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The recently resurrected cancer stem cell (CSC) theory sheds new light on 

understanding tumor biology. Most solid tumors have now been shown to contain CSCs, 

i.e., stem cell-like cancer cells. These cells, although generally rare, appear to be highly 

tumorigenic and may be the cells that drive tumor formation, maintain tumor 

homeostasis, and mediate tumor metastasis. In order to test whether any given human 

tumor cell population has CSC properties, the relatively enriched single tumor cells have 

to be put into a foreign microenvironment in a recipient animal to test their tumorigenic 

potential. Furthermore, various in vitro assays can be performed to demonstrate that the 

presumed CSCs have certain biological properties normally associated with the stem cells 

(SCs). Herein, I first present a comprehensive review of the experimental methodologies 
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that our lab has been using in assaying putative prostate cancer (PCa) SCs in culture, 

xenograft tumors, and primary tumor samples. 

Clonal morphology is one of the critical properties of cultured cancer cells that 

has been largely ignored. Interestingly, long term–cultured human epithelial cancer cells 

form holoclones, meroclones, and paraclones, and tumor cell holoclones have been 

hypothesized to harbor stem-like cells. Using PC3 human prostate carcinoma cells as a 

model, we provide direct experimental evidence that tumor cell holoclones contain stem-

like cells that can initiate serially transplantable tumors. Importantly, holoclones derived 

from either cultured PC3 cells or holoclone-initiated tumors can be serially passaged and 

regenerate all three types of clones. In contrast, meroclones and paraclones cannot be 

continuously propagated and fail to initiate tumor development. Phenotypic 

characterizations reveal high levels of CD44, α2β1 integrin, and β-catenin expression in 

holoclones, whereas meroclones and paraclones show markedly reduced expression of 

these markers. These observations have important implications in understanding 

morphologic heterogeneities and tumorigenic hierarchies in human epithelial cancer cells.  

PCa metastasis represents the worst outcome, and, if unchecked, will eventually 

kill the patient. Although many PCa cell-intrinsic molecules and end-organ factors have 

been implicated in the metastatic dissemination of PCa cells, the role of primary tumor 

microenvironment and the nature of the metastatic PCa cells remain poorly defined. By 

establishing a reliable and quantifiable experimental PCa metastasis model in NOD/SCID 

mice, we show that PCa cells implanted orthotopically (i.e., in the prostate) metastasize 

much more extensively and widely than those implanted ectopically (i.e., subcutaneously 
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or s.c). Microarray-based gene expression profiling reveals that the orthotopically 

implanted human PCa cells prominently overexpress not only several classes of 

molecules involved in proteolysis/invasion/angiogenesis and inflammation, but also 

numerous developmental and SC regulating genes. These latter observations suggest that 

the orthotopic microenvironment (i.e. mouse prostate) appears to be promoting the 

manifestation of CSC phenotypes and these CSCs might be involved in enhanced 

metastasis in the orthotopic microenvironment and later distant organ metastasis.  

 In support, shRNA-mediated knockdown in many metastatic and CSC genes 

greatly inhibits PCa cell metastasis. Importantly, PCa cells that express high levels of 

osteopontin (OPN) or CD24, when prospectively purified out and used in spontaneous 

metastasis assays, demonstrate high metastatic capacities characteristic of metastatic 

CSCs. In sharp contrast, PCa cells negative for OPN and CD24 expression show little 

metastatic property. Finally, we provide multiple pieces of additional evidence that 

metastatic/metastasizing PCa cells possess CSC properties.  
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Chapter I:  Introduction  

The Lethal ‘Seeds’ of Cancer and Metastasis 

 

There is only one ultimate target of cancer research: to eliminate cancer. This means not only 

removing primary tumor or reducing the primary tumor burden, but also blocking recurrence and 

metastasis. Cancer could come back and metastasize after tumor therapy that usually targets the 

bulk of tumor cells (Rove and Crawford, 2009). The CSC hypothesis is a model that advocates 

the idea of eliminating cancer without recurrence and metastasis (Weissman, 2000). In this 

model, CSCs are the seeds of lethal cancer and metastasis if one gets rid of the seeds, the tumor 

will neither develop nor metastasize. Much like the seeds or roots of grass, if you want to kill 

wild grass, you must destroy or remove the seeds and roots; if you only damage the stem, grass 

will finally come back (Henderson et al., 2008; Hill and Wu, 2009)(Figure 1.1). The next critical 

and practical question then is how to find and destroy the seeds/roots of cancer. Cancer is a 

complicated process and disease, and unlike how you can easily distinguish seeds/roots from the 

stem of a grass based on the distinct morphology, it is generally difficult to distinguish 

seeds/roots from the bulk of tumor cells due to lack of defined markers.     

In my Ph.D thesis research, my focus has been to identify the CSCs, the potential lethal 

seeds/roots of cancer and metastasis in PCa and metastasis. Since tumor is heterogeneous and 

made of different subpopulations, identification of CSCs is linked closely to understanding 

tumor heterogeneity, one of the key features of cancer (Shackleton et al., 2009).  

 

Tumor Heterogeneity   
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Figure 1.1. Killing the root of cancer  
Only targeting the CSC, the root of cancer, can theoretically eliminate cancer successfully. 

