Wu et al. 2006; O'Brien,
Pollett et al. 2007; Ricci-Vitiani, Lombardi et al. 2007). Cells in prostate tumors are
observed to be heterogeneous and highly proliferative, suggesting the stem-cell properties
of differentiation and self-renewal are integral to the initiation and the progression of
prostatic disease. Investigating the differences between the properties of normal prostate
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stem cells and neoplastic prostate cells will allow the development of targeted therapies.
Evidence of a genetic signature in breast cancer that is distinguishable from normal cells
suggests that there is promise in this endeavor (Dick 2008). In addition to identifying the
phenotypic and genotypic properties of neoplastic cells, a careful study of the tumorpermissive microenvironment is crucial. Elucidating the interaction between cancerinitiating cells and their niches is crucial to developing novel, effective clinical strategies.
Because stem cells and cancer cells share some important biological pathways, a
crucial objective is to discern their differences. Wong and colleagues conducted a
microarray-based comparison between embryonic stem cells (ESC), adult stem cells
(ASC), and cancer cells (Wong, Liu et al. 2008). Mouse ESC, human ESC, and primary
human breast cancers expressed similar patterns of upregulated gene clusters.
Differentiated mouse and human ASC expressed distinguishably different sets of genes.
The data suggests that an ASC may undergo mutations that reactivate ESC-like stemness
genes, prior to transform into fully metastatic ability. This acquisition of ESC-like
expression could impart self-renewal ability to the mutated cell, inducing unregulated,
oncogenic proliferation. Long-lived clones from a high-grade, primary prostate cancer
were transfected with human telomerase (TERT). Xenografts from the resulting clones
generated glands in vivo and expressed genes associated with markers of pluripotency,
such as Oct-4, Sox-2, and Nanog (Gu, Yuan et al. 2007). Thus, acquisition of “stemness,”
or characteristics of stem cells, by adult cells may predispose the cell to an oncogenic
phenotype.
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2.2.3

Applications to cancer therapy
The promise of strategies based on targeting cancer stem cells relies on the basis

that they are distinguishable from normal tissue stem cells. Clinical therapies are
currently targeted to rapidly dividing cells, which may deplete more differentiated
progenitors, leaving the true, less-rapidly proliferating tumor-initiating cells latent, yet
actively feeding the disease. Novel strategies targeting the death of the more proliferative,
less stem-cell-like progenitors could be sufficient to suppress the lethal form of the
disease. Specific pathways, such as NK-κB, are preferentially expressed by leukemic
stem cells, but not HSCs (Guzman, Li et al. 2007; Guzman, Rossi et al. 2007). Advances
in characterizing single-cell phenotypes, genotypes, and epigenotypes could also lead to
improved diagnostics and targeted therapies. For example, in the case of prostate cancer,
a personalized approach to therapy could spark improvement in the overall prognosis of
the patient. Applying the cancer stem cell hypothesis to the study of disease will lead to
new approaches to diagnosis, prognosis, and therapy of clinical disease.

2.3

Prostate stem cells
The idea that a stem-like cell causes the progression of prostate cancer has gained

increasing evidence over the past two decades. Isaacs and Coffey were the first to provide
evidence of a stem-like cell in the prostate (Isaacs and Coffey 1989). The ability to
cyclically regenerate and involute the rat ventral prostate via androgen addition/depletion
cycles (see next section) suggested that a particular cell type may be responsible for the
growth and regrowth of the organ. From a developmental biology perspective, the
ontology of the prostate in rodents is based on interactions between epithelial and
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mesenchymal moeities. By growing embryonal urogenital tissue under the renal capsule
of immunocompromised mice, Cunha and colleagues demonstrated the inductive capacity
of mesenchymal cells in the growth of urogenital organs, including both prostate and
bladder (Cunha, Fujii et al. 1983). With technological advances in generating,
visualizing, and analyzing specific cell phenotypes, key markers for a putative prostate
stem cell have been proposed.
Pioneering work by Collins and Maitland initiated the in vitro characterization of
primary prostate cells by their selective adhesion to collagen and expression of proteins
involved with cell adhesion (Collins, Habib et al. 2001; Patrawala, Calhoun et al. 2006;
Patrawala, Calhoun-Davis et al. 2007; Wei, Guomin et al. 2007). Discovery of more
prostate stem cell markers may increase the possibility that normal stem cells can be
discerned from abnormal, tumor-initiating stem cells. To fully characterize prostate stem
cells beyond the genotype and molecular phenotype, their functional phenotype must be
assayed to determine whether these cells actually behave as stem cells in biological
situations. The surrounding microenvironment of stem cells, which includes adjacent
cells, extracellular matrix, and soluble factors, heavily influences cell fate. Assaying
putative prostate stem cells in modified microenvironments – whether in vitro, in silico,
or in vivo – will duly inform more targeted, effective therapeutic strategies.

2.3.1

Evidence of prostate regeneration
Evidence for growth and regeneration of the prostate has been demonstrated in

vivo. The seminal study by Isaacs and colleagues examined the ability of the prostate to
regenerate in response to repeated administration and withdrawal of androgen (Isaacs
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1987). Rodents were castrated and subjects were supplemented with testosterone
implants, while castrated control animals were left untreated. If treated with a cyclic
androgen regime within a specific therapeutic window, within 20-50 days of age, the
prostate regenerated . Hormone-depletion induced the involution of the prostate, and
androgen-supplementation stimulated regeneration of the organ. Involution of the
prostate continued until it reached 25% the original volume, and was accompanied by a
decrease in the presence of fluid-secreting luminal cells. The cyclic involution and
regeneration of the organ provided the first evidence of a tissue stem cell in the prostate.
Given this first demonstration of androgen-dependent prostate involution and
regeneration, the role of androgen receptor in prostatic disease remains debatable. In
castrated rats that received supplemental testosterone beyond 50 days of age, final
prostate size did not increase. In the case of canine models of prostatic disease,
administration of testosterone and estradiol over an extended period of time induced
further enlargement of prostate, a study which resulted in a model for benign prostate
hyperplasia (Walsh and Wilson 1976; DeKlerk, Coffey et al. 1979). These two results
suggest that the number of prostate stem cells in the rat is fixed, whereas the quantity of
prostate stem cells in canines increases when exposed to androgen over an extended
period of time. It remains to be determined whether prostate cancer progression behaves
along the stochastic or hierchical model of cancer progression.
De novo growth of the prostate is most commonly treated by androgen-ablation
therapy, the equivalent of chemical-castration. The key assumption of this approach is
that prostatic cells are androgen-sensitive. The treatment dilemma of recurrent prostatic,
disease is the development of a characteristic androgen-independence (Maitland and
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Collins 2008). Only 12-15% of diagnosed cases of prostate cancer progress to lethal
disease (Jemal, Siegel et al. 2007). This relative minority of patients, who have
undergone radical prostatectomy, radiation ablation-therapy, or combinations of such
therapies, tend to develop androgen-independent disease (Feldman and Feldman
2001).and are thus no longer responsive to further hormone depletion therapy.
Currently, there is no effective treatment for patients who develop androgen-independent
disease. The mechanism involved in the transition from local to hormone-independent
disease is unknown. Thus, it is critical to create cell-based studies that reveal the
underlying nature of metastatic progression.

2.3.2

Development of prostate is based on epithelial-mesenchymal interactions
Ontogeny of the rodent prostate is a result of interactions between epithelial and

mesenchymal cells (Cunha 2008). Seminal work by Cunha and colleagues examined the
growth of rodent prostate from a gross anatomical approach (Cunha, Fujii et al. 1983).
Microdissection of murine prostate at different stages of gestation revealed the origin of
the prostate and bladder anlage as the urogenital sinus (UGS) (Staack, Donjacour et al.
2003). The UGS, a torus-shaped organoid, consists of an epithelial layer of tightlyadherent cells designated as the urogenital epithelium (UGE). The urogenital
mesenchyme (UGM) consists of a more loosely grouped subset of stromal cells within an
extracellular matrix, which is immediately adjacent to the UGE. UGM supplies soluble
factors, including andromedins, which stimulate prostatic budding and eventual
formation of bladder, genital organs and prostatic lobes (Isaacs 2008). Likely involved
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with the development is a prostate stem cell, with the capacity to generate all the different
cell types in the prostate.
Although the rodent prostate differs anatomically from human prostate, similar
developmental programs are conserved across species. In the case of human males, the
prostate increases in size before stopping at a particular stage of infancy and then again
during puberty. Aberrant growth of the prostate gland in adult males suggests the
involvement of unregulated or reinstated proliferation of prostate stem cells and their
progeny. Biased response of prostate cell cultures to growth factors suggest the
possibility that prostatic disease – whether BPH or the histologically distinct prostate
adenocarcinoma – is a result of the response of prostate stem cells to external stimuli.
Developmental signals between rodent stroma and human prostate epithelium are
conserved in specific xenograft models. Cunha and colleagues developed the Tissue
Recombination (TR) assay. Rat stroma from the urogenital sinus mesenchyme (UGM) of
embryos at E17.5 embryos, is recombined with human prostate epithelial cells in a
droplet of neutralized, rat-tail collagen. The resulting collagen graft is incubated
overnight in cell culture medium, prior to insertion under the kidney capsule of
immunocompromised mice. Grafted human prostate tissue, cell lines, and primary cells
are observed to generate prostate glands under TR conditions (Hayward, Dahiya et al.
1995; Gu, Yuan et al. 2007). What are the cell types and signals that promote growth of
de novo prostate glands by TR in vivo? Is there a difference between the supportive
features of a normal prostate versus a prostate tumor microenvironment? Understanding
the response of prostate stem cell to its local environment will allow development of
therapeutic strategies to curtail aberrant developmental processes.
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Normal prostatic development is dependent on specific cell-cell interactions. A
key feature of human prostate cancer is the observed heterogeneity of cells involved.
Prostate glands, consisting of different cell types – basal, luminal, and rare
neuroendocrine – are observed, adjacent to an abnormally dense population stromal cells.
Depending on the stage of the disease, cellular organization within aberrant glands
increases in complexity. These morphological irregularities are the foundation of the
tumor scoring system of Gleason, who developed a qualitative, prognostic criteria to
estimate the grade, or severity of prostate neoplasia (Gleason 1966). Whereas the
Gleason scoring system remains a reliable standard for prostate cancer staging, little
improvement has been made toward treatments to block or reverse neoplastic
progression. By considering prostate cancer as aberrant development of an organ, novel
therapies can be developed to regulate signaling pathways, cell-cell interactions, or
microenvironments that stimulate neoplastic growth.

2.3.3

Prostate stem cell markers
The prostate stem cell in the organ is uniquely capable of regenerating the organ.

It is presumed to exist as a rare cell, likely comprising anywhere between 0.003-1% of
the cell population (Maitland and Collins 2008). In the case of rat ventral prostate, the
number of stem cells was estimated to be (Isaacs and Coffey 1989). Is it possible to
distinguish these privileged cells from their differentiated progeny? First, it is crucial to
scrutinize the relationship of cellular arrangement to their function.
The human prostate is a male organ, whose main function is to produce prostatic
fluid. Individual prostate glands secrete these fluids through an intraductal network that
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channels the fluid to the urethra. Each gland consists of morphologically distinct
epithelial layers, surrounded by stroma cells: smooth muscle, fibroblasts, and rare
neuroendocrine cells (Kasper 2008) (Fig. 2-2). Current models of the normal prostate
include three epithelial layers. Basal cells form a squamous epithelium, which is in
contact with the basement membrane. Transit-amplifying (T/A) cells are highlyproliferative cells that lie distal to the basement membrane, comprising an unpolarized
epithelium (Kasper 2008). Luminal cells generate prostatic secretions and line the inner
surface of the gland with a columnar epithelium, which have the characteristic high
cytoplasm-to-nucleus ratio. Neuroendocrine cells are neuron-like and are observed
adjacent to the basal layer, though reported presence of these cells are markedly
inconsistent (Kasper 2008). Because of their rarity, neuroendocrine cells may indeed be a
candidate for the elusive prostate stem cell. It is this low frequency that currently
precludes the neuroendocrine cell population from more rigorous investigation of its
phenotype.
The hierarchical differentiation of the prostate stem cell is currently being
debated. At least four working models for prostate stem cell differentiation and their
markers are summarized in the following reviews (Tang, Patrawala et al. 2007; Maitland
and Collins 2008). Each type of epithelial cell expresses an array of markers, some of
which overlap. A summary of abbreviated expression profiles is shown in Fig. 2-2.
Because prostate adenocarcinoma is associated with morphological abnormalities in
prostate epithelium, the focus of prostate stem cell models are the epithelial cell subtypes.
The expression profile of these differentiated cells is highly variable. A
controversy remains regarding the number of progenitor cells that generate the
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differentiated basal, luminal, and neuroendocrine compartments. Several models are
discussed in a review by Kasper, and the model used in this work is included for
reference (Fig. 2-3). Basal cells express nuclear p63, (a homolog of p53) and high
molecular weight cytokeratins (CK 5/14), but do not express androgen receptor (AR).
Early luminal cells express AR and cytokeratins CK 8/18, and mature luminal cells
secrete prostate specific antigen (PSA), a widely-used diagnostic marker for prostate
disease (Kasper 2008). T/A cell expression is currently not well characterized, so the
report of p63+/CK 5/14+/CD44+ phenotype may not yet be widely accepted. An
additional, intermediate prostate cell, which expresses both basal and luminal markers
has also been reported (Hudson, Guy et al. 2001). Newer markers associated with enzyme
activity are also being identified. Tang and colleagues use 15-LOX-2 as a reliable marker
for luminal cells (Brash, Jisaka et al. 1999; Shappell, Boeglin et al. 1999). Expression of
markers associated with their cell subtypes is confirmed by histology, so this streamlined
subset of markers dependably identifies the various differentiated progeny.
Isolation of cells from normal prostatic epithelium has allowed the collection of
prospective prostate stem cell markers. Groups of epithelial cells in normal histological
sections of prostate were observed to be of integrin α2β1+. When these epithelial cells
were enzyme-digested, the α2β1+ cells preferentially adhered to collagen-coated surfaces
(Collins, Habib et al. 2001). Subsequently, the extracellular-matrix surface receptor,
CD44, was shown to be jointly expressed by the collagen-adherent fraction. Grafting of
this cell population directly under the kidney capsule gave rise to differentiated prostate
glands (Richardson, Robson et al. 2004). Identification of these markers was a crucial
first characterization of the prostate stem cell.
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Notably, these epithelial subtypes express markers common to other prospective
tissue stem cells and putative tumor-initiating cells. Expression of p63 indicates a cell
fraction with highly proliferative capacity. Lack of p63 instigates limited growth capacity
in the thymic and epidermal compartments in p63-/- mice, thereby involving p63 in the
maintenance of an adult stem cell pool (Blanpain and Fuchs 2007; Senoo, Pinto et al.
2007). CD133, a pentaspan glyco protein, is expressed by the tumor-initiating,
radiotherapy-resistant fractions in astrocytoma, neuroblastoma, and glioblastoma (Singh,
Clarke et al. 2003; Bao, Wu et al. 2006). Recent work also implicates this to be marker
for putative prostate stem cells in mouse and human cells from BPH tissues (Isaacs 2008;
Leong, Wang et al. 2008). A reasonable candidate for a prostate stem cell would
minimally express a α2β1+/ CD44+ / CK 5/14+ / CD133+/ AR- phenotype.
The significance of stromal cells, which is are present in higher density in cases of
benign prostate hyperplasia, must not be overlooked. An in vivo study in mice revealed
that p53-null stroma stimulated the abnormal growth of prostatic epithelium (Hill, Song
et al. 2005). Thus, aberrations in the stromal compartment promote detrimental response
from otherwise normal prostate epithelium. Expression of androgen receptor by stromal
cells suggests that androgen prompts these cells to produce growth factors that influence
epithelia cell growth (Heer, Robson et al. 2007). Whereas intrinsic gene expression
reflects cell-autonomous characteristics, it is widely recognized that signals provided by
the adjacent microenvironment also influence stem-cell characteristics.

22
2.4

Stem Cell Niche and Tumor Microenvironments
Extrinsic factors in the stem cell microenvironment influence intrinsic factors to

regulate the differentiation and self-renewal capabilities of a stem cell. These specific
interactions have been demonstrated by the discovery of stem cell niches in particular
tissues and organs, including germline cells, hair follicles, intestinal gut, subventricular
zones, and blood. Whereas a normal stem cell niche may sufficiently control stem cell
behavior, aberrant niches may generate tumor-permissive microenvironments that are
prone to disease. Differential marker expression of niche markers in clinical prostatic
disease suggests the promise of this approach. The identification of a tumor stem cell
niche would enable the elucidation of mechanisms involved in metastasis and could lead
to the development of novel therapies that target abnormal microenvironments.
2.4.1

Stem cell niche
A stem cell only remains stem-like within the context of a niche, which includes a

subset of cells held together within a specific extracellular framework that physiobiochemically houses stem cells to support their self-renewal and differentiation in vivo
(Spradling, Drummond-Barbosa et al. 2001). Stem cells have been identified within the
testis and ovaries, hair follicle, intestinal gut epithelium. Respectively, these germline,
epithelial, and endodermal niches are the most well-characterized systems.
These stem cell niches are characterized by their reconstitution ability, differential
marker expression, and relative number in vivo. Reintroduction of early germ cells into a
germ-cell-depleted mouse and the resultant sperm-production of the host was the first
demonstration of a mammalian germline niche (Brinster and Zimmermann 1994).
Interestingly, the number of niches in the testis varies over time and developmental stage
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of the host. Spermatogonial stem cells express integrin α6β1 at high levels, which suggest
that they may be held in place through interactions with the laminin-rich basal membrane
(Shinohara, Avarbock et al. 1999). Extracellular-matrix (ECM)-stem cell interactions
allow spatial control of stem cells within a niche.
Microdissection of Drosophila testes and ovaries led to the discovery of another
germline niche, which is based on a hub-and-spoke geometry (Margolis and Spradling
1995; Gonczy and DiNardo 1996). Germ cells in the “spokes” have direct contact with a
cluster of “hub” cells, so cell division occurs radially. The stem cell that remains in
contact with the hubs cells – the germline niche – maintain stemness, and the daughter
cell is terminally differentiated. Thus, cell-cell contacts between stem and non-stem cells
suppress differentiation in this system.
Mammalian skin is home to the epithelial niche of epidermal stem cells.
Interestingly, two types of stem cells are involved: one short-lived, which produces hair
in the dermal papilla, and another more long-lived, which repopulates sebaceous glands
and epidermal stem cells in the hair bulge (Cotsarelis, Cheng et al. 1989; Rochat,
Kobayashi et al. 1994). In this epithelial niche environment, proliferation of bulge stem
cells is dependent on cells in the dermal papilla, although they are not in direct contact.
Thus, highly-regulated, local signaling between stem cells and more-differentiated
progenitors is also a niche characteristic.
Another tissue that experiences a relatively high turnover is the intestinal gut
epithelium. So-called “crypt” stem cells lie at the involuted base between intestinal villi
and differentiate along four lineages upon migration away from the basement membrane
(Bjerknes and Cheng 1999). The mechanism of stem-cell maintenance in this endodermal
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niche is similar to the hub-and-spoke system in invertebrate germ cells. In the case of
crypt cells, detachment from the basement membrane, rather than a specific cluster of
cells, initiates differentiation into a more specialized cell. Although the mechanisms of
cell division are well-characterized in the case of the bulge and crypt stem cells, their
exact locations and cell numbers are not yet well defined. Development of single-cell
analysis and lineage-tracing experiments may further elucidate which cells and signals
define these niches.
Neural and hematopoetic niches are currently being characterized, with a
particular focus on extending results to alleviate pathological disease. Neural stem cell
niches in the subventricular zone (SVZ) generate olfactory bulb neurons, and in the
subgranular zone (SGZ) produce granular cell neurons in the hippocampus in the adult
(Conover and Notti 2008). Recent results showed that neural stem cells increased
expression of matrix metalloproteinases MMP-3 and MMP-9 in response to inflammatory
factors SDF-1 and VEGF, upon their differentiation and migration from the SVZ niche
(Barkho, Munoz et al. 2008). An understanding of the response of neural stem cells to
external factors could lead to novel strategies to combat neurodegenerative disorders,
such as Parkinson’s and Alzheimer’s (Temple 2001). Reconstituting or supporting the
neural stem cell niche by pharmacological means in the adult may delay the onset of
diseases associated with aging.
Although cells in the hematopoetic system are very well characterized, the exact
features of the HSC niche remains elusive. Whereas the bone marrow is a key source of
therapeutic, blood-reconstituting HSC for patients undergoing radio- or chemotherapy,
the endosteal region of bone has recently been proposed to house long-term HSC
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(Ishikawa, Yoshida et al. 2007). Tumor-initiating HSCs and their progenitors have been
shown to propagate leukemic diseases (Reya, Morrison et al. 2001). Thus, an aberrant
stem cell niche may influence genetically-sensitive stem cells to propagate disease
through unregulated differentiation and self-renewal.
2.4.2