Standard chemotherapy kills the bulk tumor cells, like the stem of grass. As a result,  tumor will 

only shrink and relapse later (adapted from Hermann PC, et al., Cell Cycle. 2008)  
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Tumor heterogeneity is a hallmark of cancer. The biological and clinical significance of cancer 

cell heterogeneity is likely linked to distinctions between tumorigenic and non-tumorigenic cells 

(Marusyk and Polyak, 2010).  Cancer heterogeneity exists on two levels: between tumors and 

within a single tumor. Epithelial tumors or carcinomas could be classified to different subtypes 

by their different metastatic ability and stages (Campbell and Polyak, 2007). For example, PCa is 

thought of as a multistage process including sequential progression from normal tissue to 

hyperplasia, to prostatic intraepithelial neoplasia (PIN), and then to invasive and metastatic 

stages. Each subtype of tumor exhibited distinct diagnostic (with different Gleason grade) traits 

and prognosis, as well as unique gene expression (Man and Gardner, 2008). Within a single 

tumor, there also exists a striking variety of cell features including differences in cell size, 

morphology, cell surface markers and antigen expression, as well as cell behaviors like 

proliferation, metabolism, and metastatic potential etc. Cancer heterogeneity is influenced by 

genetic, epigenetic, and microenvironmental factors. The cause of cancer heterogeneity and 

molecular mechanisms that control this process are fundamental issues in understanding the 

causes of tumor development and tumor metastasis (Marusyk and Polyak, 2010). In addition, 

understanding these molecular pathways could lead to potential progress in cancer therapy. 

However, all of these problems remain poorly understood. The CSC hypothesis and clonal 

evolution model have been evoked to explain tumor heterogeneity (Campbell and Polyak, 2007; 

Sgroi, 2010). 

 

The CSC Hypothesis 
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It was reported >50 years ago that a minor subset (0.01%-1%) of cancer cells actually isolated 

from a tumor had the ability to regenerate a clonal growth or a tumor, suggesting that such rare 

cells might represent tumor stem cells (Reya et al., 2001). These CSC may be able to self-renew, 

have a distinct advantage of tumor regeneration, and produce the heterogeneous subsets of 

cancer cells that comprise the tumor (Clarke et al., 2006). The first direct evidence of CSCs came 

from John Dick‟s group on acute myeloid leukemia (AML) by using CD34
+
/CD38

- 
as the marker 

profile (Bonnet and Dick 1997). Michael Clark‟s group was the first to report on CSCs in solid 

cancer by isolating CD44
+
/CD24

-
 subpopulation in breast cancer (Al-Hajj et al., 2003). In the 

past decade, CSCs have been reported in multiple cancers (Li et al., 2009; Shackleton et al., 

2009). In these studies, CSCs have been identified by using normal stem/progenitor cell markers. 

The gold standard for functionally defining CSCs is to test the enriched tumorigenic ability by 

serial transplantation to show CSC self-renewal ability in a xenograft mouse model. The newly 

generated tumors from the potential CSCs should contain the full repertoire of heterogeneity of 

cancer cells observed in the parental tumors (Tang et al., 2007). One limitation for current CSC 

studies is that they mainly utilize tumor initiation as the major yardstick to measure CSC 

properties without analyzing metastasis, multi-potency and asymmetric cell division. 

Consequently, “cancer initiating cells” may be more appropriate than the term CSCs.   

CSC Generate Tumor Heterogeneity 
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Figure. 1.2. CSC related oncogenic pathways involved in growth, survival, invasion and 

drug resistance  

Except these established pathways such as Wnt, Notch, et al, TGF-βmay regulate CSC through 

OPN and CD44. These CSC pathways correlate with Angiogenesis/Invasion/metastasis, 

implying that metastasis is an important property of CSCs (adapted from Vera-Ramirez et al. 

Cancer Treatment Reviews 2010)  
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There is ample evidence that demonstrates the link between normal SCs and CSCs. Most 

reported CSC markers are normal SC markers. Many of the normal SC markers and pathways, 

such as CD44, Wnt, Notch, Hedgehog, and BMI, are also highly up-regulated in malignant 

tumors and metastases (Vera-Ramirez et al., 2010) (Figure1.2). These „stemness pathways‟ also 

correlate with metastasis. In addition, a recent study indicates that an embryonic SC gene 

signature correlates with tumor grade (Ben-Porath et al., 2008). Similarly, another group 

demonstrated that a normal breast tissue stem cells signature was enriched in highly malignant 

breast tumors (Pece et al., 2010). Therefore, a better appreciation of the CSC model and its 

significance in heterogeneity and tumor therapy largely relies on understanding normal SC 

biology. In normal tissue, only the SC holds the properties of unlimited proliferation. A SC 

passes this intrinsic „immortal‟ trait to another SC and a daughter cell by asymmetric division, a 

process known as SC self-renewal (Shackleton et al., 2009; Weissman, 2000). The daughter cell, 

also called progenitor cell, has a more limited proliferative ability and lacks the self-renewal 

ability, and eventually will differentiate to a mature functional cell (Weissman, 2000). The 

process of SC→progenitor→ mature cell is normally under tight control, which creates the 

cellular hierarchy of normal tissue (Campbell and Polyak, 2007; Marusyk and Polyak, 2010; 

Shackleton et al., 2009). Similar to normal SCs, CSCs are hypothesized to be undifferentiated 

and able to self-renew and generate daughter cells that can differentiate into more mature cancer 

cells. In figure 1.3B, an example on breast cancer is given to illustrate the hypothesis of CSC 

generating tumor heterogeneity. In CSC based tumor therapy, when CSCs are eliminated, tumor 

development will be halted and tumor recurrence will not occur (Hermann et al., 2008).  
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Figure 1.3. Two hypothetical models explaining origin of human breast cancer 

heterogeneity  

(A) Clonal evolution model. The epithelial cells (e.g., stem cell, progenitor, or differentiated cell) 

may be the target of transformation to initiate breast cancer. Each breast cancer subtype with 

different origins forms breast cancer heterogeneity. (B) CSC model. The initiating events target 

the SCs or progenitor cells to initiate tumor development. CSCs are originated from normal SCs 

and can differentiate into progenitor cells and more mature differentiated cells under the 

influence of niche. One significant point between these two models is that clonal evolution 

mainly depends on intrinsic genetic changes to undergo natural selection whereas CSC tumor 

phenotype is determined by a combination of genetic and epigenetic events.  

 

Abbreviations: ER+(-), presence(absence) of immunohistochemical expression of estrogen 

receptor (ER) expression; HER+(-), presence (absence) of immunohistological expression or 

HER gene amplification; PR+(-), presence (absence) of immunohistochemical expression of 

progesterone receptor (PR) expression. 

(adapted from Sgroi DC., et al., Annual Review of Pathology: Mechanisms of Disease. 2010)  
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Traditional target of differentiated tumor cells can shrink the tumor size but any unaffected CSCs 

might re-initiate the tumor and cause recurrence and metastasis (Reya et al., 2001). 

 Compared with the well-defined hierarchy elucidated in some normal stem cells, our 

understanding of CSC-derived cellular heterogeneity in most tumors is very limited. These 

differences may be related to the significant genetic alternations in CSCs. The microenvironment 

and epigenome between normal SCs and CSCs are also dramatically different. An increasing 

number of studies have started to address such differences in the CSC field (Pece et al., 2010; 

Polyak et al., 2009). Some cancers like germ cell tumors and certain leukemia appear to follow a 

tumor hierarchy model in which some primitive cancer cells can differentiate into post-mitotic 

derivatives (Shackleton et al., 2009). A recent study using Numb as the marker in breast cancer 

demonstrates that breast CSCs can undergo asymmetric divisions (Pece et al., 2010). An ongoing 

study in our lab reveals that human prostate CSCs can also divide into one CSC and another non-

CSC by asymmetric division (Qin et al, manuscript in preparation). 

 

Clonal Evolution and Tumor Heterogeneity 

Clonal evolution is another potential mechanism that could generate tumor cell heterogeneity 

(Campbell and Polyak, 2007). The biggest difference between the CSC hypothesis and clonal 

evolution lies in the principle of cancer therapy: in contrast to CSC hypothesis, clonal evolution 

based therapy targets all cells in a tumor; it does not focus on any special subpopulation inside 

the tumor. Nowell first proposed the clonal evolution model in 1976 since he observed that 

tumor progression was in a interesting pattern: different genetic variable clones with more 

aggressive properties were sequent selected to maximize their proliferation and invasiveness 
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potential (Nowell, 1976). It implies that these individual clones may hold a growth advantage 

over other cells due to more genetic instability. The most significant point of the clonal evolution 

model is that cancer can initiate from any random single cell if it happens that this single cell has 

accumulated necessary mutations to drive malignancy. There is no difference between SCs and 

non-SCs in this model. The tumorigenic clones acquire the advantage of growth and malignancy 

by winning the competition against their adjacent cells to survive. During tumor procession, only 

the dominant clones proliferate well (e.g., resistance to apoptosis) and acquire additional 

mutations to promote increased invasiveness or resistance to therapies and recurrence. According 

to this model, tumor cells are always in different mutation stages and intrinsic genetic alterations 

gained from multiple mutations select tumor cells with unlimited proliferative potential. In other 

words, genetic diversifications result in tumor heterogeneity (Figure1.3 A)(Campbell and 

Polyak, 2007). This cancer evolution model is akin to Charles Darwin‟s “natural selection” for 

species evolution (Greaves, 2010) .  

Clonal evolution is supported by several recent studies. In breast cancer, Polyak‟s group 

demonstrates a distinct molecular gene signature between CD44
+ 

versus CD24
+
 subpopulations 

(Shipitsin et al., 2007). The CD44
+
/CD24

-
 breast cancer cells have been reported previously as 

CSCs (Al-Hajj et al., 2003). In support, they show that CD44
+
 population‟s gene signature 

contained many known SC genes and correlated with decreased patient survival (Shipitsin et al., 

2007). According to CSC hypothesis, the CD24
+
 breast cancer cells might be the progenitor cells 

or more matured progeny derived from the CD44
+
/ CD24

-
 population (Al-Hajj et al., 2003). 

Therefore, the genetic differences between the CD44
+
 and the CD24

+
 are expected to be minor. 

However, Shipitsin et al observed distinct genetic differences between these two populations, 
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suggesting that CD44
+
 and CD24

+
 subpopulations are clonally distinct and not related to CSC 

lineage development (Shipitsin et al., 2007). In colon cancer, by selecting single primary cancer 

cell-derived clone, lineage markers for mature cells like Muc-2 and Villin were strongly 

expressed in only some tumor-initiating clones, implying that tumor initiate from a clone 

selection model (Odoux et al., 2008; Vermeulen et al., 2008). In addition, genetic studies on 

acute lymphoblastic leukemia (ALL) also reveal a complex, non-linear, clonal architecture with 

subclones having distinctive genetic signatures at the single cell level (Greaves, 2010). On the 

other hand, the recent observations of  a pre-metastatic gene signature in an early-stage primary 

breast tumor implying that metastatic cells may pre-exist in the primary tumor and are unlikely 

to be generated through natural selection via clonal evolution (Ramaswamy et al., 2003; van 't 

Veer et al., 2002; van de Vijver et al., 2002).   

Despite the differences, the CSC model and clonal evolution model may both be operational 

during tumor initiation and progression. Specifically, tumor initiation may take place at the 

single-cell level by following either clonal evolution or the CSC model. Normal SCs, progenitor 

cells, and even differentiated cells could receive the malignant hit to initiate a tumor. However, 

during tumor progression, presumably only the CSCs possess properties like self-renewal that 

can endow them the advantage to undergo a combination of differentiation and clonal selection. 

These can be perfectly explained by a recent study on colon cancer: clonally selected tumor 

clones exhibit enhanced tumorigenic ability and CSC markers expression, indicating that CSC 

properties may be the key factor to make the clone dominant to undergo serial selection (Odoux 

et al., 2008). Perhaps only these CSCs could survive during this selection process and 

accumulate further mutations. Furthermore, step-wise mutations and clonal selection may 



11 

 

enhance or maintain self-renewal properties to create the dominant CSC subclone and form 

genetically diverse units of evolutionary selection during cancer progression (Adams and 

Strasser, 2008).  