Tumor-permissive microenvironments
The microenvironment within the niche is the spatio-temporalorganization of

stem, non-stem cells, soluble and insoluble factors, and extracellular matrix components
that regulate stem cell self-renewal and differentiation (Kenny, Lee et al. 2007). Just as
epithelial-mesenchymal communication is crucial to the proper development of an organ,
stem cell-niche interactions maintain tissue homeostasis. If stem cell characteristics
depend both on intrinsic genetic programs and extrinsic relationships with its
microenvironment, changes in the niche could result in dysregulated differentiation and
self-renewal (Fuchs, Tumbar et al. 2004).
Interactions of oncogenic cells with tumor-permissive microenvironments may
trigger and propagate disease. Cells grown in standard cell cultures have been shown to
lose key functional characteristics without the addition of critical factors from its native
microenvironment (Bissell 1981). The two-dimensional microenvironment of the tissue
culture dish is not sufficient to mimic its original three-dimensional microenvironment.
Addition of the appropriate growth factors, co-culture with other cell types, and contact
with extracellular matrix components optimize cell growth in vitro (Bissell, Rizki et al.
2003).
Just as cells propagated in vitro grow differently under varied conditions, cells
grafted in vivo grow differently in response to changes in the microenvironment. Mintz
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and Illmenssee demonstrated that injection of a murine embryonal carcinoma generated
teratocarcinomas when injected subcutaneously, whereas introduction of the same cells
into a blastocyst produced chimeric offspring (Mintz and Illmensee 1975). Tumorigenesis
could thus be likened to the abnormal development of an aberrant tumor organ (Kenny,
Lee et al. 2007). Given genetically equivalent starting material, the resultant tissue is
benign or malignant, depending on its graft site.
Tumor growth and metastasis may be linked to existence of tumor-permissive
microenvironments in local and metastatic sites. VEGFR1-expressing hematopoeitic
progenitor cells from the bone marrow were found to exist as clusters in a range of
human local tumors and metastatic tissue (Kaplan, Riba et al. 2005). Stabilization of a
tumor requires access to nutrients through neovascularization, so therapies utilizing
angiogenic inhibitors are currently being explored. Different tumor types metastasize to
preferential organs and sites (Kaplan, Psaila et al. 2006). Metastasis can thus be viewed
as the successful establishment of tumor-initiating cells within a tumor-permissive
microenvironment. For example, colon tumors tend to grow in liver and human prostate
tumors have an affinity to spread to bone. Blood vessels and lymphatic systems may act
as conduits that disseminate from the bulk tumor. Following the cancer stem cell model,
not all of the circulating cells have tumor-initiating ability. In order to successfully
initiate a tumor, these cells may require specific conditions, found in putative premetastatic sites. These pre-metastic sites likely express particular growth factors and
maintain physical characteristics that support the growth of tumor-initiating cells into de
novo tumors away from the initial lesion.
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Another way to probe the differences between normal and tumor-initiating stem
cells is to develop strategies that target tumor-permissive microenvironments. Certain
types of neuronal cancers are associated with abnormal function of putative brain tumor
stem cells, which are histologically adjacent to an intricate system of blood vessels
(Calabrese, Poppleton et al. 2007). It is known that self-renewal of normal neural stem
cells is dependent on signals from adjacent endothelial cells, which suggests that the
brain tumor stem cells (Shen, Goderie et al. 2004). Induction of vasculogenesis may not
only support the needs of oncogenic cells but may also be means of escape into distant
sites. Disseminated prostate tumor cells are present in blood samples, albeit in low
percentages, and may be the cells en route to metastatic sites (Morgan, Lange et al.
2007).
A clearer understanding of the conditions that promote tumor growth is needed. It
is possible that tumor-initiating stem cells initially remain quiescent within a normal
niche, but progressively alter its microenvironment to promote malignant transformation
and metastasis. Although there is a great need to understand the influence of the
microenvironment on oncogenesis and disease, current knowledge of biomarkers specific
to the tumor stem cell niche is insufficient (Morrison and Spradling 2008). Analysis of
cells in a stem cell niche will require careful characterization of intrinsic marker
expression and of extrinsic responses to biologically active microenvironments.
2.4.3

Prostate stem cell niche
Putative prostate stem cells have the capacity to self-renew, are multipotent, and

are dependent on a highly regulated niche. The previously described prostate stem cell
markers putatively delineate the expression profile of stem cells in the niche (Takao and
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Tsujimura 2008). Namely, epithelial prostate stem cells are proposed to express α2β1 and
α6 integrins, p63, and CD133 (prominin-1). Sca-1-positive mouse prostate stem cells have
been reported in the proximal regions of prostatic ducts in vivo (Burger, Xiong et al.
2005). Work by Leong and colleagues report the isolation of a Lin–/CD117+ (c-kit)single
mouse prostate epithelial cell that generates prostate glands in vivo (Leong, Wang et al.
2008). Collectively, these markers describe a putative prostate stem cell niche, which
remains to be identified.
In order to maintain stemness, prostate stem cells must be maintained within a
carefully controlled niche that consists of epithelial and mesenchymal, also known as
stromal, cell types. Epithelial cells are typically arranged as columnar or squamous layers
of cells with tight cell-cell junctions. Stromal cells are the more motile, mesenchymal
cells that surround epithelial structures. The interactions between two cell populations are
evident in the ratio of stromal to epithelial cells in prostatic disease. Patients with benign
prostate hyperplasia (BPH) have a higher stromal ratio (5:1) than is present in normal
prostate (2:1) (Bartsch, Muller et al. 1979). Furthermore, an increase in the same ratio
from 2.7 to 4.6 in BPH to symptomatic prostate adenoma suggests the influence of
densified stroma in disease (Shapiro, Becich et al. 1992). The expression of prostate
stromal cells that support the normal prostate microenvironment have not yet been wellcharacterized to date (Takao and Tsujimura 2008). It is expected that both prostate
epithelial and stromal cells are critical to maintaining prostate stem cell properties within
the putative prostate stem cell niche.
Distinguishing normal prostate cells from prostate tumor cells may rely on the
isolation not only of single cells, but on the isolation of an unperturbed prostate stem cell
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niches. Isolation and characterization of prostate stem cells based on sorting by flow
cytometry may unintentionally disrupt unknown markers or signals. Approaches to
isolating prostate tumors by selective cell culture and functional in vivo assays, the
foundation of the work described herein, may better preserve the native characteristics of
the normal/tumorigenic prostate stem cell within the context of its niche (Roberts 2008).
An experimental model for metastasis of prostate tumor to bone resulted in two key
observations. First, both prostate epithelial cells and bone-marrow-derived stromal cells
were SCF+, implying the importance of this signal in a pre-metastatic site. Secondly, the
ligand to SCF, c-kit (CD117) was differentially expressed in clinical prostate samples of
BPH (5% c-kit+), primary prostate cancer (14%), and prostate bone metastasis (40%)
(Wiesner, Nabha et al. 2008). Thus, the transition from benign to diseased prostate may
involve an increase in c-kit expression, which allows the survival of these cells in
metastatic sites. Interrogation of the biological signals that promote the transition from
local tumor to malignant metastasis would be most informative in the context of a
prostate tumor stem cell niche.

2.5

Summary of approach to prostate tumor cell culture
The following summary describes the key features of the cell culture methods

used in this work. These features are important in considering the in vitro technique as an
ideal, first-step in the propagation of putatitive prostate tumor stem cells in a controlled
microenvironment. The optimized cell culture medium (1) promotes epithelial cell
growth, (2) is serum free, (3) and utilizes growth factors important to the culture of stem
cells. The basal medium is one that has been previously used to grow cells from prostate

30
tissue (Dalrymple, Antony et al. 2005). The unsupplemented basal medium is primarily
used to grow keratinocytes, but previous and current work has shown its utility in
growing epithelial cells. Our modification of the basal medium formula to a higher
calcium concentration better supports the expansion of tumor-derived cells. Because
calcium ions are involved with cell-cell-junction proteins, such as E-cadherin, it is
reasonable that these ionic conditions enhanced proliferation of prostate epithelial cell in
culture.
In contrast to media commonly used to culture cell lines, the medium used in this
work is serum-free. Fetal bovine serum (FBS) contains many different types of
biologically-active proteins, some of which are defined by the vendor, and some of which
are not characterized. Because particular biochemical signals are released at specific
stages of development, undefined factors in the media may affect attributes of the cell
culture (Scholer, Ruppert et al. 1990). Concentrations of growth factors in serum are not
stated or estimated, leaving the researcher with great uncertainty in controlling growth
conditions.
Addition of a low concentration of bovine pituitary extract (BPE) also assisted
growth of Prostate Tumor Stem Cell (PrTuSC) cultures. Although specific growth factors
of this supplement are not completely defined, its addition was clearly observed to
promote cell growth. BPE likely provides a low-level signal, hepatic growth factor,
which was found to be one of the main components of this biological extract in previous
work in the culture of epithelial cells (Turner, Bern et al. 1990). By growing cells
effectively serum-free, we eliminated some, but not all, variables in the cultures to yield a
highly reproducible milieu to isolate and maintain PrTuSC in vitro.
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PrTuSC propagation was highly dependent on the addition of
epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) (Thomson,
Itskovitz-Eldor et al. 1998). EGF is a key factor involved in the normal growth,
metabolism, and development of cells (Marlon R. Schneider 2009). Additionally,
signaling between EGF and its receptor EGFR, via disruptive erbB oncoprotein
interactions, has been shown as one mechanism used to promote survival of cells in a
tumor (Akiyama, Yamada et al. 1984).
Similarly, the in vitro propagation of human embryonic stem cells (hES) is
critically-dependent on the addition of bFGF. Standard protocols for hES culture often
recommend using newly-defrosted aliquots during standard passaging of cells,
emphasizing the high temperature instability and importance of bFGF to the proliferation
of the culture. Supplementing PrTuSC cultures with bFGF was crucial both to the
initiation and further propagation of the cells. These parallels in growth conditions point
to overlaps in the molecular signals involved with hES and PrTuSC.
Just as the biochemical conditions must promote cell growth, so must the biophysical
variables simulate a cell’s native microenvironment. The extracellular matrix plays an
important part in the homeostasis and development of cells into tissues chronic
myelogenous leukemia. In the liver, interactions of cells with albumin secreted by
adjacent mesenchymal cells dictate areas of growth and apoptosis.
Assessment of possible substrates that would enhance the growth of PrTuSCs
included fibronectin, collagen, and gelatin, but led to the use of laminin for coating cellculture plates. Laminin is a key non-collagenous component of the extracellular matrix of
the basement membrane, which is the substrate of all internal organs. Epithelial cells in
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the basement membrane are partly held in place by interactions between their surface
receptors in the ECM. Work by Collins and Maitland on the identification of putative
prostate stem/progenitor cell markers α2β1 and CD44 was based on the selective adhesion
of cells onto collagen-coated dishes (Collins, Habib et al. 2001). A small population of
cells adhered to collagen and expressed the aforementioned markers. Integrins αvβ6 and
α2β1 are receptors for laminin (Palsson and Bhatia 2004) and the laminin-coating in the
PrTuSC cell culture technique likely also selected cells with these receptors for initial
adhesion and growth of a highly epithelial population of cells.
In summary, the growth of primary prostate tumor stem cells is made possible by
echoing key growth factor signals within an in vitro microenvironment. Significantly,
highly proliferative epithelial cultures were observed to grow from native in vitro niches.
Whereas previous studies report the study of prostate organoid cultures, this work has
shown that in vitro niches are the source of proliferative cells. Characterization of
markers expressed differentially by these stem cell clusters (SCC’s), suggest that they
house bona fide Prostate Tumor Stem Cells (PrTuSC) in a native tumor stem cell niche.
The results are discussed in greated detail in Chapter 5 of this work. Although the in vitro
method described within supports PrTuSC/progenitor growth, propagation maintains
limited. Epithelial cells senesce after a fixed number (~30) of population doublings,
partly due to the dilution of the SCCs, and possibly due to a lack of factors normally
provided in vivo by stromal cells. Genetic modifications in combination with
xenografting passaging of cultured cells is a feasible possibility to further propagate
prostate tumor stem cells and to provoke the progression of these cells into immortal
prostate cancer stem cells.
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Figure 2-1.
Stochastic and hierachical model of tumor-initiation.
Two theories of tumor cell division describe the heterogeneous mix of cell-types observed within
a tumor. In a stochastic model of tumor-initiation, all cells in a tumor behave in a unpredictable
manner, such that each cell is capable of generating a tumor. In a hierarchical model of tumorinitiation, only a particular subset of cells is capable of generating a tumor. The cancer stem cell
hypothesis is based on the hierarchical model of tumor-initiation. Image is adapted from a review
by Dick 2008.
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Types of cells in the prostate
Luminal
Intermediate (Transit-amplifying)

Basal Membrane

Basal
Prostate stem cell
Neuroendocrine
Stromal

Figure 2-2.
Arrangement of cells in the prostate gland.
This diagram represents a cross-section of a prostate gland. Basal cells form a squamous
epithelium on the basement membrane. In this model, a putative prostate stem cell is situated
within a presumed niche in the basal compartment. Transit-amplifying cells are defined as the
rapidly-dividing cells that express intermediate basal and luminal cell characteristics. Luminal
cells line the inner layer of the prostate gland, and produce prostatic fluid. Stromal cells,
including fibroblasts, smooth muscle, and other support cells, surround the prostate gland.
Neuroendocrine cells are the small fraction of cells with neuronal characteristics that are
associated with the prostate gland, although their specific function is not well understood.
Image is adapted from a review by Maitland 2008.
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Figure 2-3.
Hierarchical model of prostate stem cell differentiation.
The putative prostate stem cell is expected to be negative for androgen-receptor (AR), p63, and
remains quiescent, until regeneration of glands or tissue is required. An intermediate cell, termed
a transit-amplifying (T/A) cell, is described to express integrin α2β1, CD44, and CD133, but not
AR, p63, or CK 8/18. T/A cells are considered to be progenitor cells, which are more rapidlydividing than the prostate stem cell. Whereas the characteristics of prostate stem and progenitor
are not yet well-defined, the particular expression programs of the three differentiated cells types
are well-accepted in the scientific and clinical fields. Basal cells are located at the basement
membrane and form the squamous epithelium of prostate glands. Basal cells express p63, highmolecular weight cytokeratin CK 5/14, CD133, and CD44, but do not express AR. Luminal cells
are secretory cells that form the inner, columnar epithelium in the prostate gland. Luminal cells
are positive for AR, low-molecular weight cytokeratin (CK 8/18), prostate specific antigen
(PSA), and prostatic acid phosphatase (PAP). Neuroendocrine cells, are neuron-like cells that
exist at low frequency adjacent to prostate glands. Neuroendocrine cells do not express AR, and
are positive for neuronal markers, including synaptophysin, chromogranin A, and serotonin.
Image is adapted from a review by Kasper 2008.
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Chapter 3
Tumor-Initiation

3.0

Chapter overview
Multicellular organisms require turnover of cells during their lifetime, a challenge

which predisposes them to an increased probability of developing cancer. In a normal,
healthy organism, biological checks and balances maintain tissue homeostasis – a
sustainable balance between cell proliferation, differentiation, and death. Controlled cell
division of germline and somatic stem cells replenishes the supply of cells in depleted,
damaged, or aged tissues. Local tumors and metastatic cancers adopt characteristics
associated with stem cells, namely the capacity to self-renew and differentiate. In normal
stem cells, these biological functions are exquisitely controlled within the
microenvironment of the stem cell niche. In contrast, tumor-initiating cells espouse
dysregulated self-renewal and differentiation. Excessive proliferation results in growth of
the bulk tumor. Varying levels of differentiation lead to heterogeneity of cells within the
lesion. This work seeks to probe the mechanisms through which cells transition from a
regulated somatic cell to a dysregulated stem-like cell.

3.1

Senescence
At least two mechanisms have evolved to protect cells from their own

functionally-misbehaving progeny – apoptosis and senescence (Campisi 2001).
Apoptosis, or programmed cell death, eliminates aberrant cells. Senescence thwarts the
functions of abnormal cells by hampering cell division through growth arrest. Senescent
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cells do not divide further, but simply function sub-optimally until cellular resources are
depleted. In this manner, senescence is proposed to operate as a tumor-suppressor
mechanism (Smith and Pereira-Smith 1996). Although senescence was initially
considered a cell culture phenomenon, there is now ample evidence correlating the
decreased function of cells in vitro to the aging of cells in an organism (Sherr and
DePinho 2000).
Growth arrest in cultured human foreskin fibroblasts was first observed in 1961
by Hayflick and Moorehead as the abrupt halt of cell division after about 50 population
doublings (Hayflick and Moorhead 1961). This seminal study resulted in the concept of
the Hayflick number, a fixed limit on the number of divisions in a cell’s lifetime (Palsson
and Bhatia 2004). The development of a senescent-associated bioassay demonstrated a
correlation between enhanced staining of β-galactocidase and fibroblasts from older
donors (Dimri, Lee et al. 1995). Recent evidence of hallmarks of senescence suggests that
the mechanism underlies aging in vivo (Janzen, Forkert et al. 2006; Krishnamurthy,
Ramsey et al. 2006; Molofsky, Slutsky et al. 2006).
A hallmark of cancer is its ability to overcome the tumor-suppressive mechanisms
of senescence (Hanahan and Weinberg 2000). Senescence can be grouped with two types
of processes: premature senescence and replicative senescence (Serrano and Blasco
2001). Premature senescence encompasses the immediate anti-proliferative response to
stress-induced events, including DNA damage, oncogenic assaults (i.e. mutated Ras),
disruption of cell-cell contacts (i.e. wound-healing response) and oxidative effects (BenPorath and Weinberg 2005). In contrast, replicative senescence involves two temporallyprogressive mechanisms: erosion of telomeres as a result of cell division, and the
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accumulation of p16 in the cell cytoplasm (Foster, Wong et al. 1998; Kiyono, Foster et al.
1998; Rheinwald, Hahn et al. 2002). This work focuses on the mechanisms through
which tumor-initiating cells subvert the mechanisms of replicative senescence. The
general hypothesis of this work is that tumor-initiating cells, having acquired the stemcell properties of immortality and/or pluripotency, can bypass senescence and thereby
promote development of local tumors and progression into more aggressive, invasive
cancers.

3.2

Immortalization
Cells in a tumor must overcome the protective effects of senescence in order to

proliferate. Cells grown in vitro may undergo spontaneous immortalization, a state in
which cells continue to grow and divide past their expected senescence at their Hayflick
limit, or most convincingly at about 150 population doublings (Shay, Wright et al. 1991).
Because immortalization is a highly uncommon event, this state can be induced by
treating cell cultures with carcinogenic agents, irradiation, transfection with known
oncogenes, or infection with DNA tumor viruses (Hahn, Counter et al. 1999; Blackburn
2001; Cong, Wright et al. 2002). Cell cultures must first divide beyond the expected
Hayflick limit, and survive a stage of zero net-growth rate called crisis, prior to being
successfully immortalized (Fig. 3-1) (Cong, Wright et al. 2002). Tumorigenicity in
normal human stromal and epithelial cells can be induced by combining the re-expression
of telomerase (TERT) with the activation of oncogenes or repression of tumor-suppressor
genes (Hahn, Counter et al. 1999). Resistance to immortalization revolves around the two
key mechanisms of replicative senescence, telomere degradation and p16-associated

46
growth arrest.
3.2.1

Telomerase
One barrier to tumor proliferation is the progressive erosion of telomeres after

each cycle of cell division. This process has been referred to as a mitotic clock, which
gradually counts down the cell’s replicative capacity with each G-T excision (Sherr and
DePinho 2000). Telomeres are DNA structures made up of short, G-T based repeated
sequences that are located at the ends of chromosomes (Blackburn 2001). During
division, chromosomal ends are incompletely copied, due to the limited action of DNA
polymerase at 3’ ends, leading to their progressive loss (Cong, Wright et al. 2002). Short
telomeres have been observed in a range of aged tissues and organs (Djojosubroto, Choi
et al. 2003). From this perspective, replicative senescence due to telomere shortening
acts as means of disabling aberrant and aging cells, which pose an oncogenic risk to the
organism. Prospective tumor-initiating cells must circumvent this replicative hurdle in
order to proliferate.
Telomerase is an enzyme that repairs tandem G-T repeats on chromosomal ends
after cell division (Greider and Blackburn 1985). The two key features of this enzyme
include a region that acts as a telomeric DNA template (hTR), and a catalytic subunit
with reverse-transcriptase functionality (hTERT) (Feng, Funk et al. 1995; Smith, Coller
et al. 2003). hTERT is expressed in human germline and stem/progenitor cells, but is
primarily repressed in differentiated, human somatic tissues (Ju and Rudolph 2006). In a
comparative study of male rodent germ cells, more differentiated cells had longer
telomeres than less-differentiated, immature spermatogonia. In an inverse relationship,
telomerase activity was shown to be higher in the immature germ cells than in the adult
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germ cells (Achi, Ravindranath et al. 2000). Maintaining telomere integrity is key to
promoting cell division. Expression of hTERT is observed in 80-90% of immortalized
cultures and cancer cells (Blasco 2005; Collado, Blasco et al. 2007; Finkel, Serrano et al.
2007). Although reactivation of hTERT expression is the most common means of
repairing telomeres, alternative telomere lengthening (ALT) mechanisms can also be
activated to stabilize telomeres in 10-20% of human tumors (Stewart 2005).
Immortalization of cells can be induced through ectopic expression of hTERT.
Unlike the phenotype-altering immortalization by SV40, over-expression of hTERT
preserves the differentiation capacity of the cell (Shay, Wright et al. 1991). It has been
demonstrated that hTERT-immortalized normal prostate and low-grade, tumor-derived
epithelial and stromal cells retained the capacity to express a range of prostate markers in
vitro (Kogan, Goldfinger et al. 2006). Successful immortalization of primary prostate
cells was shown in two recent studies (Gu, Yuan et al. 2007; Miki, Furusato et al. 2007).
These studies provided evidence that differentiation of hTERT-immortalized prostate
cells remains active in vivo. However, the use of cells from high-Gleason grade tumors in
the work suggests the probability that a complementary mutation in the primary tumor
worked cooperatively with hTERT to suppress senescence, as it is well understood that
the immortalization of epithelial senescence requires the suppression of more than one
senescence pathway (Jarrard, Sarkar et al. 1999). Only a minority of clones were
propagated extensively, demonstrating the infrequency of an immortalization event in
these studies.
Chromosomal instability can be a result of continued replication after telomere
loss and is a key characteristic associated with oncogenesis, and shortened telomeres are
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frequently observed in cancer (Lengauer, Kinzler et al. 1998). An intriguing notion is that
the proliferative advantages endowed by hTERT are necessary for initial tumor
proliferation, and that a subsequent decrease in the activity of the enzyme triggers a
secondary wave of carcinogenic events. hTERT expression in somatic cells is also
implicated with activation of genes involved with growth and proliferation (Smith, Coller
et al. 2003). Other important genetic and epigenetic mechanisms are needed to model the
subtleties of oncogenic progression.
3.2.2

p16
Tumor-initiating cells may deploy a two-pronged attack on the cancer-

preventative effects of senescence. A second barrier to excessive cell proliferation is the
accumulation of p16 in the cytoplasm. p16 is a 16 kDa protein encoded in the INK4A
locus on chromosome 9p21, which inhibits cyclin D-dependent kinases from initiating
Rb-regulated cell cycle progression (Serrano, Hannon et al. 1993). Mutated or deleted
p16 is a common attribute of many cultured tumor cell lines, and is present at a frequency
of 25-70% in a range of human cancers (Serrano 1997). In the case of pancreatic cancer,
98% of the tumors have p16 deletions or mutations (Schutte, Hruban et al. 1997).
Contact-inhibition of growth in untransformed cultured cells has been shown to
be regulated by p16 (Wieser, Faust et al. 1999). Although its role as a senescence
mechanism has been attributed to deficient in vitro growth conditions, the study
parameters were insufficient in delineating the effects of telomere-dependent mechanism
from the telomere-independent, p16-associated proliferation of epithelial cells (Ramirez,
Morales et al. 2001). Because of its inhibitory effects of on cell proliferation, p16 is
widely acknowledged to act as a tumor-suppressor gene, and has been more recently
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associated as a mechanism of inducing replicative senescence (Schutte, Hruban et al.
1997; Campisi 2001).
The reversal of immortality by inducing senescence has been demonstrated in
vitro. Demethylation of p16INK4A by addition of 5-aza-2-deoxycytadine or ectopic
expression of p16 and p21, another cyclin-kinase inhibitor, provoked spontaneouslyimmortalized fibroblasts to revert to a senescent phenotype (Vogt, Haggblom et al. 1998).
This example highlights the survival-enhancement imparted by immortalization of
tumorigenic cells in cancer, yet leaves the possibility of its reversal through induction of
senescence an open question. A critical understanding of proteins that regulate p16 is
needed to address the question of immortalization in the initiation and progression of
cancer.
3.2.3