 

The Origin of CSCs  

The origin of CSCs has implications in understanding tumor heterogeneity and tumor 

development. The cellular origin of tumors in human cancer research is a question that remains 

largely unresolved. The CSC hypothesis may provide a direct speculation on this question by 

assuming that CSCs derive from their normal SC counterparts. There are several lines to support 

this point. Firstly, most reported CSCs appear to share similar markers to these on the 

corresponding normal SCs, implying that they might descend from same lineage. For instance, 

CD44
+
 subpopulation from breast cancers express many SC markers that are commonly 

expressed in the CD44
+
 normal SCs (Al-Hajj et al., 2003). Secondly, self-renewal is the most 

important trait of CSCs. Normal SCs already posses this capability and it is reasonable to think 

that SCs bestow this property to CSCs during transformation. Theoretically, it will be more 

difficult for the non-self-renewing differentiated cells to acquire this trait through multiple 

rounds of mutations that were reviewed in (Lawson and Witte, 2007; Li et al., 2007b). Thirdly, 

the recent two reviews (Li et al., 2007b; Shackleton et al., 2009) that they demonstrate the 

longevity of SCs may allow greater opportunities to accumulate genetic changes in them. This 

thinking would be consistent with the idea that tumor transformation is not a single-hit but a 

multi-hit process. In contrast, more differentiated cells without self-renewal ability have a shorter 

life span such that they are likely to die or undergo terminal differentiation before enough 
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mutations accumulate for full malignant transformation. Finally, evidence from both human 

primary cancer and animal tumor models supports the idea that tumor is a disease of SC origin. 

The Philadelphia chromosome is a hallmark for human chronic myelogenous leukemia (CML) 

(Fialkow et al., 1977), it is also found to be present in normal hematopoietic stem cell (HSC) 

(Miyamoto et al., 2000; Passegue et al., 2003), thus suggesting strongly that HSC are the targets 

of malignant transformation. 

Recent studies in mouse tumor models demonstrate that cancer may also arise from committed 

progenitors (Haeno et al., 2009; Jordan et al., 2006). For example, over-expression of mixed-

lineage leukemia (MLL)- AF9 oncogene successfully induce leukemia from committed myeloid 

progenitors (Krivtsov et al., 2006). Since SCs are thought generally rare and quiescent, they may 

have less of a chance to acquire key mutations compared with the more enriched and faster 

dividing progenitors. All of these discussions support the idea that progenitor cells could also be 

targets of transformation during cancer evolution.   

      Another possible origin of CSCs might be cell fusion between SCs and other types of cells 

including other SCs, progenitor cells, mature differentiated cells, stromal cells and inflammatory 

cells. The cell fusion hypothesis may nicely fit the CSC hypothesis in that the combination of 

SCs with self-renewal ability with differentiated cells that have accumulated mutations could 

allow the fusion cells to attain fully neoplastic transformation (Wang, 2010). One example is that 

a renal cell carcinoma arises and metastasizes after allogeneic stem cell (HSC) transplantation. 

Tumor cells derived from the metastases exhibited a hybrid feature between both the host and 

donor cells (June, 2007). Other studies have shown that bone marrow derived cells (BMDCs) can 

fuse with neoplastic epithelium to promote tumor development and metastasis and  that BMDCs 
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–tumor cell fusions could be the source of CSCs (Rizvi et al., 2006). Recent studies on induced 

pluripotent SCs ( iPS) reveal that reprogramming differentiated human cells could  initiate 

cancer development (Werbowetski-Ogilvie and Bhatia, 2008). 

Taken together, SCs and progenitor cells are possible targets for tumorigenic transformation 

although cell fusion might provide another cellular origin of cancer development. Since tumor 

microenvironments play a critical role in tumor initiation and metastasis (Hu and Polyak, 2008a), 

it is possible that the microenvironment also influences the origin of cancer, as illustrated by the 

BMDCs and  microphages-tumor cell fusions (Lu and Kang, 2009; Pawelek and Chakraborty, 

2008). Identification of the normal cell populations targeted for tumorigenic transformation may 

facilitate the development of more effective cancer preventives.  

 

Normal Prostate Stem/progenitor Cells and Prostate CSCs 

Two fundamental traits of SCs, i.e., self-renewal and multi-potency, were first established in 

studies of hemopoiesis (Li et al., 2007b; Weissman, 2000). The adult SCs are primitive cells with 

the self-renewal ability to differentiate into all different lineages of progeny and even to 

reconstitute an organ or regenerate the damage tissues, the best example of which are HSCs that 

can reconstitute the whole blood and rescue a lethally irradiated mouse (Tang et al., 2007; 

Weissman, 2000). Identification of various SCs has generated great hopes for cell therapies of 

neurodegenerative diseases, burn, diabetes, and heart diseases (Tu et al., 2002). On the other 

hand, although the HSCs can be defined as long-term (LT) HSCs, short-term (ST) HSCs, and 

multi-potent progenitor (MPP) cells, we still lack in-depth knowledge on the lineage 

development in most other solid tissue SCs  including the prostate (Tang et al., 2007).   
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Human prostate is a tubular-alveolar exocrine gland comprised of three distinct cell types 

(basal, luminal, and neuroendocrine [NE] cells) embedded in a fibro-muscular stroma. Basal 

cells form the layer along the basement membrane and luminal cells sit above the basal-cell layer 

and secret prostatic proteins into the lumen whereas NE cells are a minor population of neuron-

like cells that produce biogenic amines and neuropeptides that support epithelial growth (Abate-

Shen and Shen, 2000; Lawson and Witte, 2007; Tang et al., 2007). Luminal cells express 

prostate-specific antigen (PSA), prostatic acid phosphatase (PAP), androgen receptor (AR), and 

cytokeratins (CK) 8 and 18. In contrast, basal cells express CK5 and CK14 but not PSA and PAP 

(Abate-Shen and Shen, 2000; Lawson and Witte, 2007). However, some basal cells also express 

low levels of AR and BCL-2 and more than 80% of the proliferative cells reside in the basal 

layer. Unlike the majority of secretary luminal cells, NE cells are quiescent and do not express 

AR or PSA but express NE-specific markers such as chromogranin A and synaptophysin  

(Palapattu et al., 2009).  