Bmi-1
Polycomb group (PcG) proteins are implicated in the epigenetic control of

organism development, adult stem cells, and cancer (Gil, Bernard et al. 2005). PcG
proteins stabilize specific genes by epigenetic repression and are highly conserved
throughout evolution (Han, Berardi et al. 2006). Two types of polycomb repressor
complexes (PRC1 and PRC2) are reasonably characterized, although there is evidence of
other PcG-associated complexes which function in a similar manner (Lund and van
Lohuizen 2004). Gene silencing is initiated by the recruitment of PRC2 to a specific
DNA sequence, termed the polycomb responsive element (PRE) (Gil, Bernard et al.
2005). PRC1 deposition on PRE results in stable repression of the target gene.
PRC2 initiates chromatin silencing through histone deacetylation and
methylation, generating typical markers of gene repression, i.e. methylation on lysine 27
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of histone H3) (van der Vlag and Otte 1999). Recognition of PRC2 and subsequent
deposition of PRC1 further stabilizes the repression, acting as an alternative or modified
histone to block transcription of the target gene (Czermin, Melfi et al. 2002). Deletion of
PRC2 is embryonically lethal in mice, whereas PRC1-null mice survive birth, likely due
to functional redundancy of the repression-initiating PRC2 complex (van der Lugt,
Domen et al. 1994; Schumacher, Faust et al. 1996).
Of particular interest is Bmi-1, a 45 kDa PcG protein and component of the genesilencing complex PRC1 (Lund and van Lohuizen 2004). Infection by Moloney murine
leukemia virus of cMyc-transgenic mice led to its discovery as proto-oncogene (van der
Lugt, Domen et al. 1994). Enhanced Bmi-1 expression was associated with the resulting,
induced murine leukemia, suggesting its possible role in oncogenesis (Haupt, Alexander
et al. 1991). Overexpression of Bmi-1 has been shown in a range of human cancers
(Valk-Lingbeek, Bruggeman et al. 2004).
Bmi-1 repression of the INK4A locus, which is a frequently deleted or mutated
sequence in human cancer, suggests its role in oncogenesis. INK4A is a tumor-suppressor
locus, which encodes p16. Suppression of p16 transcription by Bmi-1 abrogates the p16associated senescence mechanism, allowing cells to move from G1 to S in the cell cycle
(Fig. 3-2) (Han, Berardi et al. 2006). Bmi-1 mediated proliferation of tumor cells dually
increases the probability of further mutation and the number of proliferative cells in a
tumor.
Expression of Bmi-1 is associated with proliferation in adult stem cell
compartments. Bmi-1 expression maintains hematopoietic stem cell proliferation (HSC),
as evidenced by decreased HSC in Bmi-1-null mice (van der Lugt, Domen et al. 1994).
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Recent work also suggests that regulation of proliferation by Bmi-1 may vary, depending
on the stage of development of the organism. For example, fetal HSC division is under
the influence of Sox17, whereas adult HSC proliferation is later regulated by Bmi-1
(Kim, Saunders et al. 2007). Self-renewal of neural stem cells and their progenitors is
also dependent on Bmi-1 expression. Post-natal depletion of neural stem cells in the
cerebellum is observed in Bmi-1 deficient mice, which suggests a role for Bmi-1 in stem
cell maintenance (Molofsky, Pardal et al. 2003). Sonic hedgehog, a key protein involved
in development, regulates Bmi-1 in the cerebellum (Leung, Lingbeek et al. 2004).
Tumor-initiating cells, also referred to as cancer stem cells, may also utilize Bmi1 as a means to impose increased cell proliferation rates. High levels of Bmi-1 were
found in pediatric brain tumors and in a high percentage of medulloblastomas (Leung,
Lingbeek et al. 2004). In the case of medulloblastomas, neural cells with stem or
progenitor characteristics are proposed to be the source of the malignancy. Bmi-1 has
also been shown to regulate hTERT in mammary epithelial cells (Dimri, Martinez et al.
2002), which suggests that cooperative expression of these genes triggers a positive
feedback loop, bypassing senescence and initiating immortalization. Thus,
immortalization can be considered a dysregulated self-renewal mechanism, which could
endows a tumor-initiating cell the ability to proliferate in the local tumor and distant sites.

3.3

Pluripotentiation
An extension of the stem-cell hypothesis of cancer is that tumor-initiating cells,

unlike normal adult tissue stem cells, may be able to differentiate into cells not only
within, but also outside, of the tissue of origin (i.e. metastasize). Cells in colon carcinoma
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undergo at least 4 or 5 mutations, which correlate with distinct morphological
characteristics, prior to becoming malignant (Vogelstein, Fearon et al. 1989). Through
mutations, translocations and general chromosme instability, dramatic changes in gene
expression could endow local tumor cells with the embryonic stem cell trait of
pluripotency: the capability of generating cells of all or many cell types. The acquisition
of pluripotent characteristics would allow otherwise tissue-specific cells to survive in
foreign, metastatic sites.
Parallels between embryonic stem cells and cancer have been proposed since such
cells were first observed in the 19th century. Initial observations in 1829 by Rechamier
and Virchow addressed the similarities between pathological samples of teratocarcinoma
and embryonic stem cells (Recamier 1829; Virchow 1855). The embryonal rest theory,
officially stated by Cohnheim, suggested that cancers arose from cells left over from the
developing embryo (Cohnheim 1867; Cohnheim 1875). The current stem cell theory of
cancer espouses a broader perspective, stating that a stem-like cell is capable of initiating
cancers in the original tumor and migrating to establish themselves at distant sites as well
(Clarke and Fuller 2006).
The successful growth of mouse embryonic stem cells (ES), and later human ES,
provides a means to explore the features of pluripotency in vitro (Thomson, ItskovitzEldor et al. 1998; Hyslop, Armstrong et al. 2005). After human ES were successfully
propagated in culture, several key factors, genes, and proteins associated with
maintenance of pluripotency were discovered. Genes associated with Pluripotency
include Oct 4 and Nanog (Niwa, Miyazaki et al. 2000; Chambers, Colby et al. 2003). In
addition to expressing these specific factors to sustain an undifferentiated state, ES cells
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generally maintain larger nuclei than somatic cells, possibly to maintain an open
chromatin structure that is accessible to regulation through epigenetic and genetic factors
(Roeder 2005). Another explanation for this less dense chromatin configuration is to
maintain pluripotent characteristics by expressing many genes at low levels (Zipori
2004).
ES cells demonstrate the capacity to differentiate into three cell types from the
trophectoderm, primitive endoderm, and primitive mesoderm in vitro, either through the
generation of embryoid bodies or in response to a change in microenvironment, i.e.
addition of growth factors, serum, biochemical compounds (Niwa 2007). Another key
biological characteristic of ES is their ability to generate teratomas when injected
subcutaneously in vivo (Prokhorova, Harkness et al. 2008). On the other side of the
spectrum, the same ES cells have the capacity to develop into, chimeric mice when
injected into a blastocyst, implanted into a female mouse and allowed to proceed through
its normal gestation period. In these examples, cell-autonomous programs and
microenvironmental factors – either in vitro or in vivo – interact to produce either normal
or oncogenic progeny.
Breakthroughs in the induction of pluripotent stem (iPS) cells opens up more
opportunities to interrogate the cell’s latent ability to acquire a pluripotent state. In 2007,
three research groups – Takahashi and Yamanaka, Thomson, Jaenisch, Belmonte –
successfully induced pluripotency in human somatic cells (Takahashi, Okita et al. 2007;
Wernig, Meissner et al. 2007; Yu, Vodyanik et al. 2007; Aasen, Raya et al. 2008).
Transduction of specific genes, including Oct-4, Sox-2, Nanog, c-Myc, Klf-4, along with
several others, effectively reprogrammed human somatic cells into an ES cell state (Fig.
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3-3). More recent work utilizes small molecules to similarly achieve this drastic change
in phenotype (Shi, Desponts et al. 2008).
Because iPS cells behave similarly to ES in vitro and in vivo, two potential
clinical applications of this work are promising. Firstly, the field of regenerative medicine
may have a new source of therapeutic cells, which foregoes the ethical complications
associated with human ES. Secondly, iPS cells may prompt the development of more
applicable models of disease. New cell culture models of ten genetic diseases were
generated using the iPS strategy (Park, Arora et al. 2008). Because primary cells have
limited growth in culture, disease-iPS are an alternative for expanding a given
popuplation for use in multiple assays. Interestingly, disease-iPS were shown to also be
capable of normal differentiation along the three germ lineages in vivo. This result
suggests that the disease states are subject to modification by the microenvironment, so it
is possible that these models may not entirely recapitulate their disease of origin. The
question of what a somatic cell, reprogrammed as an iPS cell remains.
An alternative approach to probing the latent-stem cell response of neoplastic
cells is to expose them to an embryonic microenvironment. In a broad-range microarray
study, ES cells, neural stem cells, and hematopoietic stem cells overlapped in their
expression of a set of 216 genes (Ramalho-Santos, Yoon et al. 2002). Categorization of
the genes led to groupings of the identified genes, most notably (1) the ability to interact
with particular extracellular proteins, (2) heightened response to wound-healing stimuli
and growth factors, and (3) upregulation of DNA repair mechanisms. These results give
rise to the notion that ES cells are intrinsically programmed to function under stress.
Although the study was limited to genes available on the microarray platform, a more
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recent, gene-cluster analysis expanded on these results by showing that primary cancers
were found to express gene patterns more similar to ES cells than adult stem cells (Wong,
Liu et al. 2008).
Extending this work to in vivo situations, others have also found the embryonic
microenvironment can be tumor-suppressive. Bissell and colleagues showed that Roussarcoma virus, which generated sarcomas when injected into the wing of newborn chicks,
did not induce sarcomas when microinjected into chick embryos (Dolberg and Bissell
1984). Thus, local factors in the embryo were capable of temporarily suppressing the
effects of a live, oncogenic virus.
In contrast, in experiments by Hendrix and colleagues, injection of aggressive and
metastatic melanoma cells into zebrafish embryos induced the formation of an anomalous
outgrowth (Hendrix, Seftor et al. 2007). Interestingly, the atypical growth resulted from
the recruitment of the host’s own cellular progenitors by the injected melanoma,
suggesting that neoplastic cells have the ability to communicate with embryonic tissue.
Quelling of this response was achieved by inhibiting Nodal, the growth factor shown to
induce similar growths and likely a factor secreted by the foreign melanoma cells
(Toyama, O'Connell et al. 1995; Thisse, Wright et al. 2000).
In sum, these findings suggest that the tumorigenic capacity of cells may be the
adoption of phenotypes associated with “stemness.” The acquisition of pluripotency by
mutated, abnormal tumor cells may reprogram them to act as true cancer stem cells.
When viewed from the perspective of oncogenesis, pluripotentiation can be considered
dysregulated differentiation. Genetic manipulation by infection with recombinant viruses
enables the simulation of these two processes of immortalization and pluripotentiation.

56
Assaying prostate tumor cells that have been immortalized by hTERT and Bmi1, or
induced using the four pluripotency-generating genes, in different in vivo assays has
enabled us to interrogate the activity of such cells within the context of varied
microenvironments.

3.4

In vivo microenvironments
While immortalization and pluripotentiation can be induced within the genetic

machinery of the cell, extrinsic factors in the microenvironment can also influence cell
phenotype. Because no in vitro assay can recreate the complexity of signals in a living
organism, the utility of in vivo assays is paramount to biological and clinical research.
Selection of the appropriate animal model is particularly important, as seemingly
superfluous details, such as the level of immune-deficiency in mouse models, may greatly
underestimate the results (Eaves 2008).
The frequency of tumor-initiation by cultured human melanoma cells increased
from 0.0001% to 25%, after optimizing assay conditions, such as choice of mouse strain,
extracellular matrix vehicle, and graft site (Quintana, Shackleton et al. 2008). Assays for
biological activity are particularly crucial in stem cell and cancer research, where the
innate self-renewal and differentiation capacity of cells is likely dependent on yetundefined signals. Varying the location of the graft exposes cells to a different
microenvironment, which facilitates the interrogation of cell-intrinsic responses to
extrinsic factors. In our work, prostate tumor stem cell cultures were assayed by the three
in vivo assays summarized below.
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3.4.1

Subcutaneous grafting
Injection of cells under the skin was conducted to investigate tumor-initiation

capability. Subcutaneous injection allows for noninvasive, visual observation of tumor
growth for the duration of the experiment. For this work, we resuspended cells in a 1:1
mixture of growth media and Matrigel (Prokhorova, Harkness et al. 2008). Although
Matrigel is biological product that contains undefined components, its main component is
the extracellular matrix laminin. In a microarray study geared towards defining a unique
stem cell signature, one of the few reliable markers was the integrin subunit α6, which is a
receptor for laminin (Ivanova, Dimos et al. 2002). Laminin is present in high levels in the
basement membrane of many organs. The basement membrane acts as an anchoring site
for epithelial cells, and may be home to putative stem cell niches in vivo.
3.4.2

Tissue recombination under kidney capsule
Grafting of tumor-initiating cells under the kidney capsule is another widely used

method to assay the biological activity of cells in vivo. The kidney is a privileged site of
growth, as its primary function is to continuously filter the blood of the organism. Renal
grafts, which could otherwise perish in hypoxic environments, are adjacent to source of
oxygen and nutrients carried by the circulating blood.
In a modified version of renal grafting, tissue recombination (TR) simulates the
developmental environment of urogenital tissues. The development of an organism
requires epithelial-mesenchymal interactions, as both physical and biochemical signals
localize to establish patterns that regulate growth. Development of prostate, bladder, and
other urogenital organs is instigated within the context of the urogenital sinus, as
painstakingly elucidated by Cunha and colleagues (Cunha 2008). The embryonic
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microenvironment is artificially recapitulated by implanting the prostate (epithelial) cells
with a sufficient number of cells obtained from urogenital mesenchyme (UGM) of rat
embryos at gestation day E17-E18. Embryos at 17-18 days of gestation are in the process
of initiation urogenital development (Staack, Donjacour et al. 2003). Signals provided by
UGM instruct development of urogenital glands, in an organ specific manner. For
example, UGM from bladder can override the embryonic prostate epithelial
differentiation program to induce bladder development (Ishii, Shappell et al. 2005).

3.4.3

Orthotopic xenografting in the anterior prostate
In order to model the clinical disease, cells should be assayed in the physiological

location where the oncogenic lesion is found. In this work, prostate tumor cultures are
grafted in one of the lobes in the mouse prostate. This orthotopic xenograft approach was
developed by Ming Jiang as a model for prostate metastasis. Although the structure of the
mouse prostate is morphologically different from the human prostate, the function of the
organs is the same. This model relies on the anatomical relationship of Batson’s plexus,
the valveless veins that drain the prostate and bladder (Geldof 1997). These veins are the
possible conduit through which local prostate and breast cancers metastasize to bone.
Prostate tumor stem cells are suspended in neutralized collagen and grafted into
the anterior prostate (AP) of mice at about 12 weeks of age. The AP consists of capsular
structures that contain prostatic fluid and are immediately adjacent to fine vasculature.
When tagged with fluorescent proteins, such as EGFP, the progression of these cells from
the graft site can be monitored by in vivo imaging of the fluorescent signal. The
interrogation of prostate tumors in these three in vivo assays enables the study of tumor-
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initiation within the context of varied microenvironments.

3.5
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Figure 3-1.
Hypothesis of senescence and immortalization.
Cell cultures must first divide beyond the expected Hayflick limit, bypass senescence, and
survive a stage of zero net-growth rate called crisis, prior to being successfully immortalized
(Cong, Wright, and Shay, 2002).
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Suppression of replicative senescence by Bmi-1.
Expression of Bmi-1 suppresses p16, thereby allowing the formation of cyclin D-CKD4/6
complexes that translocate to the nucleus, where the complexes phosphorylate RB and trigger the
transcription of genes that allow cells to move from the G1 to S phase of the cell cycle.
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Figure 3-3.
General scheme for inducing pluripotency in human somatic cells.
Human cells are grown in vitro, transduced with a set of factors associated with Pluripotency, are
grown in embryonic stem cell conditions on a feeder layer, resulting in ES-like, induced
pluripotent stem (iPS) cells.
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Figure 3-4.
Schematic representation of in vivo assays used in this work.
Prostate tumor cells were (A) injected under the skin with Matrigel, in the upper and
lower flanks, (B) recombined with rat embryonic urogenital mesenchymal cells in a
collagen drop, prior to grafting under the renal capsule, and (C) resuspended in collagen,
and grafted orthotopically into the anterior prostate of immunodeficient, SCID/Beige
mice.
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Chapter 4
Purpose of Project
4.0 The Problem and Objectives of Study
Novel approaches to treatment of prostate cancer have not kept pace with
advancement in the detection of the disease. Although several modes of treatment of
early-stage tumors (confined to the prostate) are curative, or at least palliative for older
patients with shorter life expectancies, there is no effective treatment for the minority of
people who relapse (~12% in the United States) with metastatic disease. The recurrent
disease is androgen-independent, hence hormone therapy is not capable of decreasing
tumor burden and associated symptoms. In these cases, 27,000 in the U.S. in 2007,
patients face the possibility of suffering from painful metastasis, usually to bone, and an
approximate survival time of approximately 2 years.
The progression of a localized prostate tumor to metastatic prostate cancer (PrCa)
is not well understood. Oncogenic progression of a normal cell to cancer was first
postulated to result from a minimum of 4-5 mutations (Cairns 1975). Characterization of
colorectal cancer identified four distinct morphologies that correlate with stage of the
disease, supporting Cairn’s hypothesis (Vogelstein, Fearon et al. 1989). Our lab
approached the characterization of this disease from a similar perspective. We propose
that local tumors do not yet have all the necessary mutations required that allow the cells
to behave as unregulated cancer cells.
Early-stage prostate tumors consist of a large number of different cell types,
which suggests that the underlying oncogenic mechanism promotes both cell proliferation
and heterogeneity. A stochastic view of prostatic disease proposes that all cells in an
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early stage tumor are capable of giving rise to prostate cancer. This model does not
sufficiently explain why some patients are restored to health, while others are prone to
relapse. A cancer stem cell model more accurately reproduces key features of the natural
history of prostatic disease. The stem-cell model of cancer is based on the assumption
that only a subset of cells is capable of sustaining tumor proliferation. Tumor-initiation
capabilities are thereby endowed to a minority of rare, stem-like cells, which may later
acquire the ability to metastasize to other organs at distant sites.
We propose that prostate tumors harbor aberrant cells with stem-like properties,
which are targets for additional mutations that then enable them to progress to the
hormone-independent, metastatic disease. In this work, we define a Prostate Tumor Stem
Cell (PrTuSC) as a pre-cancerous cell, which is localized in the original tumor site, and
sustains the tumor bulk through enhanced cell division of more rapidly-dividing
progenitors. This PrTuSC is a putative intermediate cell type, which may acquire
additional mutations along its transition to a bona fide Cancer Stem Cell (CSC), a cell
that is capable of initiating a tumor at a distant, metastatic site.

4.1

Overview of Project
The working hypothesis is that the two mechanisms that allow aberrant cells to

bypass tumor-suppressive mechanisms and to promote tumor-initiation are
immortalization and pluripotentiation. These two processes echo the characteristics of
normal stem cells. In the context of prostate tumor development, immortalization is like
dysregulated self-renewal, as pluripotentiation is like abnormal differentiation capacity .
In this work, we probed the proposed transition of a local prostate tumor to a metastatic
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prostate cancer by (1) developing a selective culture system, (2) modeling
immortalization and pluripotentiation through ectopic gene expression, and (3)
characterizing biological activity in vivo (Fig. 4-1).
4.1.1

Selective Prostate Tumor Culture System
We established a foundation for this work by growing cells of primary human

prostate tumors from patients with diagnosed, early stage prostatic disease. One challenge
in the initial phase of this project was to define the appropriate growth conditions for the
prostate tumor cells. Primary samples are notoriously difficult to maintain in cell culture,
and prostate cells are particularly challenging to propagate (Kogan, Goldfinger et al.
2006). About a dozen, spontaneously-immortalized prostate cell lines are currently
available for research use, but the majority of these were derived from prostate
metastases, and have likely developed characteristics of the late-stage disease. Testing
several combinations of growth media, extracellular matrix coating, and growth factor
supplements, optimized cell culture conditions were determined.
Characterization of these cultures showed that explanted cells grew as individual
colonies, each with a central cluster of cells that expressed prospective prostate stem cell
markers. Referring to the proposed hypothesis of prostate cancer progression, these
clusters represent the PrTuSC, or pre-metastatic tumor cells, which generate cells in the
bulk tumor. This proliferative property was observed as the outgrowth of cells from the
tumor-derived cell cluster, which we propose to hold the Prostate Tumor Stem Cell niche.
Progressive passaging of the cells resulted in a dilution of these “cluster” features, toward
a more differentiated epithelial appearance, suggesting that the long-lived source of cells
was maintained within the particular microenvironment of the PrTuSC cluster.
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4.1.2

Induction of Immortalization and Pluripotentiation in Prostate Tumor Cultures
We next tested the two parts of our hypothesis by retrovirally inducing two

separate sets of genes. The main assumption is that the transition between local tumor to
metastatic cancer involves the acquisition of additional mutations that allow their survival
in distant sites and organs.
Immortalization of prostate tumor cells, which mimics stem-cell behavior as
dysregulated self-renewal, was modeled by infecting cells with telomerase (TERT) and
Bmi-1. Both of these genes have been shown to counteract replicative senescence of cells
in culture. Haga and colleagues demonstrated that this two-pronged attack on replicative
senescence mechanisms immortalized a range of both normal and neoplastic epithelial
cells, which are usually difficult to maintain in culture (Haga, Ohno et al. 2007). TERT
repairs telomere ends during cell division, and Bmi-1 suppresses the accumulation of p16
that is associated with cell growth arrest. The “BT-Immortalization” process did not
completely generate an immortal cell line, but did extend the lifetime of the prostate
tumor culture from 8 to 16 passages.
Pluripotentiation of prostate tumor cells, which parallels another stem-cell feature
as dysregulated differentiation, was induced by retroviral expression of Sox-2, Klf-4,
Oct-4, and cMyc (Aasen, Raya et al. 2008). This work was accomplished through
collaboration with the Salk Institute and the Center for Regenerative Medicine in
Barcelona. These induced pluripotent stem cells (iPS) utilized similar strategies
developed in 2007 by three separate groups (Qi and Pei 2007). The resulting inducedPluripotent Prostate Tumor (iPTuS) expressed characteristics of human embryonic stem
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(ES) cells, when grown under ES condition on a fibroblast feeder layer.
4.1.3

In Vivo Assays in Three Microenvironments
We next assessed the biological activity of unmodified prostate tumor cultures,

BT-immortalized, and iPTuS-pluripotentiated prostate tumor cultures through a series of
in vivo assays. These mouse models were critical to assaying “stemness” of these cultures
in the context of a more physiological microenvironment (i.e. access to cell-cell signals,
native extracellular matrix proteins). The three in vivo assays used were (1) subcutaneous
injection (SQ), (2) tissue recombination (TR) under the kidney capsule, and (2)
orthotopic xenografting (OX) into the anterior prostate.
All three types of cell cultures (unmodified PrTuSC, BT-immortalized, and
iPTuS) were tested by exposing cells to these three different microenvironments.
Injection of cells with Matrigel under the skin tested whether cells would generate a
tumor or teratomas, an assay of inherent tumorigenic or pluripotent characteristics.
Although subcutaneous injection of cells is a standard test in cancer and stem cell
research, the next challenge was to select the appropriate in vivo methods to assay
prostate-specific questions. After hands-on training with colleagues at Vanderbilt
University, Nashville, Tennessee, I implemented the following two assays in our
laboratory.
Tissue recombination subjects the cells to an embryonic stromal
microenvironment (embryonic rat urogenital mesenchyme) to model developmental
capacity along the prostate or urogenital lineage. Briefly, prostate cells are mixed with rat
UGM cells in collagen, and grafted under the kidney capsule of SCID mice. Orthotopic
xenografting involves the insertion of prostate cells directly into the anterior prostate of
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the SCID mouse to assay the ability of the cells to recapitulate the disease, at the
anatomic location of the original tumor or lesion.
Interactions between the cell cultures and the microenvironment gave rise to
different results, with each different set of cells. Unmodified prostate tumor cultures
generated tumor growth away from site of original injection SQ, benign glands by TR
under the renal capsule and more malignant glands by OX in the prostate. BTimmortalized cells gave rise to tumor growth by SQ as with unmodified cells, larger
numbers of prostate glands by TR, and recapitulated prostate cancer features by OX.
Induction of pluripotency in iPTuS stimulated growth of embryonal carcinoma under the
skin by SQ, and rapidly invasive growth of multiple-organ tumor growth by TR and OX.
Additional discussion of results for the unmodified prostate tumor, BT-immortalized, and
iPTuS-pluripotentiated cell cultures are discussed in detail in chapters 5, 6, and 7.

4.2

Implications and future work
Our findings suggest that prostate tumor progression can be modeled in light

of the stem-cell hypothesis of cancer. Selective culture of primary tumor samples allowed
the genetic manipulation of cells from early-stage disease. These culture conditions will
likely enable growth of primary samples from other epithelial tissues, expanding the
quantity of cancer stem cells available for molecular biology assays that require large
number of cells. We demonstrate a stepwise method to assess the relevance of the stemcell theory of cancer by inducing dysregulated self-renewal, through immortalization, and
differentiation, through pluripotentiation. By assaying these genetically-manipulated cells
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in three different in vivo assays, we bring to attention the importance of cell interactions
with the biological microenvironment.
Application of these methodologies may facilitate further work on elucidating the
molecular mechanisms of tumor-initiation and progression, in particular with respect to
propagating primary cells from tumor samples. The cell culture system could be
translated into novel drug-discovery platforms, which identify specific features that allow
personalized clinical treatment. Genetic manipulation by inducing immortalization and
pluripotentiation would be a useful approach to explore genetic roots of progression from
tumor to cancer. These techniques are also amenable to in vitro diagnostics to assess the
extent of disease progression in a patient. Appropriate treatments would then be more
easily provided, such that patients with high proclivity to relapse are not left untreated,
but patients with good prognosis are not subjected to unnecessary treatment.
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Figure 4-1.
Schematic representation of the work.
Prostate-tumor derived epithelial cells were grown selectively in culture (A), retrovirallytransduced with Bmi-1 and telomerase (TERT) or with Oct-4, Sox-2, Klf-4, and c-Myc
(using a strategy to generate induced Pluripotent Stem – iPS- cells), to acquire immortal
or pluripotent characteristics (B), and assayed in vivo by subcutaneous injection,
engraftment under the kidney capsule with rat embryonic urogenital mesenchyme (using
a technique termed “tissue recombination”), and orthotopic insertion into the anterior
prostate of SCID/Beige mice (C).
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Cultured human tumor stem cells and the prostate tumor
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Abstract
Clonal cultures of Prostate Tumor Stem/Progenitor cells (PrTuSC) were grown
from >50 prostatectomy samples. Early-stage adenocarcinoma specimens generated a
variable number of epithelial colonies, each emanating from a CD44+/CD133+/CK5/14+/
c-kit+/Integrin-α2β1+ niche, whereas benign hyperplasias yielded no colonies. All
colonies senesced after ~30 population doublings. Two engraftment methods of PrTuSC
resulted in different outcomes: Orthotopic Xenografting into anterior prostates of SCID
mice generated histologically-typical human prostate tumors, while subcapsular kidney
engraftment as tissue recombinants with rat UGM resulted in suppression of the tumor
phenotype, yielding simple, benign prostate glands. The characteristics of these
selectively-propagated prostate tumor colonies suggest the culturing of a novel class of
human Prostate Tumor Stem Cells, as yet senescent though tumorigenic in a
microenvironment-dependent fashion. Isolation of Prostate Tumor Stem Cells in their
niches facilitates studies of 1) tumor stem cells and their niches, 2) progression to frank
metastatic phenotypes, 3) patient-specific cancer progression and 4) potential targeted
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therapies.

5.1

Introduction
Recent evidence suggests that only a minority of the cells in most tumors are

capable of initiating new tumors. The existence of these “tumor-initiating cells” or
“tumor stem cells” in human leukemias was demonstrated by John Dick, who showed
that among human leukemia cells, only stem cell-like cells could recapitulate the disease
on transplantation into rodents (Lapidot et al., 1994). Clarke and colleagues extended the
tumor/cancer stem cell hypothesis to include solid tumors (Al-Hajj et al., 2003).
Ostensibly, initiation of solid tumors may involve mutations at the adult stem cell level,
or the acquisition of stem cell characteristics by mutated progenitor cells.
In the prostate, evidence for the existence of stem cells derives from the
extraordinary regenerative capacity of both the human and the rodent prostate (Feldman
and Feldman, 2001). The effects of androgen cycling on the regression and regeneration
of rat prostate was first demonstrated the by existence of prostate epithelial stem cells
(English et al., 1987; Kyprianou and Isaacs, 1988). As androgen withdrawal induces
apoptosis of luminal epithelial cells, it leaves the basal stem cells intact, allowing rapid
prostate regeneration on androgen replacement. Hence, regenerative cycling of the
prostate suggested that prostate stem cells, which are capable of restoring all the cells of
the prostate, reside in the basal layer of prostate glands. Authentic prostate stem cells
have, however, not been isolated in pure, unadulterated form (Masters et al., 2008).
Likewise, human prostate stem cells or prostate tumor stem cells have not been
propagated in their unmodified, native state (Gu et al., 2007).
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Early-stage human prostate tumors typically proceed through a series of steps,
starting with the development of prostatic intraepithelial neoplasia, progressing to
invasive hormone-dependent, and then hormone-independent cancer (Feldman and
Feldman, 2001; Mundy, 2002; Signoretti and Loda, 2006). The origin of hormoneindependent prostate cancer cells is not known, though an androgen receptor-negative
prostate stem cell that is presumed to reside in the early-stage tumor is thought to be a
reasonable instigator of late-stage hormone-independent cancer. Isolation of human
(Collins et al., 2005; Collins and Maitland, 2006) and rodent (Xin et al., 2006) prostate
tumor-initiating cells has been reported. In mice, the introduction of constitutively active
AKT kinase in Sca-1-enriched murine prostate epithelial cells resulted in the initiation of
prostate tumors. In specimens of human early-stage prostate tumors 0.1% of the cells
expressed the CD44, CD133, CK5/14, Int.α2β1 set of prostate stem cell markers (Collins
et al., 2001; Maitland and Collins, 2008). Two groups have reported that primary prostate
tumor cells immortalized by hTERT expressed stem cell transcription factors and
possessed high self-renewal potential, as well as the capacity to generate prostate glands
in vivo (Gu et al., 2007; Miki et al., 2007).
The direct acquisition and culture of non-manipulated tumor-stem cells from
primary human prostate tumors has not been reported (Kelly and Yin, 2008). The paucity
of such cells in surgical samples of low-stage prostate cancer poses one quandary; the
instability of such cells poses another. We have chosen to grow tumor stem cells from
early-stage human prostate tumors in vitro. Culturing tumor-stem cells from primary
human prostate tumors creates the opportunity to directly study the cells in vitro and in
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vivo, and facilitate the study of tumor cell progression to a frankly metastatic state in
vivo.
A bank of >90 surgical specimens from early-stage (localized) human prostate
tumors was established. Multiple growth conditions were screened and cell culture
medium, growth factor, extracellular matrix and environmental conditions were
optimized. Starting with histologically-determined adenocarcinoma-containing tissue,
routine establishment of clonal prostate tumor stem cells in their niches was achieved,
resulting in the growth of 3-500 tumor stem cell colonies per 107 early-stage prostate
tumor cells explanted. Histologically-diagnosed human benign prostate hyperplasias
(BPH) yielded no colonies in our assay. Cultured human prostate tumor stem cells
(PrTuSC) express the anticipated stem cell markers and transcription factors, and
differentiate into apparent Transit Amplifying progenitor (T/A) cells. Additionally, small
numbers of PrTuSC colonies generate typical human prostate tumors in xenograft
models. Thus, our cultured PrTuSC satisfy a number of in vitro and in vivo criteria
thought to define bona fide tumor stem cells: clonality, marker expression, differentiation
and tumorigenesis in vivo. PrTuSC cultures can now be used to analyze mechanisms of
self-renewal, the means of which has frustrated others (Patrawala et al., 2006; Patrawala
et al., 2005; Tang et al., 2007), as well as mechanisms of progression to a metastatic
phenotype.
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5.2

Results

Robust growth of primary prostate epithelial cultures
We sought to selectively grow, rather than select and isolate, stem progenitor cells
from human early-stage prostate tumors. After screening the propagative qualities of
numerous different media, growth factor, extracellular matrix and environmental
combinations, the growth conditions described herein were selected for optimal colony
formation of stem/progenitor cells. Single colonies were first observed about 3 days after
plating into growth medium, and at 7 days the number of colonies was stable. Among the
89 early-stage prostate tumor samples placed into culture, >50 cases were diagnosed as
prostate adenocarcinomas of Gleason grades ranging from 5-9, the balance of the samples
were diagnosed as benign prostatic hyperplasias (BPH). BPH samples generated zero
colonies under the culture conditions used. Clinically diagnosed adenocarcinoma
specimens generated a sample-specific number, from few (3-5) to many (200-500), single
colonies per 50 mg vial of surgically-resected prostate tissue.
Cultures grown from early-stage prostate tumor tissue had the appearance of
tightly-epithelial, honeycomb-like cells, designated as prostate epithelial (PrEp) cells
(Fig.1A). The tight epithelial colonies maintained close cell-cell contact through Ecadherin bridges (see below, and Fig.4B). Cells that attached as single cells, away from
contact with neighboring epithelial cells, ceased to proliferate, underwent apoptosis and
died. For each proliferating colony, a prominently observed feature was the presence of a
small, compact group of cells, termed a Stem Cell Cluster (SCC). Each epithelial cell
colony grew out from an SCC, and each adherent SCC-cluster of cells gave rise to a
growing epithelial colony. No epithelial cell colonies were initiated without originating
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from an SCC. Thousands of SCC-initiated colonies have been observed; no epithelial
colonies grew out without being initiated from an SCC. An early epithelial cell colony
with its associated SCC is shown in Fig.1B. SCCs were gradually lost from the cultures
by differentiation into PrEp cells and the diluting effect of cell subculture, with fewer
SCCs observed with each serial passage. While epithelial cells were the dominant
morphology in each subculture, long, narrow neuronal-like cells with multiple thin
extensions were also observed in later passages of PrEp cell cultures, indicative of
differentiation into neuroendocrine cells, a suggestion that we have not yet confirmed
(not shown). Cell growth rates were established by image analysis of specific colonies at
successive time points. PrEp colonies divided with a doubling time of 20 hours, as
shown in Fig.1C. Adherent cultures were continually passaged until cells began to adopt
the typical large, flattened morphology associated with senescence, at about the 8th
passage. At this point, growth of the cultures declined. Late-passage cells stained
positive for senescence-associated beta-X-galactosidase (Fig. 1D).
Primary prostate tumor cultures stem/progenitor marker expression
To further characterize the cells in our cultures, early-passage cells from single
colonies were assayed for marker expression by RT-PCR, immunocytochemistry, and
flow cytometry. RT-PCR results indicate that the cultured prostate tumor cells express
the transcription factors Oct-4 and Sox-2, and a gene associated with the maintenance of
adult stem cell renewal, Bmi-1, at levels similar to the hES cells used as controls, but do
not express detectable TERT, Rex-1, or Nanog (Fig.2A). Early-passage cells were then
characterized for expression of putative prostate stem/progenitor cell markers: CD44,
CK5/14, α2β1, and CD133 by flow cytometry. Cells in clonal and pooled cultures (n=14)
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of PrTuSC cells expressed the early prostate stem/progenitor markers CD44 at a range
between 96-98%, high molecular weight cytokeratin CK 5/14 between 28-70%, and
integrin α2β1 between 99-100% (Fig. 2B). CD133 was expressed in early passage
cultures, but its expression was lost upon differentiation of the cells into apparent T/A
epithelial cells; hence the range of CD133 expression by prostate tumor cell cultures
varied from 56-1.2% of the cells in culture, at passages 2 through 8, respectively.
PrTuSC colonies were also analyzed for prostate stem/progenitor cell markers by
immunofluorescent staining. Early passage cultures containing both SCCs and their PrEp
progeny expressed CK 5/14, and integrin α2β1 (Fig. 3 A-B). CD133 expression was
negative on the epithelial cells that compose the majority of the culture, but was highly
expressed and localized to the tightly-packed SCC (Fig. 3C). Double-staining of CD133
with CD44 revealed the preferential expression of CD133 in SCCs (Fig. 3 I,M,Q). Cells
in both SCCs and their epithelial progeny also expressed high molecular weight
cytokeratin CK 5/14 and the luminal marker CK8/18, although the epithelial cells
surrounding the SCC express this marker at a higher level (Fig. 3 K,O,S). Figure 3
L,P,T, demonstrate the co-expression of c-kit and CD44 on the epithelial cells
surrounding an SCC. The basal cell proliferation marker p63 was preferentially
expressed in early epithelial cultures, localizing to the nucleus in later passages (Fig. 3D
and insert). Cultures were negative for androgen receptor (AR) and chromogranin A (data
not shown).
Urogenital Mesenchyme-mediated Tissue Recombinant subcapsular kidney
grafting.
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We next assayed the biological activity of the PrTuSC cultures in vivo by Tissue
Recombination (TR) with embryonic rat urogenital mesenchyme (UGM) and
implantation under the kidney capsule of SCID mice. TR mimics the embryonic
microenvironment in which the urogenital sinus develops into urinary and reproductive
organs and has proven its utility in enabling human prostate cells to differentiate in vivo
(Hayward, 1998). The resulting renal grafts were analyzed by standard histologic
methods 12 weeks after grafting. H&E staining revealed the formation of glandular
structures in recipients’ kidney capsules with a single-layer of epithelium (Fig.4A).
Unlike the expression profile in vitro, the glands were negative for CK 5/14, CD44, and
CD133. Hence, in the presence of the inductive TR microenvironment, the prostate
stem/progenitor cells were able to differentiate along their expected developmental
pathway. Expression of E-cadherin confirmed that cells were of epithelial character
(Fig.4B). Glands were negative for prostate specific antigen (PSA), indicating that these
cells did not yet secrete this luminal cell product. A variable percentage of cells that
lined the simple glands were positive for p63, which is associated with the proliferative
basal compartment and putative prostate stem cells (Fig. 4C) (Senoo et al., 2007;
Signoretti et al., 2000). Although these cells were obtained from pathologically
diagnosed, early-stage prostate adenocarcinomas, the simple glands formed in this assay
of prostate differentiation did not express AMACR, which is usually over-expressed by
malignant human prostate tissue (Rubin et al., 2002). To further confirm the origin of
these cells, we showed that the glandular cells stained positive with a species-specific
anti-human mitochondrial antibody, at levels similar to human control tissue (Fig.4D,
inset). These data confirmed the capacity of the cultured PrTuSCs cells to generate
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human glands, as expected of bona fide adult prostate stem/progenitor cells. However,
the microenvironment imposed on the PrTuSC by the embryonic UGM in the subcapsular
grafts, led to apparently normal differentiation of the tumor-derived stem cells (Cunha et
al., 1991; Wong et al., 1992).
Subcutaneous xenografting of PrTuSCs.
We assessed the latent tumorigenicity of the prostate tumor stem cell cultures by
subcutaneous grafting of ~20 SCC/epithelial colonies immobilized in collagen into
SCID/Beige mice. Sixteen weeks after engraftment, a visible growth was observed in the
genital region in the abdomen of some of the mice, rather than at the subcutaneous graft
site. Pathological analysis showed that no tumors were observed at the subcutaneous
graft site. Histology of the enlarged, extra-abdominal tissue gave rise to the observation
of a teratoma-like mass of human/donor origin (Fig. 4E). In two samples a keratinous
epithelium was found adjacent to pockets of cells with neuronal (N), bone (B), and
cartilage (C) characteristics. This result suggests that the combined PrEp and SCC cells
were capable of generating teratoma-like features in vivo. Additionally, these results
suggest that cells in the SCC clusters and possibly in their epithelial progeny are capable
of pluripotent differentiation.
Orthotopic engraftment of SCC/PrEp colonies in the anterior prostate of recipient
SCID/Beige mice.
Twenty colonies of SCC clusters with their associated PrEp cells were engrafted
directly into the anterior prostates of recipient SCID/Beige mice without recombination
with mesenchymal UGM cells as used in the TR xenograft assay, above. In vivo imaging
of EGFP-labeled cells generated a clear fluorescent signal in the anterior prostate graft
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site (Fig. 5A). When introduced orthotopically and without the UGM moiety, the
PrTuSCs developed into cribriform (gland in gland) malignant glands (Fig. 5 B-C). We
noted increased cellularity of stroma adjacent to complex glands. Also observed were
central necrosis in the lumens and a disorderly mixture of basal and cuboidal epithelial
cells, typical of Gleason 3-4 grade prostate cancer (Fig. 5 D-G).
Hence, the outcome of the in vivo engraftment of small numbers of SCC/PrTuSC
cells was location-dependent, yielding simple – “benign” – human glands when
recombined with UGM and engrafted subcapsularly (Fig. 4A-D), yielding teratoma-like
structures when engrafted subcutaneously (Fig. 4E), and yielding typical human prostate
cancers upon orthotopic engraftment in the anterior prostate of recipient mice (Fig. 5).
Though the same early stage prostate tumor-derived stem cells were used in each of these
three xenografting techniques, the microenvironment in which the PrTuSCs were allowed
to grow directed the behavior of the cells in vivo. This in vivo comparison of tumor stem
cell growth and differentiation by varying the site of the cell graft complements the work
of Bissell and collaborators on manipulating cell behavior by modifying the cell
microenvironment (Kenny et al., 2007).
In summary, our prostate tumor stem cell cultures were shown to express stem
and progenitor cell markers, to differentiate into simple glands in vivo, to grow and
differentiate into teratoma-like features, or to generate typical human prostate
adenocarcinomas when introduced into the prostate microenvironment. Surprisingly, the
PrTuSC cells could generate simple epithelial glands, as well as the expected cribriform
cancer glands, demonstrating the ability of these cell cultures to recapitulate both normal
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prostate development and early-stage tumor growth depending on their in vivo
microenvironment.