Evidence that strongly supports the existence of SCs in the prostate is from John Isaac‟s 

classic androgen cycling experiments (English et al., 1987). The observation that the adult rodent 

prostate can undergo multiple rounds of castration-induced regression and testosterone-induced 

regeneration indicates that a small population of SCs possesses the ability of to both self-renew 

and differentiate while the bulk, androgen-dependent, terminally differentiated cells lack such an 

ability (English et al., 1987). Several candidate populations of human prostate stem/progenitor 

cells have been reported including those expressing high levels of CD44, integrin α2β1, or 

CD133 (Tang et al., 2007). CD44 is expressed on most basal cells and has been implicated in 

tumor metastasis (Patrawala et al., 2007; Patrawala et al., 2006). The CD133
+
 cells are enriched 
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in CD44+/α2β1
hi

 basal cell population and possess high proliferation potential in vitro and the 

ability to produce prostate glandular structures (Richardson et al., 2004). Interestingly, two 

recent independent studies in the mouse prostate have identified two different populations of 

SCs. One, marked by CD117 (c-Kit), is localized in the basal layer (Leong et al., 2008) and the 

other, called castration-resistant Nkx3.1-expressing cells, in the luminal layer (Wang et al., 

2009).  

Identification and characterization of normal prostate SCs clearly have relevance to 

understanding the cell of origin for human PCa. The experimental evidence that most of the cells 

that survive castration appear to be basal rather than luminal cells has led to the traditional 

hypothesis that the basal-cell layer harbors self-renewing SCs (Abate-Shen and Shen, 2000; 

English et al., 1987). There are several pieces of evidence that support this hypothesis. First, 

some key molecules that normally regulate SC self-renewal and survival, e.g., p63, hTERT, and 

Bcl-2, are preferentially localized in the basal layer (Liu et al., 1997; Tang et al., 2007). Second, 

the proximal region of mouse prostatic ducts that highly expresses basal cell marker CK14 but 

not luminal marker CK8 is found to be the prostatic SC niche (Tsujimura et al., 2002). 

Furthermore, basal cells that express SC markers such as CD44, CD49f, CD117, Bcl2, Tert, and 

p63 are all located in proximal region but not distal and intermediate regions.(Lawson and Witte, 

2007; Leong et al., 2008)  Third, when the basal-cell marker p63 is knocked out, mice are born 

without prostate or mammary gland (Mills et al., 2002). Forth, basal cells have been shown to 

differentiate into luminal cells (Collins et al., 2001; Lawson and Witte, 2007; Liu et al., 1997). 

Fifth, all primary normal human prostate (NHP) epithelial cells that can expand in vitro express 

basal-cell markers such as CD44, α2β1, CK5, hTERT, and p63 but not luminal markers(Bhatia 
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et al., 2008a), suggesting that these primary cells may contain a small number of prostate SCs. 

Finally, a single, basally localized Lin
-
Sca-1

+
CD133

+
CD44

+
CD117

+
 cell can generate prostatic 

glands when recombined with urogenital sinus mesenchyme and transplanted under the kidney 

capsule, strongly arguing for the presence of SCs in the basal layer. This defined SC population 

also possesses long-term self-renewal and can produce secretory prostatic product (Leong et al., 

2008). Moreover, the SC marker CD117 is specifically expressed in the proximal region and 

enriched upon castration (Leong et al., 2008).  

In human PCa, the majority of tumor cells express luminal markers such as PSA and AR and 

most prostate tumors have a notable lack of cells expressing basal-cell markers, in fact, loss of 

basal cell markers has been used in assisting the clinical diagnosis of PCa(Millikan and 

Logothetis, 1997; Oesterling et al., 1993). In the mouse prostate, the long-term BrdU label–

retaining cells (or LRCs), which have been shown to possess functional SC properties in many 

other tissues, are localized in not only basal but also the luminal layer in the proximal region 

(Tsujimura et al., 2002), suggesting that the luminal cell layer may also harbor SCs. The luminal 

origin of prostatic SCs is further supported by recent demonstration of a rare population of 

luminal cells that expresses the regulator of prostate epithelial differentiation, the homeobox 

gene Nkx3.1, and manifest SC properties upon castration (Wang et al., 2009). These luminally 

localized SCs, termed CARNs for castration-resistant Nkx3.1-expressing cells, can self-renew 

and regenerate prostatic outgrowth with single-cell transplantations (Wang et al., 2009).  

Intriguingly, Leong et al demonstrated that the synaptophysin-expressing NE cells are also 

enriched in Lin
-
Sca-1

+
CD133

+
CD44

+
CD117

+
 mouse prostate SCs (Leong et al., 2008). Huang et 

al studied the relationship between the SC marker CD44 and NE cells and found that most NE 
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cells expressed CD44 (Palapattu et al., 2009). These latter observations raise the possibility that 

even NE cells might have some SC properties. More discussions on prostate CSCs will be 

presented in Chapter 2.    