5.3

Discussion

Isolation of the human Prostate Tumor Stem Cell in culture.
The direct demonstration of purified tumor-initiating cells from primary human
prostate adenocarcinomas has not been previously reported (Kelly and Yin, 2008). We
have designed conditions for the culturing of epithelial Prostate Tumor Stem Cells
(PrTuSC) and their precursor tumor stem cell niches (SCC), starting with early-stage
human prostate tumor specimens. SCC/PrTuSC cells have been selectively and clonally
cultured, and evidence suggests that the cultured SCC/PrTuSC clones reflect the
condition of early-stage prostate carcinomas, as SCC/PrTuSC colonies are entirely absent
from benign prostate tissue (Benign Prostate Hyperplasias, n=30). Early-stage prostate
carcinoma specimens give rise to a characteristic number of SCC/PrTuSC colonies, as
assayed 7 days after plating a standard number of collagenase-digested tumor cells (50
mg tumor or ~107 cells). Surgically-removed prostate carcinomas that yield low numbers
(~2-4) of colonies in the SCC/PrTuSC culture assay are distinct from carcinomas yielding
high numbers (~400-500) of SCC/PrTuSC colonies, although there is no obvious
correlation with Gleason grades. The likelihood that the prevalence of SCC/PrTuSC
colonies grown from a specific early-stage prostate tumor reflects the number of
carcinoma stem cell foci in a tumor specimen appears to be a rational speculation,
considering the tumorigenic nature of the SCC/PrTuSC colonies and the complete
absence of such colonies in benign prostate specimens. Additionally, the characteristic
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number of SCC/PrTuSC colonies that grow out from specific carcinoma specimens
suggests that the 7-day SCC/PrTuSC colony assay described here may be shown in the
future to be prognostic of the course of the disease.
Prostate stem cell marker expression.
SCC/PrTuSC cells express a range of transcription factors and cell markers
reported to be associated with adult stem cells generally and with prostate stem cells
specifically. Using flow cytometry and fluorescent microscopy, SCC/PrTuSC cells
express the transcription factors Oct-4, Sox-2, and Bmi-1 and the prostate stem cell
markers CD44, CK5/14, Int.α2β1, and CD133. SCC/PrTuSC cells did not express the
factors Rex-1 or NANOG, and did not express the TERT gene (n=52), irrespective of the
Gleason Grade of the tumor specimens. SCC cells also do not express c-kit, although
their Transit-Amplifying offspring do. It is essential to emphasize that cultured
SCC/PrTuSC cells express this entire set of distinctive prostate stem cell markers without
pre-selection beyond the culture conditions used. SCC/PrTuSC cells are androgenindependent and do not express AR, PSA, or chromogranin A. Indeed, the culture
medium used contains no detectable levels of androgen. Under these culture conditions,
SCC/PrTuSC may be maintained close to their native, pre-prostatic developmental and
pre-cancerous state.
While cells in the SCC niche express the stem cell markers CD44, CK5/14,
Int.α2β1, and CD133, the latter marker is lost on differentiation of SCC cells into
epithelial cells. During SCC cell differentiation and successive subculturing of their
epithelial progeny, the three cell markers CD44, CK5/14, Int.α2β1, are lost more slowly,
with Int.α2β1 expression the last marker to be down-regulated in the differentiated
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epithelial progeny. With the loss of CD133, the epithelial progeny acquire the markers
p63 and E-cadherin, suggesting that the cells in the epithelial halo around the SCC from
which each colony originates are akin to prostatic Transit Amplifying cells that have been
identified in prostate tissue (Litvinov et al., 2006; Uzgare et al., 2004).
SCC/PrTuSC cell progeny senesce in vitro.
After reaching ~30 population doublings, the epithelial progeny of SCC/PrTuSC
cells (n=52) senesced with the acquisition of the typical flat, “fried egg” appearance and
the expression of the senescence marker β-galactosidase. Since each PrTuSC colony is
derived from an SCC niche-like cell cluster, the undifferentiated prostate tumor stem
cells are senescent, like most other human adult stem cells studied (Conti et al., 2005).
The SCC-derived epithelial Transit/Amplifying cells senesced, whether they originated
from tumor specimens scored as Gleason 4 through Gleason 9. Nonetheless, some earlystage prostate tumors gave rise to hundreds of SCC/PrTuSC colonies, while other tumors
yielded a handful of such colonies. Hence, there may be an in vivo mechanism whereby
the bona fide prostate tumor stem cells with their SCC niche increase in number. Hence,
in vivo the SCC/PrTuSC may be capable of self-renewal. One reasonable hypothesis is
that in vivo, human prostate tumor stem cells and their niche self-renew via a
microenvironment-mediated interaction with prostate stromal cells, which are known to
play a central role in the generation of prostate cancer (Tuxhorn et al., 2001). It may
become possible to sustain the self renewal of SCC-clusters in culture by the use of
specific growth factors and/or suitable stromal cell feeder layers. The development of
methods that facilitate the in vitro self-renewal of the SCC niche itself would be an
important goal, as it would point to ways in which to suppress the self-renewal of prostate
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tumor SCCs in vivo, a most important aim in prostate cancer and metastasis research.
Interestingly, no correlation was observed between the number of 7-day SCC/PrTuSC
colonies produced by specific tumor specimens and their scored Gleason grade.
The outcomes of in vivo xenografting of SCC/PrTuSC cells is microenvironmentdependent.
Xenotransplantation of SCC/ PrTuSC cells resulted in different outcomes
depending on the route of xenotransplantation and of graft environment. Teratomas
resulted when large numbers of SCC/PrTuSC cells were injected subcutaneously with
collagen. Non-malignant glands were generated under the kidney capsule of recipient
mice when small numbers of SCC/PrTuSC cells were hybridized with rat embryo UGM
and grafted subrenally. Classical cribriform cancer was the result of the engraftment of
small numbers of SCC/PrTuSC cells when xenografted orthotopically, without UGM,
into the anterior prostate of recipient SCID mice. The teratoma-like growths consisted of
squamous cysts, neuronal, osseous, and cartilagous tissues. Subrenal capsule-engrafted
cells resulted in cuboidal glands expressing p63, characteristic of proliferative basal cells,
and E-cadherin, characteristic of epithelial cells. Full differentiation into all prostate cell
types, and the expression of PSA, AR, and chromogranin A was not obtained under these
conditions. This was expected since the presence of AR-positive mesenchymal cells is
required to obtain full differentiation into adult epithelium (Gao et al., 2001) and
androgen acting through AR expressed in the luminal cells mediated their secretory
function (Cunha et al., 1987; Donjacour et al., 1990). These features indicate that the
cells we have isolated in culture from early-stage prostate tumors have retained the ability
to make normal glands under certain circumstances, structures (teratomas) from more
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than one germ layer under different conditions, and human prostate tumors under true
orthotopic conditions. The transplanted SCC-population therefore contains multipotent
cells capable of plastic responses in different microenvironments.
It is probable that cells akin to the SCC/ PrTuSC cells isolated from early-stage
prostate tumors can be similarly grown and isolated from other human early-stage
carcinomas. This would facilitate the study of early events, mutations and translocations
(if any) that are associated with the onset of these carcinomas. The importance of
isolating the carcinoma tumor stem cell in culture is that the isolation of early-stage
carcinoma stem cells would facilitate molecular studies of the events associated with the
initiation and with the progression of the tumor stem cells into cancer/metastatic stem
cells. Thus, isolation of the SCC/TuSC cell from tumors in other organs presents the
promise of discovering cell markers of early-stage disease, and specific metastasisassociated mutations, as well as the promise of discovering markers for the detection of
early-stage disease and its prognosis, and detection and suppression of the lethal phase of
these diseases.
Early-stage prostate tumor-derived Tumor Stem Cells as precursors to Cancer Stem
Cells and Metastatic Cells.
The human prostate tumor stem cells (SCC/PrTuSC) described here differ
significantly from Cancer Stem Cells (CSC) that have been isolated from human
metastatic cancer sources (Al-Hajj et al., 2003; Dalerba et al., 2007; Galli et al., 2004;
Prince et al., 2007; Singh et al., 2003; Singh et al., 2004). CSC grow indefinitely when
successfully grown in culture, can form tumors in animals from very few cells, are slowcycling and self renewing, and capable of terminal differentiation (Roberts, 2008).
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Primarily, CSCs have been isolated based on marker-selection and are categorized by
xenograft tumor initiation. Some CSCs have not been cultured in vitro (Al-Hajj, 2007;
Roberts, 2008), though methods resulting in the generation of androgen-responsive/AR+
immortal prostate cancer stem cells have been described by Roberts (Roberts, 2008). The
relationship of the prostate CSC to the bona fide prostate stem cell or to the tumor stem
cell is tenuous. Also, immortalized prostate CSCs have been isolated as single clones
from TERT-transduced epithelial prostate cancer cultures (Gu et al., 2007; Gu et al.,
2006). The properties of these TERT-immortalized cells (Gu et al., 2007; Gu et al.,
2006) cells raise some concerns due to the immortalization procedures and extensive
clonal selection steps used.
The clonal SCC/PrTuSC cell cultures described here have characteristics that set
them apart from prostate-derived CSCs. First, SCC/PrTuSC cells were isolated from
multiple (52) specimens of early-stage prostate tumors using no marker selection but
relying on medium that selectively supports the outgrowth of SCC/PrTuSCs and actively
inhibits other cell types. In addition, each colony of epithelial PrTuSCs developed from a
stem cell niche-like cluster of variable size of ~10-50 cells each, the SCC. There were no
exceptions: Epithelial “progeny” that did not develop from an SCC, or epithelial cells that
had no neighbors on culture transfers, were lost from the cultures by differentiation or by
undergoing rapid apoptosis. Also, while stem cells in the SCC differentiated into tight
epithelial cell colonies around the SCCs, all combined SCC/PrTuSC cell colonies
senesced after ~30 PDs. Additionally, none of the SCC/PrTuSC colonies studied (n=>50)
expressed the TERT gene. Finally, in vivo biological activity of the SCC/PrTuSC cells
was highest in SCC, 20 of which were sufficient to engraft in the xenografting
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experiments described, though some weak gland-generating activity was found in presenescent late passage (2x105 cells, passage 8) epithelial cells that had lost all detectable
CD133 activity, had down-regulated the expression of the other stem cell markers, and
expressed nuclear p63.
It is realistic to hypothesize that tumor stem cells in the SCC represent an early
stem cell that, while AR-negative and apparently senescent, is a precursor to the
androgen-independent metastatic class of prostate cancer cells found in late-stage prostate
cancer. It is instructive to consider what genetic alterations of the SCC/PrTuSC cells
would potentially endow SCC/PrTuSC cells with a lethal, metastatic phenotype. First,
SCC/PrTuSC cells are mortal/senescent, while all cancer/metastatic cells are immortal.
Furthermore, Cancer Stem Cells and Metastatic Colonizing Cells are pluripotent or at
least plastic in their ability to differentiate. Thus, the induction of pluripotency and
immortalization, or the induction of simple immortalization, i.e. indefinite growth
potential, may distinguish the lethal Prostate Cancer Stem Cell from the Tumor Stem
Cells isolated from early-stage prostate tumors, both of which are androgen-independent.
Indeed, in the natural history of prostate cancer induction and recurrence, immortalization
and/or pluripotentiation of the rare PrTuSC present in the early-stage tumor may embody
a crucial progression event. One attractive aspect of this premise is that this argument
lends itself to experimental evaluation, utilizing the cell culture and transplantation
methodology we describe.
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5.4

Materials and Methods

Cell Culture
Primary human prostate tumor samples were collected from radical
prostatectomies after informed consent and according to IRB-approved guidelines for
human subjects. Samples were aseptically cut into small pieces and digested overnight in
150 U/ml collagenase I (Sigma-Aldrich) in growth medium (see below) at 37°C. The
cells were frozen at ~107 cells/ml in 90% fetal bovine serum plus 10% DMSO (SigmaAldrich), and stored in liquid nitrogen until use. Tissue culture-treated 6-well plates
(Corning) were coated by incubation with 10 µg/ml laminin (Sigma-Aldrich) in PBS for
1 hour at 37°C and washed twice with PBS to remove unattached laminin. Prostate tumor
samples were cultured in growth medium (keratinocyte serum-free medium (Gibco) with
40 mM L-glutamine (Gibco), 12.5 ug/ml gentamycin and 2.5 ug/ml amphotericin B)
supplemented with 10 ng/ml basic FGF (R&D), 40 ng/ml EGF (R&D), 58 ug/ml BPE
(Gibco), 1 mM CaCl2, and 0.025 wt % BSA (Sigma-Aldrich). Cultures were incubated at
37 deg C in 10% CO2, 5% O2 and fluid changed daily. Fast-growing, epithelial colonies
grew out from tumor samples after approximately 1 week and were sub-cultured 1:3 onto
laminin-coated surfaces upon reaching 80-90% confluence. Cell cultures used for in vivo
orthotopic xenograft (OX) assay were retrovirally infected with EGFP. Monolayer
cultures were spinfected with viral supernatant and10 µg/ml polybrene for 45 minutes at
900 RCF (Beckman TJ-6, TH-4 rotor), incubated at 37˚C for 20 minutes, while aspirating
excess virus, and replenishing with growth medium. Infected cells were not selected by
antibiotic resistance to maintain integrity of primary cultures. Efficiency of infection was
30-50% by visual assessment of fluorescent cells under the microscope.
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Growth and Senescence Assays
Cell growth curves were determined by images taken at three time points after the
first observation of colony appearance: 0 h, 24 h, and 48 h and quantified by NIH ImageJ.
Senescence-associated beta-X-galactosidase was detected by a published staining
protocol (Dimri et al., 1995). Briefly, cells were rinsed with PBS, fixed in 2 %
paraformaldehyde/0.2 % glutaraldehyde, and stained with 5 mM potassium ferrocyanide,
5 mM potassium ferricyanide, 1 mg/ml X-gal (Sigma) at 37°C overnight. Blue color in
senescent cells was observed by imaging on an inverted microscope.
Flow Cytometry
After initial growth of stem cell colonies to confluence, single or pooled colonies
were sub-cultured in laminin-coated 12-well plates (Corning) in growth media until
~80% confluent. Samples were fixed in 2% paraformaldehyde for 20 minutes and in
permeabilization buffer (eBiosciences) for CK5/14 (Dako, 34βΕ12) antibody staining, or
stained live for CD133 (Miltenyi, AC133), integrin α2β1 (Abcam, P1E6) or CD44 (Santa
Cruz Biotech, IM7). Secondary antibodies used were anti-mouse-AlexaFluor488
(Invitrogen) and anti-rat-PE (Jackson ImmunoResearch Laboratories). Live cells were
counterstained with propidium iodide.
RT-PCR
RNA was isolated from monolayer PrTuSC cultures and DNase-treated on an
isolation column (Qiagen). mRNA was amplified using a one-step RT-PCR kit (Qiagen)
for 32-35 cycles (Table A). Human embryonic stem cell (hES) RNA was used as a
positive control for all six genes of interest: Sox-2, Oct-4, Nanog, Rex-1, Bmi-1, and
TERT. Briefly, the reaction mixtures were reverse-transcribed at 50°C for 30 min,
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incubated at 95°C for 15 min, cycled at 95°C 30 s, 53° 30 s, 72°C 30 s, with a final
extension at 72°C for 7 min.
Immunocytochemistry
Cell cultures were grown on laminin-coated glass coverslips in growth medium
and fixed in cold methanol for 10 minutes at -20 C, permeabilized in 0.5% TritonX-100,
blocked in 5% donkey serum, and stained according to vendor’s guidelines with
antibodies to CD44 (Santa Cruz Biotechnology, IM7), CD133 (Miltenyi Biotech,
AC133), high molecular weight cytokeratin 5/14 (Dako, 34βE12), chromogranin A
(Dako, DAK-A3), or α2β1 integrin (Abcam, P1E6), p63 (Santa Cruz, 4A4), CK 8/18
(Santa Cruz, DC-10), androgen receptor (Santa Cruz, 441), c-kit (Santa Cruz, 57A5) at
4°C overnight. Samples were concurrently stained using isotype controls for mouse and
rabbit antibodies (Jackson ImmunoResearch) and negative controls using PBS, in lieu of
primary antibodies. Samples were stained with APC and FITC (BD Biosciences) or
Alexa Fluor AF647 or AF568 (Invitrogen) secondary antibodies, and counterstained with
Pro Gold Antifade with DAPI (Invitrogen). Slides were imaged with a Fluoview FV100
(Olympus) confocal microscope, and post-processed with Imaris (Bitplane, Switzerland)
and Adobe Photoshop.
Tissue Recombination and Kidney Grafting
Female Harlan Sprague Dawley rats at 17.5 days gestation were sacrificed
according to university-approved protocols, and urogenital sinuses were dissected from
the embryos. Urogenital mesenchyme (UGM) was separated from urogenital epithelium
after mild trypsinization at 4°C and microdissection. Single cells were obtained by
treating UGM with collagenase at 37 °C. To prepare tissue recombinants, 2.5x105 UGM
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cells were combined with 1x105 prostate epithelial cells, or other numbers of cells, see
text, in neutralized rat tail collagen. Collagen grafts were kept in growth media at 5% O2
overnight. Grafts were implanted under the renal capsule of SCID/Beige mice (Charles
River) with the aid of a dissection microscope. Mice were supplemented with
testosterone by subcutaneous insertion of a 25 mg DHT pellet and sacrificed at 12-16
weeks post-implantation.
Orthotopic xenografting
Collagen grafts were prepared by resuspending 1x106 prostate epithelial cells in
neutralized rat tail collagen and incubating cells overnight in growth media. SCID/Beige
mice (Charles River) were anesthetized with ketamine/medetomidine according to
approved protocols, and the urogenital organs were externalized. A single anterior
prostate (AP) capsule was located and pierced with a 21-gauge syringe to release
prostatic fluid, prior to implanting the collagen graft into the AP under a microscope. A
25 mg DHT pellet was subcutaneously implanted adjacent to the incision site. In vivo
imaging of GFP fluorescence was carried out using the eXplore Optix system (GE).
Subcutaneous Implantation
Prostate cell cultures with 1x105 cells were pelleted and resuspended in
neutralized rat-tail collagen and used after overnight incubation in growth media.
SCID/Beige mice were anesthetized, supplemented with subcutaneous testosterone, and
implanted with collagen grafts subcutaneously at the haunches and flanks. Mice were
sacrificed at 16-weeks after implantation. To further confirm growth of prostate cultures
without testosterone supplementation, we injected 1x106 prostate cells subcutaneously
with an equal volume of Matrigel (BD Biosciences) into the flanks of SCID/Beige mice
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(Prokhorova et al., 2007).
Immunohistochemistry
Mice were sacrificed according to university-approved protocols at 12-16 weeks
post-implanta-tion, unless stated otherwise. Organs of interest were fixed in 4 %
paraformaldehyde, sectioned, and stained with hematoxylin-eosin (H&E). To check for
marker expression, sections were deparaffinized and stained with primary antibodies to:
CD133 (Miltenyi Biotech, AC133), CK 5/14 (Dako, 34βE12), CD44 (BD Pharmingen,
G44-26), p63 (Dako, 4A4), AMACR (Zeta, 13H4), PSA (Dako, rabbit polyclonal),
estrogen receptor (ER, Dako, 1D5), E-cadherin (Zymed,4A2C7), and anti-human
mitochondria (Millipore, 113-1). Reaction products were developed by ABC system
(VectorLabs).
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Table 1-1.
RT-PCR primers.
Sequences of primers used for RT-PCR. Oct4, Sox2, Nanog, and Rex1 are markers
associated with embryonic stem cells, and hTERT and Bmi1 are involved in cell cycle
control and immortalization.

Gene

Forward Primer

Reverse Primer

Size
(bp)

Cycles

Oct-4

5'ACATCAAAGCTCTGC
AGAAA GAACT-3'

5'CTGAATACCTTCCCA
AATAGAACCC-3'

133

35

Bmi-1

5′GGAGACCAGCAAGT
ATTGTC CTTTTG-3′

5'CATTGCGCTGGGCAT
CGTAAG-3′

370

35

Sox-2

5'CCCCCGGCGGCAAT
AGCA-3'

5'TCGGCGCCGGGGAG
ATAC-3'

448

32

TERT

5'CGGAAGAGTGTCTG
GAGCA A-3'

5'GGATGAAGCGGAGTC
TGGA-3'

142

35

Rex-1

5'GCGTACGCAAATTAA
AGTCC AGA-3'

5'CAGCATCCTAAACAG
CTCGCAGAAT-3'

306

35

Nanog

5′TCCAGTCCACCTCTT
GAATT CTTTCCTCC3′

5'GAGTAATATCAGTTTC
ACAGATCTTCACAGG3′

917

35
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Figure 5-1.
Colony growth from early-stage prostate tumor tissue samples.
(A) The cells generated from prostate tumor samples are of a tight, epithelial morphology. (B)
Each colony is initiated from an adherent cluster of cells, termed Stem Cell Clusters (arrow).
Scale bar = 100 µm. (C) Growth curve of cells from a single SSC at 3 time points after first
observation of colony (from left to right): 0 hours, 24 hours, and 48 hours, as quantified by image
analysis. (D) Senescence assay of cells at 8th passage. Positive senescence-associated beta-X-gal
staining of prostate tumor stem/progenitor cells after the 8th passage in culture. Scale bar = 50 µm.
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Figure 5-2.
Prostate Tumor Stem Cell (PrTuSC) cultures express stem/progenitor cell markers.
(A) RT-PCR assay of Oct-4, Bmi-1, Sox-2, TERT, Rex-1 and Nanog expression. Human ES
control (hES, left) and a representative sample of cultured prostate tumor cells PrEp (right). (B)
Flow cytometry analysis of putative prostate stem/progenitor markers CD133, CD44, integrin
α2β1, and CK 5/14 (red) in early passage cultures as compared to isotype controls (white).
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Figure 5-3.
Prostate cell cultures differentially express putative stem/progenitor and
differentiation markers, localizing to the stem cell cluster (SCC) and/or epithelial
progeny.
Both PrEp cells and cells in the SCC were positive for integrin α2β1 (A) and CK 5/14 (B), whereas
CD133 was specifically expressed by cells of the SCC (C). The proliferation and basal cell
marker p63 was cytoplasmic in the halo of epithelial cells surrounding the SCC (D) and nuclear
in later passages of the epithelial cells (D, inset). Differential interference contrast (DIC) images
show variability in SCC size and its distinct, clustered morphology relative to cells of the halo of
growing epithelial cells surrounding it (E-H). Double-staining of cells in the SCC clusters and of
their epithelial progeny shows differential expression of additional stem/progenitor markers by
PrEp cells and by cells in the SCCs: Figs I-M-Q show that SCC cells express CD133 and CD44,
whereas the epithelial cells (inset) express only CD44. Figs J-N-R, show that both the SCC cells
and the epithelial cells (insets) co-express the basal cell high molecular weight cytokeratin 5/14
marker (red). Similarly, Figs K-O-S show that the SCC and epithelial cells co-express CK 8/18
and CD44, albeit with reduced intensity. Figs L-P-T show that the Stem Cell Factor receptor ckit is expressed primarily by the differentiated epithelial cells (L) but not by cells in the SCC (P),
suggesting the existence of a niche-like microenvironment. Insets are images of adjacent
epithelial cells taken at a lower confocal image plane, to compensate for the dense confluence of
the SCC clusters. Scale bar, shown in A, applies to all images A through T, = 30 µm. Scale bar
of insets, shown in M, = 30 µm. DAPI (blue, Q-T).
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Figure 5-4.
Tissue recombination and subcutaneous implantation of PrTuSC cultures stimulate
slow-growing prostatic glands or teratomatous growths.
(A) Simple glandular structures were observed in tissue recombination subcapsular kidney grafts
(PrTuSC cells co-injected with inductive rat embryonic urogenital mesenchyme), as stained with
H&E. Cells in these glands expressed the (B) epithelial marker E-cadherin and (C) basal cell
marker p63. (D) A human-specific mitochondrial antibody stained the glands at a similar level as
human kidney tissue used as positive control (inset). Glands were negative for CD44 and CD133
(data not shown). Insets in B and C show positive-control staining of respective tissues.
(E) Subcutaneous injection of cultured prostate tumor-derived stem cells produces growths with
characteristics of teratomas: H&E staining demonstrates differentiation into neural structures (N),
calcified material resembling bone (B), and cartilage (C).
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Figure 5-5.
Orthotopic xenografting of PrTuSC cultures into anterior prostate of SCID/Beige
mice gave rise to typical prostate cancer histology.
(A) In vivo imaging of GFP-labeled SCC/PrTuSC cells engrafted in the anterior prostates of
recipient SCID mice shows localization of the grafts two weeks after grafting into the anterior
prostate capsules. (B) H&E of tumor growth in prostate and urogenital organs. (C) Higher
magnification of cribriform glands suggests initial development of invasive prostate cancer. Both
more simple and complex glands were observed. Proliferation marker p63-stained basal cell layer
of complex glands (D), but p63 expression was spatially irregular in histologically higher grade
glands (E). Simpler glands expressed the marker CK 5/14 (F), whereas glands that appear to be
progressing to cribriform prostate cancer only sporadically express high molecular weight
cytokeratin, CK 5/14 (G).
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Abstract
Immortalization of epithelial cultures requires the bypass of at least two
senescence pathways. The transduction of telomerase and suppression of p16
accumulation have been shown to improve the expansion of human primary epithelial
cells in culture. In this work, we describe the ectopic expression of telomerase (hTERT)
and Bmi-1, a protein which inhibits p16 expression, in cultured prostate tumor epithelial
cells. Bmi-1 and hTERT (BT)-transduced cells increased proliferation and extended
lifespan in vitro. Neoplastic cells were observed in multiple organs after subcutaneous
injection of BT-transduced cells. Recombination of BT-transduced cells with embryonic
rat mesenchymal cells increased the production of glands under the renal capsule.
Orthotopic xenografting of the BT-transduced cells generated typical human prostate
cancer in the anterior prostate. These data suggest that the transduction of prostate
epithelial cells with hTERT and Bmi-1 stimulates a phenotype that is more proliferative
in vitro and in vivo.
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6.1

Introduction
In 2007, approximately 12% of the 270,000 U.S. males diagnosed with prostate

cancer developed incurable, metastatic disease. Available therapies, including surgical
resection, radiotherapy, and hormone ablation, are successful in stabilizing or delaying
patient morbidity due to prostate cancer, but recurrent disease is hormone-independent is
bereft of treatment options. The progression of local prostate tumor to lethal malignant
prostate cancer is still not well understood.
Replicative senescence is a gradual process through which cell growth is arrested
after a limited number of cell divisions. Replicative senescence is determined by several
mechanisms, including telomere erosion and gradual accumulation of p16 as a “mitotic
clock” (Sherr and DePinho 2000; Serrano and Blasco 2001). Although the process has
been characterized in vitro, senescence and its suppression has recently been
demonstrated in vivo (Janzen, Forkert et al. 2006; Krishnamurthy, Ramsey et al. 2006;
Molofsky, Slutsky et al. 2006). Replicative senescence has been considered as a tumorsuppressor mechanism, such that initial tumor formation is associated with an overproliferation of aberrant cells (Campisi 2001). Immortalization is a process by which
cells to bypass senescence, acting through oncogenic, chemical, and physical means
(Shay, Wright et al. 1991).
Immortalization can be induced by interfering with telomere erosion and the p16
pathway (Shay and Bacchetti 1997). Stromal cells, such as fibroblasts, can be
immortalized by ectopic expression of the catalytic subunit of telomerase (hTERT), but
epithelial cells require the alteration of a secondary pathway to bypass senescence (Shay,
Wright et al. 1991). Ectopic expression of hTERT in prostate-derived epithelial and
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stromal cells has been demonstrated to generate prostate cell lines and immortal cultures
that express characteristics of both differentiated and putative prostate stem/progenitor
characteristics (Kogan, Goldfinger et al. 2006; Gu, Yuan et al. 2007; Li, Zhou et al.
2008). In the work by Gu, infection with hTERT only affects a minority of cells in the
culture, suggesting that immortalization may also require a genetically-susceptible
epithelial cell.
Recent work suggests that immortalization of benign prostate cultures requires the
induction of telomerase and suppression of p16 (Bhatia, Jiang et al. 2008). Ectopic
expression of Bmi-1 was shown to induce telomerase activity and successfully extend
lifespan of mammary epithelial cells (Dimri, Martinez et al. 2002). Extended proliferation
of primary human skin, mammary gland, and lung cells was achieved by combined
suppression of p16 by shRNA, and expression of Bmi-1 and hTERT (Haga, Ohno et al.
2007). This alters both replicative mechanisms, and may be a useful approach to
extending the lifespan of primary cells, since the immortalization of human epithelial
cells requires the intervention of at least two different senescence pathways. In this work,
we show that ectopic expression of hTERT and Bmi-1 in primary prostate tumor cells
imparts a transitory increase in proliferation rate in vitro, resulting in extension of
lifespan. In vivo engraftment of Bmi-1 and hTERT (BT)-treated human prostate
epithelial cells recapitulated the in vitro behavior, resulting in an increased production of
glandular structures. BT-treated cells gave rise to subtle differences in marker expression,
which may suggest the utility of this technique in the understanding of prostate cancer
progression.
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6.2

Results

Ectopic expression of Bmi-1 and hTERT increases the proliferation rate of prostate
tumor cells and extends their lifespan
Primary cultures of prostate epithelial tumor cells initially maintained a tight,
epithelial morphology (Fig. 6-1A). Two to three days after the transduction of Bmi-1 and
hTERT (BT-transduction), cultures were observed to have a highly disorganized
appearance (Fig. 6-1A). Cells were observed to undergo a period of cellular crisis, in the
form of non-uniform patches of multinuclear, blebbing, and flattened cells, which lie
adjacent to patches of tight epithelial cells. A lower rate of cell division was observed in
non-transduced cultures (Fig. 6-1C), compared to BT-treated cells (Fig. 6-1D). After
approximately the 8th passage, untreated cells adopted a flat morphology with a higher
level of senescence-associated beta-galactocidase staining, compared to BT-modified
cultures (Fig. 6-1E-F). Although proliferation was relatively higher in cells expressing
Bmi-1 and hTERT ectopically, both types of cultures experienced an abrupt abrogation of
cell division at approximately the same passage (Fig. 6-1G). Although BT-treatment
induces an enhanced growth rate. Depending on the titer of the transducing viruses and
the efficiency of transduction, BT-treated cultures have been observed to acquire
extended lifespan.
Expression of both hTERT and Bmi-1 constructs was assessed by RT-PCR and
Western blotting of whole-cell lysates. Previous work showed the lack of telomerase
expression and the presence of Bmi-1 mRNA expression in early-stage prostate tumors
(Finones, Wu et al. 2008). Retrovirus-mediated integration of hTERT was confirmed by
RT-PCR (Figure 6-2A). Both untreated and BT-treated prostate tumor cultures expressed
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similar Bmi-1 mRNA levels, relative to human embryonic stem (hES) cell controls. Bmi1 protein expression was assessed by Western blot and quantified by densitometry
(Figure 6-2 B).
Subcutaneous BT-treated prostate cells disseminate to multiple organs.
Inherent tumor-forming ability was assessed by subcutaneous injection of BTtreated prostate tumor cells. No lesions were observed in the area of injection. Tissue
from mice that received non-transduced cells were histologically-identical to normal
organs (data not shown). Grafting of BT-transduced cultures in the flanks of
immunodeficient mice gave rise to infiltrating cells with little or no cytoplasmic volume,
and was distinguishable by dark purple, nuclear staining (Fig. 6-3). As with the
unmodified cells, no lesion due to the injection of BT-transduced cells was observed, but
invading cells were present in liver, lymph node, lung, and spleen (Fig. 6-3A-D).
Surprisingly, the invading cells that were observed were of mouse-origin. FACS analysis
of the apparent infiltrations turned out to be lymphoma cells of the recipient mice, not
engrafted human cells (data not shown). Presumably, the engrafted human cells induced
lymphomas in the recipient SCID mice, a phenomenon previously reported to result from
over-expression of Bmi-1 but has not been satisfactorily explained so far (Haupt, Bath et
al. 1993; Alkema, Jacobs et al. 1997).
BT-transduced prostate tumor cells increased gland formation under the renal
capsule.
Recombination of prostate epithelial cells with embryo-derived rat UGM led to
the formation of glandular structures under the renal capsule of immunodeficient mice.
Untreated prostate cells gave rise to a small number of glands, lined with a single-layer
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epithelium (Fig. 6-4A). BT-transduced cells gave rise to a larger number of glands, with a
mix of both simple and complex, columnar epithelium (Fig. 6-4B). Three months after
engraftment, BT-treated and untreated cells expressed E-cadherin (Fig. 3C), p63 (Fig. 64D), and stained positive with an antibody for human-specific mitochondrial proteins,
showing the human-origin of the induced glands (Fig. 6-4E). Non-transduced cells were
negative for CD133 and did not express significant high-molecular cytokeratin, CK 5/14
(data not shown). At the same three-month timepoint, BT-treated cells expressed CD133
in discrete clusters of 3-5 cells in glands with simple epithelium (Fig. 6-4F). CK 5/14
was expressed at very low levels (Fig. 6-4G). At the 6-month timepoint, degraded
glandular structures were observed in grafts with untreated cells, whereas glands in BTtreated cells increased in size. These long-term, BT-treated glands were a mixture of
cystic structures, with large, non-secretory lumens, and glands with more complex,
irregularly stacked epithelium with necrotic residue in the lumen (Fig. 6-4H).
Orthotopic xenografting generated typical human prostate cancer.
GFP-labeled, untreated and BT-transduced cells were imaged in live mice using
an eXplore Optix fluorescence scanner (Figure 6-5A). The dorsal view shows high (red)
signals in the anterior prostate, where grafts were inserted, and lower signals in other
organs (green), including spleen, thymus or lung, and lymph nodes. Similar patterns of
cell locations were observed for both untreated and BT-treated cells. Necropsy and gross
dissection of mice revealed large prostatic outgrowths for both untreated and BT-treated
cells. Pathological analysis designated prostatic growth of Gleason 3 or 4, and a
representative image with H&E staining is shown (Figure 6-5B). Both types of cells
instigated growths with human prostate cancer characteristics, but only mice with BT-
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treated cells were observed to have infiltration of cells in the kidney (Figure 6-5 C, D)
and thymic anlage (data not shown). Hence, using orthotopic xenografting directly into
the anterior prostatic of the recipient mice resulted in the induction of frank human
cancer.

6.3

Discussion
In this work, we report that the ectopic expression of Bmi-1 and hTERT in

primary prostate tumors increases the proliferation rate of prostate tumor cells, relative to
unmodified cells. The growth advantage imparted to cultures is temporary, as both types
of cultures eventually senesce in vitro. One senescence-inhibiting mechanism that may be
involved is the downregulation of p16 by Bmi-1 through the action of polycomb
repressor complexes (Jacobs, Kieboom et al. 1999). Although ectopic Bmi-1 suppresses
translation of p16 from the targeted INK4A locus, pre-existing p16 protein in the
cytoplasm may retain cellular memory of its approach to senescence. When engrafted in
vivo with embryonic UGM and grafted under the renal capsule, BT-transduced cells
produce a higher number of glandular structures than their unmodified counterparts.
These data support the inference that the Bmi-1 and TERT-induced proliferative
phenotype is active both in vitro and in vivo.
Immortalization of prostate cultures with TERT does not interfere with the normal
differentiation program of the cells (Kogan, Goldfinger et al. 2006). Interestingly, a
limited number of epithelial and putative prostate stem/progenitor markers were
expressed by BT-transduced cells after three months incubation. Primary tumors used in
this work were of a less invasive Gleason score (6 and 7) and did not express CD44 in
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vivo, whereas a previous study based on a Gleason 9 tumor was highly positive for this
putative prostate stem cell marker (Gu, Yuan et al. 2007). CD133 expression in prostate
epithelial cells was reported by RT-PCR, immunofluorescence, flow cytometry in
cultured cells (Gu, Yuan et al. 2007; Li, Zhou et al. 2008; Vander Griend, Karthaus et al.
2008).
When compared to their unmodified, patient-matched cultures, CD133-expressing
BT-transduced cells was observed in discrete patches within simple epithelial glands.
Additional characterization of possible prostate stem/progenitor markers and prostate
differentiation markers may enable further comparison of disparate studies (Maitland and
Collins 2008). Thus, the initial characteristics of the primary tumor sample may strongly
influence both its in vitro and in vivo features. A competition may exist between tumorpromoting and tumor-suppressing activities within a local tumor; the outcome of
oncogenic vs. tumor-permissive activity may depend on the specific mutations involved
(Pardal, Molofsky et al. 2005).
The short-lived proliferative advantage of ectopic Bmi-1 and hTERT expression in vitro
and in vivo supports the notion that immortalization may be necessary but not sufficient
to progress a lower-grade tumor to invasive cancer (Fridman and Tainsky 2008). Bmi-1
has been implicated in a death-from-cancer phenotype, suggesting that abnormal cells
that have acquired “stemness” lead to progressively lethal disease (Glinsky 2007).
Because adult stem cells and progenitors are commonly housed in epithelial cell
compartments, or niches, it is likely that cell division of these regenerative cells is highly
regulated, and may require a minimum of two genetic insults to overcome senescence
checkpoints. The approach described in this work – culturing and assaying matched pairs
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of unmodified and BT-transduced tumor-derived prostate cells – enables the study of
primary cells before and after a critical, proliferation-enhancing event. Future
applications of this work enable the expansion of patient-specific cell cultures,
characterization of mechanisms that progress tumors towards lethal cancer, and
development of personalized therapies.