 

CSCs and Metastasis 

 If CSCs are the only cells that have the capacity to generate a tumor, theoretically they must be 

responsible for metastasis and therefore CSC-targeted therapies should be able to eliminate 

metastasis, the main killer of cancer patients. In other words, the CSC hypothesis will be 

considered incomplete without making connection to metastasis (Hermann et al., 2008; Hurt and 

Farrar, 2008; Li et al., 2007b; Wicha, 2006). In fact, many pieces of evidence support CSC 

involvement in metastasis. First, eight out of nine breast cancer specimens in which the first 

solid-tumor CSCs were reported were actually metastases (Al-Hajj et al., 2003; Steeg, 2006), 

implying that metastases may be enriched in CSCs. The CD44
+
 prostate CSC-enriched cells are 

also highly metastatic (Patrawala et al., 2006). Second, gene expression profile studies on PCa 

identified an 11-gene signature that included „stemness‟ genes such as BMI-1 in highly 

metastatic PCa and also predicted poor outcomes in PCa patients (Glinsky, 2005; Glinsky et al., 

2005). Also, the poorly differentiated aggressive human tumors are found to possess an ES cell-

like gene expression profile (Ben-Porath et al., 2008). In addition, early-disseminated breast 

cancer cells detected in the bone marrow are enriched in CD44
+
CD24

-/lo
 CSC phenotype (Balic 

et al., 2006). Third, in principle, only CSCs that are endowed with the self-renewal ability could 

founder a colony in a distant site while differentiated cells that generally lack the self-renewal 

capacity would not proliferate well to establish a metastatic colony (Fidler and Talmadge, 1986; 
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Tu et al., 2002). Forth, EMT (epithelial-mesenchymal transition) plays an important role in 

metastasis and a recent study demonstrates that breast cancer cells induced to undergo EMT also 

acquires CSCs phenotypes (Mani et al., 2008). Fifth, tumor dormancy has long been recognized 

as a cause of metastasis in the clinic, particularly in breast and prostate tumors and metastasis 

can occur many years after treatment (Fidler and Talmadge, 1986; Li et al., 2007b). CSCs may 

stay quiescent and switch from being dormant to proliferative due to environmental changes, 

giving rise to recurrence and metastasis. Finally, development of resistance to therapeutics 

frequently signals the presence of metastatic lesions. Recent studies indicate that CSCs appear to 

be generally more resistant to chemical and radiation therapies (Barnhart and Simon, 2007). 

These discussions implies that CSCs could be the lethal seeds in Paget‟s “seed and soli 

hypothesis” to spread metastasis.  

On the other hand, as is always the case, the real picture may be more complicated. For 

instance, the CD44
+
/CD24

–  
breast CSCs do not seem to possess higher metastatic potential than 

the CD44
-
/CD24

+
 cells when intra-cardiacally injected into mice although the two populations 

show differences by in vitro invasion assays(Sheridan et al., 2006). In addition, the molecule 

CD24 is, in fact, highly expressed in breast cancer metastases (Shipitsin et al., 2007). CD133 is 

another widely used CSC marker; however, Hermman et al reported that the CD133
+
 cell 

population alone could not produce metastasis in an orthotopic pancreatic cancer model but the 

CD133
+
CXCR4

+ 
subpopulation showed strong metastasis (Hermann et al., 2007). Also, the 

CD133
–
 colon cancer cells have been shown to be even more aggressive and metastatic than their 

CD133
+
 counterparts although both populations could initiate tumor development (Shmelkov et 

al., 2008). These findings suggest that metastasis and tumor initiation might be processes 
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mediated by distinct cancer cell populations (Hermann et al., 2008)  and there might exist 

metastatic CSCs (Mimeault and Batra, 2007; Weigelt et al., 2005). The genetically-based clonal 

evolution hypothesis proposes that metastasis results from accumulation of genetic mutations 

and only the rare tumor cell clones that have attained the right and sufficient numbers of 

mutations will be “naturally selected” and able to disseminate (Campbell and Polyak, 2007; 

Polyak, 2007). This hypothesis is challenged by demonstrations that metastatic cells pre-exist in 

early-stage primary tumors (Singh et al., 2002; van 't Veer et al., 2002; van de Vijver et al., 

2002). As a matter of fact, CSCs might actually be the „naturally selected‟ clones in the clonal 

evolution model (Scheel et al., 2007). A putative model was proposed by using breast CSCs as 

an example (Weigelt et al., 2005)(Figure 1.4). In this model, oncogenic mutations occurring in a 

breast SC can cause the transformation to a breast CSC in a CSC niche, and the breast CSCs may 

change to metastatic CSCs to direct metastasis, and finally enter the distant organs to develop 

metastasis. These distant or tissue specific metastatic CSCs also need to interact with 

microenvironment. CSC may differentiate into a cancer progenitor cell with low ability to 

metastasize under a progenitor cell induced microenvironment. On the other hand, normal 

progenitor cells also could be the targets of transformation events, the outcome of which is that 

breast cancer progenitor cells will be produced, which may only initiate tumor development with 

less or limited potential to metastasize. The key point is that metastasis might be a critical feature 

for CSC, and microenvironment may play important roles in deciding the fate of CSCs.  
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Figure 1.4.  A modified integrative model of breast cancer metastasis  
 

Oncogenic mutations occurring in a breast stem cell (red) can cause the transformation to a 

breast CSC in a CSC niche. The breast CSCs may change to metastatic CSC to direct metastasis, 

and finally enter the distant organs as a distant or tissue specific metastatic CSCs. The CSC may 

differentiate into a cancer progenitor cell with low ability to metastasize under a progenitor cell 

induced microenvironment. On the other hand, normal progenitor cells also could be the target of 

transformation events, the outcome of which is that breast cancer progenitor cells will be 

produced which may only initiate tumor development with less or limited potential to 

metastasize. The key point is that metastasis might be a critical feature of CSCs, meanwhile, 

microenvironment may play important role in deciding the fate of CSC (adapted from Weigelt B, 

et al., Nat Rev Cancer. 2005)  
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In summary, the true interrelationship between CSCs and metastasis awaits more in-depth 

studies and it is anticipated that novel therapeutics that specifically target CSCs may also root 

out metastasis-seeding cells. 
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         Chapter II: Assays for identification of Prostate Cancer Stem Cells* 

The CSC theory posits that only a small population of tumor cells within the tumor has the 

ability to reinitiate tumor development and is responsible for tumor homeostasis and progression. 