6.4

Materials and Methods

Cell culture.
Prostate tumor tissue was collected from patients undergoing radical
prostatectomies according to university IRB-approved protocols. Samples used in this
study were clinically graded as Gleason 6 or 7 prostate adenocarcinomas. Tissue samples
were cut into approximately 1 mm3 pieces and digested at 37°C overnight with 150 U/ml
collagenase I (Sigma-Aldrich) in growth medium. The resulting suspension consisted of a
mixture of single cells and incompletely digested tissue. Samples were frozen at ~107
cells/ml (estimated by weight) in 10% DMSO with 90% fetal bovine serum (SigmaAldrich), and stored in liquid nitrogen. Six-well tissue culture plates (Corning) were
coated with 10 µg/ml laminin (Sigma-Aldrich) in PBS at 37°C for 1 hour and washed
twice with PBS, prior to plating cells.
Tumor samples were cultured in growth medium consisting of keratinocyte
serum-free medium (Gibco) supplemented with 40 mM L-glutamine (Gibco), 12.5 ug/ml
gentamycin and 2.5 ug/ml amphotericin B, 1 mM CaCl2, 0.025 wt % BSA (SigmaAldrich), 58 ug/ml BPE (Gibco), 40 ng/ml EGF (R&D), and 10 ng/ml basic FGF (R&D).
Prostate tumor cultures were incubated in 10% CO2, 5% O2 at 37˚ C, and media was
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changed daily. Rapidly expanding, epithelial colonies grew out from tumor tissue at
approximately 7 days. Cells were sub-cultured 1:3 onto laminin-coated plates at 80-90%
confluence.
Cell cultures for the orthotopic xenograft (OX) assay were infected with EGFP
retrovirus. Growth media was substituted with viral supernatant containing 10 µg/ml
polybrene, and monolayer cultures were spinfected at 900 RCF (Beckman TJ-6, TH-4
rotor) for 45 minutes, incubated at 37˚C for 20 minutes. Excess virus was aspirated and
replenished with growth medium. To maintain integrity of primary cultures, infected cells
were not selected by antibiotic resistance markers. Fluorescence of EGFP-expressing
cells was viewed and infection efficiency was between 30-50%. By visual approximation.
Growth and Senescence Assays.
Cell growth curves were calculated by counting of trypsinized cells with trypan
blue and manual counting with hemacytometer. Senescence-associated beta-Xgalactosidase was detected by a published senescence-associated staining protocol
(Dimri, Lee et al. 1995). Cells were grown on acid-washed glass coverslips, and
maintained in growth media. Cells were stained at the 8th passage by rinsing with PBS,
fixing in 2 % paraformaldehyde/0.2 % glutaraldehyde, and immersing in 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide, 1 mg/ml X-gal (Sigma) at 37°C
for 24 h. Blue staining in senescent cells was observed by imaging on an inverted
microscope.
Constructs and retroviral production.
Bmi-1 cDNA was PCR-amplified from sp72-hBmi1 (a kind gift from Dr. Maarten
van Lohuizen, Division of Molecular Carcinogenesis, The Netherlands Cancer Institute),
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using 5' and 3' primers containing Xho I restriction sites. The Xho I-digested PCR
product was ligated into the Xho I site of MSCV 2.2. MSCV-hTERT was generated by
cloning hTERT cDNA into the MSCV-pac vector multiple cloning site at Xho I. Correct
orientation of the single-enzyme inserts was determined by restriction digest. EGFP
cDNA sequence from pEGFP (Clontech, Palo Alto, CA) cloned into the HpaI and EcoRI
sites of pMSCV2.1 to contruct MSCV-EGFP (Norris, Jepsen et al. 1998). Calcium
phosphate-mediated co-transfection of the vector with the pCL-amphotropic packaging
vector into 293 cells was used to generate retroviruses (Naviaux, Costanzi et al. 1996).
Viral supernatants were collected after 24 h and 48 h. Titer of viruses were evaluated by
selection of serial dilutions of virus-infected BALB/c cells with neomycin.
Retrovirus-mediated infection with hTERT, Bmi-1, and EGFP.
Prostate tumor cultures were spinfected with viral supernatant with 10 µg/ml
polybrene for 45 minutes at 900 RCF (Beckman TJ-6, TH-4 rotor). After incubating for
20 minutes at 37°C, excess virus was aspirated, and replaced with fresh medium. “BTtreated” cells were cultures treated with Bmi-1 and hTERT constructs. Only cells used for
in vivo orthotopic xenograft (OX) assay were retrovirally infected with ecotropic MSCVEGFP retroviral vectors.
RT-PCR.
RNA was extracted from prostate tumor cultures according to kit instructions
(Qiagen). mRNA was amplified using a one-step RT-PCR kit (Qiagen) for 32 cycles.
RNA from HeLa cell lines was used as a positive control for hTERT, Bmi-1, and
GAPDH. Reaction mixtures were reverse-transcribed at 50°C for 30 min, incubated at
95°C for 15 min, cycled at 95°C 30 s, 53° 30 s, 72°C 30 s, with a final extension at 72°C
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for 7 min. Samples were resolved on agarose gels, visualized under UV, imaged onto
Polaroid film (Kodak), and scanned. Densitometry for RT-PCR gels and Western blots
was calculated by image analysis in Adobe Photoshop (Adobe Systems).
Immunoprecipitation and western blotting.
Whole protein lysates were collected by lysing monolayer cultures in RIPA buffer
for 30 minutes on ice (Jacobs, Kieboom et al. 1999). Immunoprecipitation of 250 µg
protein was performed by incubating with antibodies for 1 hour at 4˚C. Protein A/G
agarose beads (Santa Cruz Biotechnology) was used to precipitate immunocomplexes
overnight, with shaking at 4˚C. After washing, samples were loaded onto 4-12% Bis-Tris
gels for SDS-PAGE in MES buffer, according to manufacturer’s instructions
(Invitrogen). Western blots were transferred onto PVDF membranes (Amersham
Biosciences) in buffer with 10% methanol. Membranes were blocked with 3% BSA in
PBS-Tween at room temperature for 1 hour, washed, and incubated with HRPconjugated, rabbit-polyclonal antibodies overnight at 4˚C with shaking. Membranes were
washed, and samples were visualized using the ECL Plus system (GE Healthcare Life
Sciences). Chemiluminescent signal was detected by exposure to x-ray film (Kodak).
Immunoprecipitation antibodies used were Bmi-1 (C-20) and p16 (G175-205, BD
PharMingen). Western blot antibodies used were Bmi-1 (H-99), p16 (N-20), and βtubulin (H-235) (Santa Cruz). β-tubulin was resolved directly by SDS-PAGE without
immunoprecipitation and used as a loading control.
Subcutaneous injection.
Cells at the 3rd passage were resuspended in a 1:1 solution of growth media and
Matrigel (BD Biosciences). Each dose of 5x105 of BT-prostate cells was subcutaneously
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injected into the left and right flanks of three 6-7 week old SCID/Beige mice (Charles
River). Control mice were injected with cells untreated with Bmi-1 and hTERT retroviral
constructs. Mice were sacrificed at 4 months post-injection and tissue was collected for
histological preparation.
Tissue recombination.
Urogenital sinuses were microdissected from female Harlan Sprague Dawley rats
after 17-18 days gestation, according to university-approved guidelines. Tissue was
mildly trypsinized at 4°C to allow collection of urogenital sinus mesenchyme (UGM),
and urogenital sinus epithelium was discarded. Single cells were obtained from UGM by
treating with collagenase at 37 °C and three washes in DMEM with 10% FBS. Tissue
recombinants were prepared by resuspending 2.5x105 UGM cells were combined with
1x105 prostate epithelial cells in neutralized rat tail collagen. Collagen grafts were
covered in growth media and incubated at 37˚C in 5% O2 overnight. Grafts were
implanted under the kidney capsule of eight 7-8 week old SCID/Beige mice (Charles
River) with the aid of a dissection microscope. Mice were supplemented with
testosterone by subcutaneous insertion of a DHT pellet and sacrificed at 12 weeks postimplantation. Two mice were grafted with untreated cells recombined with UGM. Two
mice received UGM-recombined, BT-treated cells in one kidney, and untreated cells in
the other kidney as an internal control. Four BT-treated mice, 1 control, and 1 BT with
internal control mouse were sacrificed at 3 months, and the remaining set was sacrificed a
6 months.
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Orthotopic xenografting.
Collagen grafts were put together by resuspending 1x106 prostate cells in pHneutralized rat tail collagen, prior to incubation in growth media overnight at 37˚C. Male,
11-12 week old SCID/Beige mice (Charles River) were anesthetized according to
approved protocols. Seminal vesicles and fat pads were externalized through an
abdominal incision to allow access to prostatic lobes. With the aid of a dissection
microscope, cell grafts were inserted into a single anterior prostate (AP) capsule, after
releasing prostatic fluid through a puncture with a 21-gauge syringe. Each cell type was
tested in duplicate, with each mouse grafted with one cell type – untreated or BT-treated
– in both the left and right AP. A 25 mg DHT pellet was implanted subcutaneously
implanted adjacent to original incision. Imaging of GFP-infected cells was conducted in
vivo carried out using the eXplore Optix system (GE). Mice were sacrificed after 8 weeks
incubation, and tissue was collected for histological analysis.
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Figure 6-1.
Bright-field microscopy and senescence assay.
Phase contrast image of early, untreated prostate tumor cultures are highly-epithelial and grow
out from tumor-derived clusters of tissue (A). Bmi-1 and hTERT-treated cultures at 24 hours
post-infection included cells with morphology-associated with cell crisis: fused-multinuclear,
“m”, blebbing, “b”, and flattened, “f” cells, which were observed to be adjacent to patches of
prostate epithelial cells (epi). (B). Decreased cell growth in untreated cells (C) and BT-treated
cells at 7th passage. Senescence-associate beta-galactocidase staining (blue) of senescent cells in
untreated cells (E) and low-level staining in BT-treated cells at 8th passage.
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Figure 6-2.
Expression of ectopic hTERT and Bmi-1.
RT-PCR:mRNA expression of hTERT, Bmi-1, and GAPDH in human embryonic stem cells
(positive control), untreated, and BT-treated cells (A). hTERT was ectopically expressed in BTtreated cells, but Bmi-1 mRNA expression remained relatively constant. Relative protein
expression of Bmi-1, p16, and beta-tubulin in untreated, BT-treated, and positive control HeLa
cells assessed by densitometry of Western blot (B). Relative expression of protein suggests
minimal upregulation of Bmi-1 in BT-treated cells, and mild suppression of downstream Bmi-1
target p16, a tumor-suppressor associated with senescent cells.
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Figure 6-3.
Subcutaneously injected BT cells generated tumors in multiple organ sites.
Prostate cultures with ectopically induced Bmi-1 and hTERT disseminated from subcutaneous
injection site to (A) liver, (B) lymph nodes, (C) lung, and (D) infiltrated the spleen. Tissue
sections were paraffin-fixed and stained with H&E, and invading prostate tumor cells are stained
dark purple, relative to pink tissue.
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Figure 6-4.
Tissue recombination Histology of BT-treated prostate tumor cells generate glands
under kidney capsule.
Prostate epithelial cells were recombined with embryonic rat urogenital mesenchyme and
grafted under the renal capsule of SCID/Beige mice. Untreated prostate cells generated
few simple glands (A), whereas BT-treated cells gave rise to more gland formation (B),
as seen in H&E staining of tissue after 3 months incubation. Both BT and untreated cells
expressed E-cadherin (C), p63 (D), and human mitochondria (E). Representative images
of typical marker staining in both untreated and BT-treated pattern are shown. Only BTtreated cells were positive for CD133 in discrete sites (F) and low levels of high
molecular weight cytokeratin CK5/14 (G) in glands with simple epithelium. After 6
months incubation, mice with BT-grafts generated more cystic glands with wider lumens,
and the presence of glands with more complex, multi-layered epithelium (H).
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Figure 6-5.
Orthotopic xenografting into anterior prostate.
Fluorescent signal from BT-treated, GFP-labeled cells were detected in both dorsal (A, left) and
ventral (A, right) views by in vivo imaging. Both untreated and BT-treated cells generated
complex, glandular structures in large tumors, localized in the prostate and urogenital region (B).
A higher magnification of complex glands (C). Infiltration of cells with minimal cytoplasm into
the kidney (D) and thymic anlage (not shown) was only observed in mice grafted with BT-treated
cells.
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Abstract
The mechanism of progression of a prostate tumor cell to a metastatic phenotype
is unknown. Here we report that the induction of pluripotency in early-stage prostate
tumor cells induces an aggressive metastatic phenotype as assayed in vivo. By the
addition of four factors to epithelial cells grown from early-stage prostate tumors, we
generated induced-pluripotent Tumor stem cells (iPTuS), which expressed human
embryonic stem (ES) cell markers, when cultured on feeder layers under ES conditions.
Subcutaneous injection of iPTuS gave rise to embryonal carcinoma-like lesions.
Following engraftment under the kidney capsule of iPTuS with embryonic urogenital
mesenchyme, aggressive metastasis of cells to multiple organs was observed after four
weeks. Orthotopic implantation of iPTuS into the anterior prostate stimulated the growth
of a rapidly-growing local tumor, which invaded to adjacent and distant organs. These
data suggest that inducing pluripotency in early-stage prostate tumors stimulates a highly
invasive phenotype in vivo.
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7.1

Introduction
The induction of pluripotency in somatic cells facilitates the expansion of

multiple human cell types for regenerative purposes and the generation of disease
models. Induced pluripotent stem (iPS) cells have been derived from mouse and human
somatic cells by adding exogenous factors associated with cell pluripotency (Takahashi,
Okita et al. 2007; Wernig, Meissner et al. 2007; Yu, Vodyanik et al. 2007; Aasen, Raya et
al. 2008). The key features of iPS cells are their high proliferative capacity and their
ability to differentiate into multiple cell lineages. A proof of concept study showed that
iPS hematopoietic stem cells (HSC) could successfully generate a therapeuticallyeffective number of cells to reverse sickle-cell anemia in an animal model of the disease
[5]. Potential therapeutic strategies arising from iPS induction necessitates a rigorous
combination of in vivo and in vitro assays. In this way, cell-based therapies can be
translated into clinically-relevant models of disease.
The iPS strategy was employed to generate pluripotent lines from cells derived
from a group of ten inheritable diseases (Park, Arora et al. 2008). This application allows
the robust expansion of disease-specific cells by engaging the high proliferative capacity
of embryonic stem (ES) cell-like lines. It is noteworthy that the starting material for the
study by Park et al included donor-derived dermal fibroblasts or bone-marrow-derived
mesenchymal cells. Modeling other diseases with complex heritability and origin will
necessitate the successful induction of iPS from other cell types. Retroviral strategies to
induce pluripotency in small samples have been demonstrated to increase efficiency of
the process up to 100-fold in keratinocytes that comprise the epidermis [4]. This work
establishes the possibility of utilizing the iPS technology not only on mesenchymal-like
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cells, such as the fibroblasts used to demonstrate the technique, but also on epithelial
cells.
Carcinomas, cancers of epithelial cells, comprise anywhere from 70-90% of all
human cancers. In this work, we chose to investigate the effects of induced
pluripotentiation in early-stage prostate epithelial tumor cells. Prostate cancer is the
second most common disease affecting the U.S. and Western European men (Damber and
Aus 2008). Although available therapies, including surgical resection, radiotherapy, and
hormone therapy, are relatively successful in curing early-stage disease, relapse to an
androgen-independent (AI) form of the disease affects ~12%, or 27,000, of diagnosed U.
S. males per year (Jemal, Siegel et al. 2007). Patient prognosis is poor when the AI form
of the disease is diagnosed, and estimated survival is two years.
What triggers development of the lethal, AI disease is not well understood
(Maitland and Collins 2008). An understanding of the transition between early-stage
prostatic cancer and late-stage, metastatic prostate cancer would allow the elucidation of
the underlying molecular mechanisms. An enlightening, tissue-microarray study
identified an androgen-regulated gene fusion, TMPRSS2-ETS, to be present in 39-60% of
metastatic tissue [10]. These translocated genes were already present in potentiallymetastatic disease in 30 patients. Thus, comparisons of cells at different stages of the
disease may reveal molecular aspects of disease progression. The number of prostatederived cell lines is limited. Most human prostate cell lines have been obtained from
metastatic sites that may not represent the pre-metastatic disease (Miki and Rhim 2008).
Telomerase-assisted immortalization of prostate tumor cells does not interfere with
normal prostatic differentiation (Kogan, Goldfinger et al. 2006). In some published cases,
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immortalization of a dominant clone may have occurred in cells possessing a progressed,
higher-Gleason grade phenotype (Gu, Yuan et al. 2007). In this work, we induced
pluripotency in primary, early-stage prostate tumor cells as a model in the study invasive
prostatic cancer.

7.2

Results

Induction of pluripotency in prostate tumor cells derived from early-stage tumors.
Colonies of iPTuS grew as ES-like colonies of mouse embryonic feeder layers
(Fig. 7-1). The colonies were well-bounded, like human ES cells, and stained positive for
alkaline phosphatase (Fig. 6-B). Cells were double-stained with markers associated with
pluripotency, and iPTuS were shown to express Nanog and Tra-1-60 (Fig. 7-1 C), Oct-4
and SSEA-4 (Fig. 7-1 D), Sox-2 and SSEA-3 ( Fig. 7-1 E), and Sox-2 with Tra-1-81 (Fig.
7-1 F). Hence, iPTuS colonies resembled ES colonies.
iPTuS generate embryonal carcinoma-like features by subcutaneous grafting.
The epithelial cells of origin used in the generation of iPTuS did not generate
tumors when injected subcutaneously in vivo. Single-cell suspensions of iPTuS cells in
Matrigel were injected subcutaneously into the flanks of SCID/Beige mice. Injection of
2x106 and 2x105 cells gave rise to large cystic growth that prompted the early sacrifice of
the animal. The excised growths consisted of encapsulated, soft tissue at the
subcutaneous injection site. Histological preparation of the capsular growths
demonstrated a morphology similar to less-differentiated embryonal carcinomas (Fig. 72). The only visible growth in the mouse injected subcutaneously with 2x103 and 2x104
cells was the infiltration of adjacent, fascial muscle with brown fat (data not shown).
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Sub-capsular renal engraftment of iPTuS cells recombined with UGM generated
invasive, multi-organ metastases composed of less-differentiated cells.
Mice that were engrafted with 2x104 or 2x105 iPTuS cells, recombined with 2x105
UGM cells, showed gross evidence of tumor growth as early as 3 weeks postengraftment. Five-seven weeks after engraftment, these mice were moribund, sacrificed,
and processed for histological analysis. Gross dissection of the tumors revealed multiorgan growth dissemination from the kidneys with involvement of urogenital and
digestive organs (Fig. 7-3 A-B). Tumors ranged from 1.5-2.5 cm in diameter (Fig. 7-3A,
inset). H&E staining revealed the poorly-differentiated tumor cells without forming
visible gland formation (Fig. 7-3 B). The tumors was seen to invade the kidneys and
grossly infiltrated the omentum (Fig. 7-3 C-D). Distant metastases were observed in liver
and lung (Fig. 7-3 E-H).
Tissue from the invaded omentum and cells from other areas in the gross tumor
were returned to culture under three different culture conditions: in prostate tumor cell
growth medium on laminin-coated surfaces, in ES cell medium on feeder layers, and in
DMEM supplemented with 10% FBS directly on plastic tissue-culture plates. Two
different ex-vivo cultures were established. iPS-like, ex-vivo cultures grew under ES
culture conditions, and rapidly-dividing cultures with highly transformed morphology
grew in DMEM supplemented with serum (images not shown). These ex-vivo derived
cells will be tested in vivo for their tumor phenotype.

137
iPTuS generated less differentiated cells and distant metastases when grafted into
anterior prostate.
Orthotopic engraftment of iPTuS cells into the anterior prostate of male
SCID/Beige mice generated rapid, distant metastasis. EGFP-labeled iPTuS cells were
imaged using an in vivo fluorescence imaging system. Four weeks after implantation,
fluorescence signal was visible in the anterior prostate area and in lymph nodes, as seen
from ventral and dorsal views (Fig. 7-4 A-B). After four weeks in vivo, fluorescence of
iPTuS cells was observed at both the orthotopic site of engraftment and in distant sites
(Fig. 7-4 C-D). After 5-7 weeks in vivo, the tumor burden in each mouse was high, as
seen by in the increase in mouse girth (Fig. 7-4 C-D). Maximum fluorescent signal (red)
was adjusted to eliminate saturation of the image, so direct comparison of signal is not
possible with these images.
Each mouse developed massive tumor growth approximately four weeks after
implantation. Reclaimed tumors were 3-3.5 cm in diameter and showed highly invasive
growth in the urogenital area with involvement of the omentum and adjacent organs.
H&E staining shows the poorly-differentiated morphology of the invasive tumor cells.
Tumor growth was observed at the urogenital site (Fig. 7-4 E), and involved multiple,
adjacent urogenital and digestive organs (Fig. 7-4 E, inset). The tumor consisted of
poorly-differentiated, invasive cells, as seen at higher magnification (Fig. 7-4F). Growth
of cells in distant lymph nodes, muscle, and liver was observed. Infiltration of iPTuS
cells adjacent to dorsal muscle and liver is shown as well (Fig. 7-4 G-H).
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7.3

Discussion
Our results show that epithelial cells from local prostate tumor biopsies can be

induced to a pluripotent state. In vivo transplantation by three different routes
demonstrates the highly invasive behavior when transplanted by the tissue recombinant
route or the orthotopic xenograft route. Previous work has shown that factor-mediated
reprogramming of human fibroblasts, bone marrow-derived mesenchymal cells, and
keratinocytes express markers of pluripotency and grow as embryonic stem-like cells
under ES culture conditions (Takahashi, Okita et al. 2007; Wernig, Meissner et al. 2007;
Yu, Vodyanik et al. 2007). Here we show that iPTuS cells express ES-characteristics
when grown in vitro, but in vivo implantation shows that iPTuS cells have become
aggressive metastatic cells. It has been suggested that epithelial cells may be more
efficiently reprogrammed than mesenchymal or fibroblastic cells [4]. Surprisingly, our
iPTuS cells, grown from primary tumors, are susceptible to reprogramming into an ESlike state, suggesting that even tumor cells can be induced to be pluripotent.
Pluripotency induction of cells from a variety of human diseases formed
teratoma-like structures in immunodeficient mice (Park, Arora et al. 2008).
Pluripotentiation of epithelial prostate tumor cells, iPTuS, retain a less-differentiated
morphology when grafted under the skin and did not produce typical teratomas.
Subcutaneous iPTuS growths had features resembling embryonal carcinomas, which
consist of poorly-differentiated cells. Hence, our observations suggest that inducing
pluripotency in genetically-compromised prostate epithelial tumor cells does not
completely revert the phenotype completely to a bona fide ES state. Thus, following
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pluripotentiation of iPTuS cells, the characteristics of the prostate tumor-origin is
maintained.
Both invasion at the local graft site and migration to distant organs was observed
when iPTuS cells were recombined with embryonic urogenital mesenchyme. A prior
study by Taylor et al. showed that normal human ES cells gave rise to prostatic, glandular
structures, using the same tissue recombination assay under the renal capsule (Taylor,
Cowin et al. 2006). Although reprogrammed tumor cells are morphologically
indistinguishable from ES cells in vitro, iPTuS cells retain an intrinsically aberrant
phenotype when implanted in vivo under the renal capsule. In contrast, the same prostate
tumor cells generate glandular structures using the same TR assay, which simulates the
embryonic microenvironment of the prostate. iPTuS cells, however, are capable of
overriding the strong inductive signals delivered by the UGM.
Recent studies utilizing iPS cells show that these cells are more similar to ES cells
than cells reprogrammed through somatic cell nuclear transfer (Maherali, Sridharan et al.
2007). The high proliferative capacity and the minimal differentiation susceptibility of
iPTuS cells in vivo implies that inherent characteristics of the prostate epithelial tumor
cells affect the outcome of pluripotency induction. Cells from local prostate tumors
probably carry transforming mutations, and thus express an aberrant phenotype in
response to factors the in vivo milieu. Orthotopic engraftment of iPTuS cells into the
anterior prostate gave rise to similar results as the TR assay. Although the original
prostate tissue was clinically diagnosed as a Gleason grade 9 adenocarcinoma, the
derived iPTuS cells in both local and distant sites correspond to Gleason grade 10
prostate cancer, which lacks glandular structure.
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Direct reprogramming of a differentiated endocrine cell into a pancreatic betaislet-like, insulin-producing cell has been shown by Zhou et al. to be an efficient method
of generating more specialized cell types [16]. In the case of our studies, induction of
pluripotency in local tumor-derived cells is a fast-track to an aggressive and invasive
phenotype. What remains to be understood are the underlying molecular mechanisms
which are engaged in the transition from local tumor to metastatic cancer. ES cell
microenvironments have the capacity to restrain some malignant phenotypes (Postovit,
Margaryan et al. 2008). In the study by Postovit et al., human ES, malignant melanoma,
and breast cancer cell lines express Nodal at the same levels, but only ES cells express
the Nodal-inhibitory protein Lefty. Nodal is a protein in the TGF-beta superfamily and
embryonic morphogen associated with the maintenance of both pluripotency and
tumorigenicity (Topczewska, Postovit et al. 2006). It is possible that iPTuS are
reprogrammable to a pseudo-ES state, though iPTuS cells have a limited capacity to
produce proteins that regulate normal mechanisms of pluripotency.
The results from our work suggest that induction of an invasive prostate cancer
phenotype may be associated with the activation of pluripotency in genetically-unstable
local tumors. We modeled this hypothesis by generating iPTuS cells from local tumorderived cells, which expressed ES-cell characteristics in vitro but subsequently adopted
an aggressive phenotype in vivo. Similar iPS models of cancer progression may be
adopted to investigate novel drug targets to enable personalized medicine, safety of cell
sources for regenerative medicine, and molecular mechanisms involved in transition from
a clinically benign to malignant phenotype. An understanding of the nature of this
transition may also inform the development of cell sources for cell-based therapies, as
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incomplete reprogramming of cells is associated with the generation of cancer and other
undesirable phenotypes (Gaudet, Hodgson et al. 2003). As a first step, such iPS-based
disease models have applications in the screening of therapeutic strategies that may block
or delay metastatic transitions.

7.4

Materials and Methods

Primary Cell Culture.
Primary human prostate tumor samples were collected from radical prostatectomy
after informed consent and according to IRB-approved guidelines for human subjects.
Clinical pathology designated the sample as a Gleason grade nine prostate
adenocarcinoma. The tissue was minced into 1 mm3 pieces and digested in 150 U/ml
collagenase I (Sigma-Aldrich) in growth medium at 37°C overnight. Collagenase was
deactivated by washing and centrifugation in DMEM with 10% FBS. Cells were frozen at
approximately 107 cells/ml in 90% fetal bovine serum plus 10% DMSO (Sigma-Aldrich),
and stored in cryogenically stored liquid nitrogen until use.
For plating cells, tissue culture-treated 6-well plates (Corning) were coated with
10 µg/ml laminin (Sigma-Aldrich) in PBS for 1 hour with incubation at 37°C and washed
two times with PBS to remove dissolved laminin. Prostate tumor was cultured in growth
medium (keratinocyte serum-free medium (Gibco) with 40 mM L-glutamine (Gibco),
12.5 ug/ml gentamycin and 2.5 µg/ml amphotericin B) supplemented with 10 ng/ml basic
FGF (R&D), 40 ng/ml EGF (R&D), 58 µg/ml BPE (Gibco), 1 mM CaCl2, and 0.025 wt
% BSA (Sigma-Aldrich). Cultures were incubated at 37 deg C in 10% CO2, 5% O2, and
media was changed daily. Rapidly growing, prostate epithelial colonies grew out after
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approximately 1 week and were sub-cultured 1:3 onto laminin-coated surfaces upon
reaching 80-90% confluence.
Induction of Pluripotency and iPS Cell Culture.
A mixture of FLAG-tagged retroviruses for OCT4, KLF4, SOX2, and cMYCT58A at 1:1:1:1 ratio was added to prostate tumor cultures in growth media with 1
µg/ml polybrene and spinfected for 45 min at 750g. Cultures were spinfected a second
time after 24 hours. Culture media was replaced with new serum-free, low-calcium
medium and incubated for 48 hours. Cells were seeded after trypsinization onto 4x106
irradiated mouse fibroblast in 10-cm dishes containing with ES cell medium. iPTuS cells
were cultured on irradiated mouse embryonic or human fibroblasts and sub-cultured with
tapered glass pipettes. ES cells were cultured in parallel, for use as controls.
For ES medium, Knockout DMEM ES cell medium was supplemented with 20%
knockout serum replacement, nonessential amino acids, 2-mercaptoethanol,
penicillin/streptomycin, GlutaMAX, bFGF (Gibco), and human albumin (Grifols). HFF1, human foreskin fibroblasts (ATCC) were used for feeder layers. Mouse embryonic
fibroblasts (MEFs) were collected after dissection and mild homogenization of C57BL/6
mouse embryos at 13.5 d gestation. Gamma irradiation (55 Gy) was used to mitotically
deactivate both HFF-1 and MEF. This section of the study was conducted under Spanish
guidelines and regulations for work with induction of Pluripotency in human cells,
through an approved protocol (Comisión de Seguimiento y Control de la Donación de
Células y Tejidos Humanos del Instituto de Salud Carlos III).