By this definition, the intrinsic CSC properties must be tested and exhibited by tumor growth 

ability in a foreign microenvironment.  In human CSC studies, growing a human tumor in 

immune deficient mouse is very complicated and influenced by multiple factors. To a certain 

degree, the methods used to analyze CSC properties are just as same important as the intrinsic 

CSC properties. Some debates against CSC hypothesis are actually related to method. Herein, we 

present a comprehensive review of the experimental strategies that our lab has been using in 

assaying potential PCa SCs in culture, xenograft tumors, and primary tumor samples. 

In the past 7 years, putative CSCs, or tumor initiating cells, have been reported for many 

human solid tumors (Table 2.1), including brain tumors (Singh et al., 2004), melanoma (Schatton 

et al., 2008), and cancers of the breast (Al-Hajj et al., 2003; Ginestier et al., 2007), colon 

(Dalerba et al., 2007; O'Brien et al., 2007; Ricci-Vitiani et al., 2007; Todaro et al., 2007), 

pancreas (Hermann et al., 2007; Li et al., 2007a), liver (Yang et al., 2008), lung (Eramo et al., 

2008), and head and neck (Prince et al., 2007). Unlike CSC studies in other cancers, the direct 

demonstration of tumor-initiating cells from primary human prostate tumors has not been 

reported. Most CSC studies in prostate cancer mainly use cancer cell lines or xenograft models 

(Tang et al., 2007). Several important principles have emerged from these studies. 

First, most CSCs have been identified using cell surface markers for the corresponding 

normal tissue stem/progenitor cells, suggesting that normal and cancer SCs share some 

phenotypic markers. Second, interestingly, CD44 and CD133 have been used to identify many  

* This chaptor is adapted from Li, et al., Methods Mol Biol. 2009 , with permission of copyright 



23 

 

 

 

 

 

 

Table 2.1. CSC Studies in Human Solid Tumor (2003-2008) 
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Table 2.1. CSC Studies in Human Solid Tumor (2003-2008) 
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types of CSCs. For example, CD44 has been used to enrich for breast, colon, pancreatic, liver, 

and head and neck CSCs whereas CD133 for CSCs in lung and colon cancers and glioma (Table 

2.1). Some other markers may be tumor specific, e.g., breast CSCs have a CD44
+
/CD24

-
 

phenotype (Al-Hajj et al., 2003) whereas pancreatic CSCs possess the CD44
+
/CD24

+
 phenotype 

(Li et al., 2007a). Third, in a particular tumor, CD44 and CD133 may identify distinct and/or 

overlapping populations of tumor stem/progenitor cells. For instance, both CD133 (O'Brien et 

al., 2007; Ricci-Vitiani et al., 2007; Todaro et al., 2007) and CD44 (Dalerba et al., 2007) have 

been utilized as the positive selection marker for colon CSCs. The same two markers have also 

been employed to independently select for pancreatic CSCs (Hermann et al., 2007; Li et al., 

2007a). In both cases, the interrelationship (inclusive, exclusive, or hierarchical) between the 

CD133 and CD44 selected CSCs remains unclear. These observations emphasize the important 

point that the CSC population is likely heterogeneous, as elucidated in LSCs (Hope et al., 2004), 

and also raise the possibility that combining CD44 and CD133 may enrich for more primitive 

CSCs. Fourth , CSCs are only operationally or functionally defined. Perhaps one of the most 

important criteria is that putative CSCs possess an enhanced ability to initiate serially 

transplantable tumors that phenotypically recapitulate patient tumor histology (Clarke et al., 

2006; Tang et al., 2007). In all of the above mentioned CSC studies (Table 2.1), “naked” tumor 

cells were injected into the immunodeficient mice, implying that putative CSCs possess an 

intrinsic ability to establish a “niche” in a foreign microenvironment. Fifth, on the other hand, 

reconstitution of CSC activity and tumordevelopment of human tumor cells in mice represents an 

extremely challenging task (Hill, 2006; Tang et al., 2007) involving numerous variables  
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Table 2.2.  Variables affecting the outcome of human prostate cancer tissue/cell grafting 

 and establishment in mice 

Variables affecting the outcome of human prostate cancer 

tissue/cell grafting and establishment in mice 
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Table 2.3-1.  Mouse strains commonly used in CSCs        
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Table 2.3-2.  Mouse strains commonly used in CSC studies 
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associated with both tumors (availability, heterogeneity, stage/grade, size, quality, 

digestion/purification/implantation methods, etc.; Table 2.2 ) and recipient mice (strains, degree 

of immune deficiency, preconditioning, injection/implantation sites, etc.; Table 2.3). 

Consequently, different studies have a wide variety of “empirical” details that cannot be 

interpreted readily and reconciled scientifically. For instance, although some tumorigenic subsets 

were implanted “orthotopically,” many others were injected at ectopic sites, in particular, 

subcutaneously (s.c.) or under the kidney capsule (KC) (Table 2.1). Sixth, as predicted, CSCs 

seem to be more resistant to antitumor therapeutics, including chemotherapy and radiation 

(Hermann et al., 2007; Wang, 2007; Yu et al., 2007). Of clinical significance, the abundance of 

CSCs significantly increases in breast cancer patients who have received prior therapies (Yu et 

al., 2007). 

Most CSC studies in prostate cancer mainly use cancer cell lines or animal models (Tang et 

al., 2007). Pioneering studies from Drs. Collins/Maitland provided evidence that putative human 

prostate epithelial SCs bear the CD44
+
/ α 2 β 1

+
/CD133

+
phenotype (Collins et al., 2001; 

Richardson et al., 2004). In 2005, Collins et al reported that prostate tumor cells with the same 

surface phenotype represent potential prostate CSCs, although tumor experiments were not 

reported in this study (Collins et al., 2005). Using several xenograft prostate tumors (Du145, 

LAPC4, and LAPC9), we have shown that the CD44
+ 

cell population is enriched in prostate 

CSCs and that PCa cells are organized as a tumorigenic hierarchy (Li et al., 2008; Patrawala et 

al., 2007; Patrawala et al., 2006; Patrawala et al., 2005)(Fig. 2.1). First, putative CSCs that can 

initiate serially passageable spheres and serially transplantable tumors are marked by CD44  
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Fig. 2.1. A model of hierarchical organization of tumorigenic PCa cells  