143
EGFP-labeling.
Cells used for in vivo orthotopic xenograft (OX) assay were retrovirally infected
with ecotropic MSCV-EGFP retroviral vectors. Cultured iPTuS cells on feeder layers
were spinfected with viral supernatant and10 µg/ml polybrene for 45 minutes at 900 RCF
(Beckman TJ-6, TH-4 rotor), incubated at 37°C for 20 minutes, while aspirating excess
virus, and replenished with ES medium.
Constructs and retroviral production.
RT-PCR was used to amplify OCT4 and SOX2 cDNA from total RNA of ES[4].
IMAGE clone 5111134 was used to amplify KLF4. c-MYC T58A mutant cDNA was a
gift from Luciano Di Croce. cDNAs were cloned into a pMSCV-puro vector modified to
express N-terminal, FLAG-tagged proteins, by insertion into EcoRI/ClaI sites. Phoenix
Amphotropic cell line was transfected via Fugene 6 (Roche) used to produce iPS
retroviruses. Cell medium was changed after 24 h, and cultures were maintained at 32 °C.
Both 24 h and 48 h viral supernatants were collected.
MSCV-EGFP cDNA was previously constructed by cloning pEGFP-1 vector
(Clontech, Palo Alto, CA) into the HpaI and EcoRI sites of pMSCV2.1 (Norris, Jepsen et
al. 1998). Retroviruses were produced by calcium phosphate-mediated co-transfection of
the vector with the pCL-amphotropic packaging vector into 293 cells [15]. Viral
supernatants were harvested at 24 h and 48 h. Virus titer was determined by neomycin
selection of serially diluted virus-infected BALB/c cells.
Immunofluorescence and AP analysis.
Cells were cultured on plastic slide-chambers (Nunc). After fixing with 4%
paraformaldehyde, cells were stained with the following antibodies: AP (Abcam,
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ab17973-50, 1:50), TRA-1-60 (MAB4360, 1:100), TRA-1-81 (MAB4381, 1:100), SOX2,
(AB5603, 1:500) (Chemicon); SSEA-4 (MC-813-70, 1:2), SSEA-3 (MC-631, 1:2)
(Developmental Studies Hybridoma Bank at the University of
Iowa); OCT-3/4 (C-10, SantaCruz, sc-5279, 1:100), NANOG (Everest Biotech EB06860,
1:100). AlexaFluor (Invitrogen) antibodies were diluted 1:500 for secondary staining. A
Leica SP5 confocal microscope was used for imaging. An alkaline phosphatase kit
(Sigma, AB0300) was used to analyse AP activity.
Subcutaneous grafting.
Two SCID/Beige mice were injected with iPTuS cells resuspended in ES media
and cold Matrigel at 1:1, by volume. Resuspended cells were injected subcutaneously
into four sites: right and left flanks and haunches. One mouse received two injections
each of 2x106 and 2x105 cells, and a second mouse received two injections each of
2x104and 2x103 cells. Mice were sacrificed after 4 weeks and 8 weeks incubation.
Tissue recombination under renal capsule.
Embryonic rat urogenital sinus mesenchyme (UGM) was pooled from female rat
donors (Harlan Sprague-Dawley) at 17.5 days gestation, digested in 187 Units/ml
collagenase in DMEM, washed three times in DMEM with 10% FBS, and resuspended in
ES growth medium. Prostate iPTus cells were recombined with 2.5x105 UGM in
neutralized rat-tail collagen, incubated overnight in ES media prior to use. Six
SCID/Beige mice were anesthesized according to university approved guidelines, and
collagen grafts were inserted under each of the kidney capsules. Prostate iPTus cells at
2x103, 2x104, 2x105 concentrations were grafted in duplicates, for a total of six mice. One
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mouse that received 2 grafts of 2x105 cells was found moribund with tumor after 6 weeks
incubation, and could not be included in this analysis.
One mouse, which received two grafts of 2x105 cells was sacrificed at 5 weeks,
due to visual tumor burden. Three mice developed similar large tumors at 7 weeks and
were sacrificed. One mouse, which received grafts with 1x103 cells did not develop a
significant tumor at 12 weeks. Ex vivo cultures were collected from kidney and omentum
tumors from four mice and placed back into culture under two condition (1) on
mitomycin-treated MEF in ES media and (2) in tissue culture dishes in DMEM
supplemented with 10% FBS.
Orthotopic xenografting into anterior prostate
Neutralized rat-tail collagen grafts with 2x10e5 iPTuS cells were inserted into the
anterior prostate capsule of four mice. One mouse was found dead with urogenital tumor
at 4 weeks and was not included in this analysis. Fluorescence of EGFP-labeled cells in
vivo was detected using a GE eXplore system. Mice were sacrificed at six weeks postimplantation, due to visual tumor burden, and tissue was collected for histology.

Acknowledgments
Many thanks to Christopher Wu for assistance with animal work, and Ming Jiang
of Vanderbilt University for teaching us the orthotopic xenografting technique.
This chapter, in part, is currently being prepared for submission for publication of
the material. Fiñones, Rita R.; Raya, Angel; Yeargin, Jo; Baird, Stephen M.;
Belmonte, Juan-Carlos Izpisúa; Haas, Martin. The dissertation author was the primary
investigator and author of this material.

146

7.5

References

Aasen, T., A. Raya, et al. (2008). "Efficient and rapid generation of induced pluripotent
stem cells from human keratinocytes." Nat Biotechnol 26(11): 1276-84.
Damber, J. E. and G. Aus (2008). "Prostate cancer." Lancet 371(9625): 1710-21.
Gaudet, F., J. G. Hodgson, et al. (2003). "Induction of tumors in mice by genomic
hypomethylation." Science 300(5618): 489-92.
Gu, G., J. Yuan, et al. (2007). "Prostate cancer cells with stem cell characteristics
reconstitute the original human tumor in vivo." Cancer Res 67(10): 4807-15.
Jemal, A., R. Siegel, et al. (2007). "Cancer Statistics 2007." CA: A Cancer Journal for
Clinicians 57(1): 43-66.
Kogan, I., N. Goldfinger, et al. (2006). "hTERT-immortalized prostate epithelial and
stromal-derived cells: an authentic in vitro model for differentiation and carcinogenesis."
Cancer Res 66(7): 3531-40.
Maherali, N., R. Sridharan, et al. (2007). "Directly reprogrammed fibroblasts show global
epigenetic remodeling and widespread tissue contribution." Cell Stem Cell 1(1): 55-70.
Maitland, N. J. and A. T. Collins (2008). "Prostate cancer stem cells: a new target for
therapy." J Clin Oncol 26(17): 2862-70.
Miki, J. and J. S. Rhim (2008). "Prostate cell cultures as in vitro models for the study of
normal stem cells and cancer stem cells." Prostate Cancer Prostatic Dis 11(1): 32-9.
Norris, P. S., K. Jepsen, et al. (1998). "High-titer MSCV-based retrovirus generated in the
pCL acute virus packaging system confers sustained gene expression in vivo." J Virol
Methods 75(2): 161-7.
Park, I.-H., N. Arora, et al. (2008). "Disease-Specific Induced Pluripotent Stem Cells."
134(5): 877-886.
Postovit, L. M., N. V. Margaryan, et al. (2008). "Human embryonic stem cell
microenvironment suppresses the tumorigenic phenotype of aggressive cancer cells."
Proc Natl Acad Sci U S A 105(11): 4329-34.
Takahashi, K., K. Okita, et al. (2007). "Induction of pluripotent stem cells from fibroblast
cultures." Nat Protoc 2(12): 3081-9.

147
Taylor, R. A., P. A. Cowin, et al. (2006). "Formation of human prostate tissue from
embryonic stem cells." Nat Methods 3(3): 179-81.
Topczewska, J. M., L. M. Postovit, et al. (2006). "Embryonic and tumorigenic pathways
converge via Nodal signaling: role in melanoma aggressiveness." Nat Med 12(8): 925-32.
Wernig, M., A. Meissner, et al. (2007). "In vitro reprogramming of fibroblasts into a
pluripotent ES-cell-like state." Nature 448(7151): 318-24.
Yu, J., M. A. Vodyanik, et al. (2007). "Induced pluripotent stem cell lines derived from
human somatic cells." Science 318(5858): 1917-20.

148

Figure 7-1.
Immunostaining of iPS clone.
Induced pluripotent prostate tumor cell clone. (A) Bright-field image of well-bounded colony on
mouse embryonic feeder layer. Colonies stained positive (B) alkaline phosphatase (B). Doublestaining showed that colonies expressed) Nanog (green) and Tra-1-60 (red) (C), Oct-4 (green) and
SSEA-4 (red) (D), Sox-2 (green) and SSEA-3 (red) (E), and Sox-2 (green) and Tra-1-81 (red) (F).
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Figure 7-2.
Subcutaneous injection induces growth with poorly differentiated features.
Resuspension of cells with Matrigel into SCID/Beige mice generates local growths of
encapsulated tumor (A, inset) after four weeks in vivo (A). H&E staining shows the tumor at
lower magnification (B) composed of poorly differentiated cells that resemble features of
embryonal carcinoma at higher magnification (C). No glands are formed and mitotic figures are
abundant.
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Figure 7-3.
Tissue recombination of iPTuS cells with urogenital mesenchyme under the kidney
gave rise to invasive tumor.
Large, tumor growth under the kidney capsule (A, inset, scalebar = 1 cm) and invasion of cells
into kidney at initial graft site at low magnification (A), and higher magnification (B). Actively
dividing and invading (C) and mitotic figures found in the omentum (D, green arrows). Grafted
cells metastasized to distant organs, including liver (E, low and F, high magnification) and lung
(G, low and H, high magnification).
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Figure 7-4.
Orthotopic xenografting stimulates tumor growth and in multiple sites.
In vivo imaging of EGFP-labeled iPTuS cells. Four weeks after implantation,
fluorescence signal was localized to anterior prostate capsule and lymph nodes, as seen
from ventral (A) and dorsal views (B). After 7 weeks in vivo, growth at distant sites and
local tumor growth increased, as seen by the increase in abdominal girth, shown in
ventral (C) and dorsal views (D). Growth initiated at the urogenital site (E) involved
multiple, adjacent urogenital and digestive organs (E, inset). The tumor consisted of
poorly-differentiated, invasive cells, as seen in the higher magnification of the image in E
(F). Infiltration of similar cells was observed adjacent to dorsal muscle (G), and liver (H).
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Chapter 8
Conclusion
8.0

Stem Cells and Cancer
Cancer research is currently being enlightened by perspectives gleaned from the

study of stem cells in normal development. Normal stem cells obey highly regulated selfrenewal and differentiation mechanisms. Self-renewal could then be viewed as a
reasonable rate of stem cell division, which maintains tissue integrity by replacing dead
or damaged cells. Differentiation could also be viewed as the proper management of
different cell-types needed to sustain optimal tissue function. Cancer cells seem to throw
these two delicate tasks out of balance. Cancer cells proliferate with wanton disrespect of
their designated physical or spatial confines. Because cancer cells are observed to selfrenew dysfunctionally and to differentiate abnormally, it is suggested that tumors are
likely initiated by an aberrant cell that acquires stem-cell functions without the intricate
regulation imposed on a normal stem cell.

8.1

Model of Prostate Tumor Progression
In this work, we developed a model for the development of a local prostate tumor

into the more aggressive and currently uncurable, metastatic prostate cancer. The work
described here sets a foundation for exploring the nature of the progression of a local
prostate tumor to a more aggressive, cancerous phenotype. We approached this objective
by:
(i.)

Optimizing selective culture conditions of primary prostate tumor cells

(ii)

Developing a stepwise model to interrogate cancer progression by
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imposing characteristics of
(a) Immortalization and
(b) Induced Pluripotency in prostate tumor cultures
(iii)

Utilizing in vivo assays to investigate interaction of perturbed
(immortalized or induced-pluripotent) cells in a series of
different microenvironments.

8.2

Selective culture of prostate tumors
The in vitro growth conditions described in this work allow selective culture of

prostate tumor cells with putative prostate stem-cell characteristics. Because the majority
of cancers arise from epithelial tissues, these in vitro cell culture conditions will likely
support the robust growth of other primary tumor tissues. Several cancer stem cell models
are based on cells from metastatic cancers. For example, Al-Hajj’s elegant work on breast
cancer stem cells relies on the flow-assisted cell-sorting and isolation of cells identified
by specific surface markers, from samples procured from metastatic patient aspirants, as a
means to study such cancers(Al-Hajj, Wicha et al. 2003). These studies shed light on the
prospective identification of cancer stem cells in metastatic sites, but do not address what
triggered its movement from the area of the original disease to distant organs.
Furthermore, flow cytometry may mechanically damage or perturb cell surface markers,
such that the estimated frequency of cancer stem cells obtained is highly underestimated.
In our work, the number of prostate cell colonies derived in vitro directly from
primary tumor tissue was observed to correlate with pathologic diagnosis in a majority of
more than 90 primary tumors grown in our lab. Samples from patients diagnosed with
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prostate adenocarcinoma, or early-stage prostate tumors, gave rise to 100-400 cell
clusters after plating. Patients diagnosed with benign prostate hyperplasia (BPH), or
enlargement of prostate without tumor growth, generated only 1-2 cell clusters. A small
number (approximately 2 of a total of 94 samples) of BPH samples generated 50-100 cell
clusters, which suggests possible misdiagnosis or proclivity of the patient to subsequently
develop lethal, androgen-independent prostate cancer. This particular finding implies
that cell culture systems may not only complement, but enhance the accuracy of clinical
prognosis.

8.3

Induction of immortalization and pluripotentiation
After successful in vitro expansion of the prostate tumor cells, which were shown

to express many stem-cell traits, we then explored the associated qualities of enhanced
proliferation, self-renewal and differentiation of these cells. In vitro immortalization of
cells models aberrant proliferation control, allowing cells to divide beyond their expected
number of divisions. In vitro pluripotentiation of cells models dysfunctional
differentiation, and possibly self-renewal, endowing cells with the ability to either
differentiate into unexpected cell types or to survive in non-native sites. These stem-like
features were induced in our primary prostate cell cultures by retroviral expression of
particular genes.

8.3.1

Immortalization initiated more proliferative tumor in vivo
Normal cells grown in vitro are known to senesce, or stop dividing while

maintaining minimal function, after a particular number of cell divisions. Ectopic
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expression of telomerase (TERT) and Bmi-1 imparted an increased proliferation rate in
prostate tumor cells, but did not completely immortalize the cultures into cell lines.
Although the immortalization of these cultures was incomplete, the cells were shown to
be more proliferative in vivo. In addition, the pro-proliferative effect of the Bmi-1+TERT
strategy demonstrated that primary human prostate cultures can be reproducibly
expanded in vitro. Because primary cultures are prone to stop dividing in culture, this
approach may be used to generate a sufficient source of cells for molecular biology
studies.
Our findings suggest that immortalization is promotes bulk tumor growth by
enhancing cell proliferation rate. Contrary to our expectations, higher cell division was
not sufficient to induce a highly aggressive phenotype in vivo. These results suggest that
cells in the bulk tumor must acquire other genetic mutations before transitioning to a
metastatic phenotype.

8.3.2

Induction of Pluripotency triggered a highly aggressive cancer in vivo
The creation of induced pluripotent stem (iPS) cells from somatic tumor cells may

have many implications in the study of disease. iPS cells acquire phenotypic and growth
characteristics similar to embryonic stem (ES) cells, namely high proliferation and an
inherent capacity to differentiate along different lineages. Addition of four factors – Oct4, Sox-2, Klf-4, and c-Myc – imparted prostate tumor cells with the ability to grow as ES
cells in vitro. Inducing pluripotency in prostate tumor cultures (iPTuS) provoked a
biologically active and highly invasive phenotype within weeks of grafting in vivo. These
results suggest that the acquisition of pluripotent characteristics in pre-mutated, aberrant
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cells invoked the progression of a local tumor to a malignant, lethal phenotype. By
obtaining or reactivating embryonic/stem cell characteristics, abnormal cells may gain the
ability to survive in distant, metastatic sites and initiate additional tumors. Our
preliminary results indicate this is the case. Diseases associated with specific genetic
mutations have recently been reprogrammed through the iPS strategy (Park, Arora et al.
2008). Our findings suggest the possibility of extending these techniques to the
characterization of diseases, such as cancer, which involve a highly heterogeneous pool
of possible mutations.

8.3.3

Model for tumor initiation
We have constructed a working model that encompasses our current viewpoint on

cancer progression, based on results from our studies (Fig. 8-1). We propose that tumorinhibitory microenvironments sustain the unique properties of Adult Stem Cells (ASC)
and Differentiated Cells (DC), by providing particular growth factors, physical
relationships between cells and extracellular matrix. Cell-autonomous mutations, which
overcome tumor-suppressor and senescence programs, thereby convert cells into
members of a tumor-permissive microenvironment. This was modeled in our study by the
enhanced proliferation of cells modified by exogenous expression of Bmi-1 and TERT.
From a clinical perspective, this stage of the disease is a local tumor, which may contain
putative Tumor Stem Cells (TuSC) that have a higher proliferative potential than bulk
tumor cells.
Upon incurring chromosomal translocations and additional genetic mutations,
TuSC may then convert into bona fide Cancer Stem Cells (CSC). This was modeled in
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our work by the induction of pluripotency. The clinical counterpart is the presence of
recurrent disease and invasive metastases. One intriguing question is whether the process
of progressing from a local TuSC to a distant CSC is reversible. Previous work in our lab
showed that senescence may be induced in cell lines from patients with Li-Fraumeni
syndrome, thus reversing the immortal phenotype (Vogt, Haggblom et al. 1998). As
evidenced by the growing research into the reprogramming of cells, the inherent
plasticity of cells may be exploited to develop novel ways to treat and cure disease.

8.4

Influence of in vivo microenvironment
The significance of the microenvironment in maintaining tissue homeostasis is

moving to the forefront of scientific investigation. Although in vitro techniques,
especially in the areas of tissue engineering are becoming more sophisticated and
advanced, in vivo techniques remain the gold standard for assaying stem-cell function.
Recent work by Quintana et al. showed that optimizing the experimental conditions, e.g.
extracellular matrix vehicle used in the graft, location of implanted cells, strain of mice –
increased the frequency of observed tumor generation (Quintana, Shackleton et al. 2008).
Putative cancer stem cells may not actually be as rare as previously shown.
Interpretation of our data was enlightened by viewing our results as the interaction
between genetic perturbations and the changing microenvironments. Unmodified and
immortalized prostate tumor cultures generated normal prostate glands under “normal”
embryonic/fetal development conditions, induced by recombining cells with embryonic
mesenchyme. The same unmodified and immortalized cells gave rise to histologically
defined prostate cancers when grafted orthotopically into the mouse anterior prostate, the
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anatomical organ site where the clinical disease initially presents. Induced pluripotent
tumor stem cells (iPTuS), on the other hand, bypassed normal developmental signals and
triggered a grossly invasive, lethal phenotype, regardless of implantation site. The role of
the stroma, the non-epithelial “support” cells adjacent to tumor/cancer lesions, deserves
further examination, as secreted factors and mechanical signal involved may have the
capacity to reinforce either tumor-propagation or tumor-attenuation.

8.5

Implications and applications of the work
Understanding of the underlying mechanisms of cancer progression continues to

interest both scientific researchers and clinical practitioners to this day. Why do some
local tumors regress, whereas others cease to respond to treatment and progress to lethal
cancers? The number and relationships between specific genetic mechanisms that may be
involved are infinitely complex. A considerable number of genes have been identified,
through careful scrutiny and manipulation of cell lines. The era of personalized medicine
prompts the medical community to further investigate disease and develop therapies in
new ways. Our investigative approach aligns with these ideals by working with patientderived tumor tissue, not long-established cell lines, to inform our conclusions.
Using a stepwise approach to induce abnormal proliferation, self-renewal and
differentiation in tumor cultures may reveal new molecular areas of interest. The
demonstration of reprogramming cultures into cells with embryonic stem cell
characteristics has enabled contemplation of many possibilities of investigation. In the
future, it would be interesting to use such iPS systems to effectively “watch” a cell
change from a differentiated “stem cell state” (Zipori 2004). The highly invasive
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phenotype obtained by inducing pluripotency in prostate tumor cells must also be brought
to attention. In order to bring regenerative medicine to the patient, both efficacy and
safety must be demonstrated during the selection and expansion of cell sources.
Translation of our putative in vitro assay of cancer cell growth from patient
samples would be instructive for identifying possible patient misdiagnoses , thereby
preventing unnecessary treatment and would provide informative targets to address
treatment aimed arresting the development of lethal disease. Though the challenges of
medical science and application remain steep, viewing cancer from a stem-cell
perspective may be a step in the right direction.

8.6
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Figure 8-1.
Model for tumor-initiation.
We propose that cell-autonomous mutations in adult stem cells (ASC) and/or
differentiated (DC) cells give rise to tumor-initiating cells (TIC). In the initial stage of
disease, the tumor is propagated by highly-proliferative tumor stem cell (TuSC) that,
upon acquiring chromosomal abnormalities and additional mutations, give rise to a more
invasive cancer stem cell (CSC).