 

(Taken from Li et al., Methods Mol Biol. 2009 with permission) 
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expression and constitute the minority. Most of the CD44
+
 cells in the spheres or tumors are not 

proliferating. Importantly, essentially all metastatic activity resides in the CD44
+
 cell population 

(Patrawala et al., 2006). Second, the side population (SP) also contains tumorigenic cells and 

97% of the SP cells are CD44
+
. Third, in contrast to the SP and CD44

+ 
cells, the α2β1

+
and 

ABCG2
+ 

PCa cells identify fast proliferating tumor progenitors. Fourth, essentially all ABCG2
+ 

and >80% α2β1
+
 cells are encompassed in the CD44

+
population. Therefore, the CD44

+
/α2β

1
+
cell population is highly enriched in tumor-initiating cells, whereas the CD44

−
/α2β1

+
cells 

virtually lack tumorigenicity. Fifth, most CD44
+ 

PCa cells are AR
-
 and can give rise to AR

+ 
cells 

in the spheres and tumors, thus indicating their ability to self-renew and undergo asymmetric 

division. Recent work by others has confirmed the presence of stem-like PCa cells in cell lines 

(Gu et al., 2007; Miki et al., 2007). 

Practically, CSC studies involve (a) sample preparation, (b) candidate cell purification, and 

(c) in vitro and (d) in vivo analysis and characterizations of CSC properties. In the following we 

present some basic in vitro and in vivo assays applied to prostate CSC studies. Sample 

preparation, candidate cell purification and related protocols can also be found in our 

publications (Jeter et al., 2009; Li et al., 2008; Patrawala et al., 2007; Patrawala et al., 2006; 

Patrawala et al., 2005)and on our website (http://sciencepark.mdanderson.org/tanglab/protocols). 

In order to reconstitute a tumor in immune-deficient mice, hundreds or thousands of 

cultured or xenograft tumor cells must be injected. This phenomenon suggests that perhaps only 

a small population of cells in the bulk tumor or the entire culture holds the ability to reinitiate a 

tumor. Therefore, for a candidate CSC population, once it is isolated from the bulk tumor by 
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removing the stromal cells, it must be purified by either SC markers or non-marker based 

purification strategies. Then it can be tested for its enriched tumor associated properties by in 

vitro assays as well as in vivo tumor experiments (Tang et al., 2007). Though there are still a lot 

of questions in this field, I briefly discuss some commonly used assays to purify CSCs and 

characterize the functions of CSCs. 

SC markers are among the most widely used to study CSCs. By using flow cytometry or 

MACS microbeads based system, distinct cancer cell populations can be isolated and applied in 

in vivo and in vitro analyses. For instance, CD44 has been regarded as the most successful CSC 

marker with which one can purify a CSC enriched population in PCa (Patrawala et al., 2006). 

One advantage of cell surface marker based analysis is to allow researcher to combine several 

markers to select the specific functional subpopulation inside the tumor and further distinguish 

the CSC population from progenitor population or more mature populations. For example, 

CD44
+
/α2β1

+ 
subpopulation exhibits much higher tumorigenic potential and could be the CSCs 

in PCa, whereas the CD4
－/α2β1

+
population may represent the progenitor population with less 

tumorigenic potential (Patrawala et al., 2007).  

    Side Population: Identifying the Side Population, or SP, is a flow cytometry-based technique 

using the exclusion dye hoechst 33342 and has been widely used as a marker of SC in both 

normal tissue and tumor (Brown et al., 2007; Patrawala et al., 2005). For example, 0.1% SP cells 

were found in LAPC9 tumors and these SP cells demonstrated 100-1000-fold higher 

tumorigenicity than the corresponding non-SP cells.  SP tumor cells also expressed high levels of  
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Fig. 2.2. SP analysis of LAPC9 tumor cells on two different flow cytometers  
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“stemness” genes such as β-catenin and BMI-1(Patrawala et al., 2005). A recent study found 

that the SP was detected in both benign and malignant prostate tissues that expressed basal cell 

markers (Brown et al., 2007). Whether these SP cells selected from primary human PCa samples 

also possess CSC properties and high tumor-initiating ability is currently under investigation. It  

is important to note that different flow cytometers often give different SP profiles (Fig.2.2). For 

example, when samples are run on a Beckman–Coulter, the SP displays as distinct population on 

the side. However, when the same cells are analyzed on a BD Biosciences FACSAria SORP, the 

SP displays as a tail of the MP (Fig. 2.2).  

Clonogenic or Sphere Formation Assays can be performed by putting cancer cells 

(including cultured or primary cancer cells) into a semi-solidified medium (such as soft agar or 

Matrigel) or plating onto low attachment plates such that they cannot adhere to the substrate or to 

each other, so that single-cell derived colonies or spheres will form. The clonogenic or sphere 

formation assay provides an important way to assay CSC properties in vitro. Sufficient evidence 

supports that SCs can maintain its spectrum of differentiating abilities in a three-dimensional 

sphere structure (Lawson and Witte, 2007; Tang et al., 2007). Recently, sphere formation assays 

were utilized in central nervous system (CNS) tumors and melanomas to demonstrate that the 

tumor cells in a sphere also hold the ability to re-initiate tumor in mice (Singh et al., 2003). In 

PCa, xenograft tumor LAPC4 was able to form clongenic spheres and these sphere-forming 

cells, although rare, were enriched during serial passage and developed tumors in NOD/SCID 

mice (Tang et al., 2007). 

Clonal morphology analysis can be done by plating cells at very low numbers in culture. 

Cultured cancer cells or primary cells could form three morphologically distinct clones: 
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holoclones, maraclones and paraclones. Holoclones were shown to have enriched CSC properties, 

as they contain the tumor-initiating subset cells in prostate cancer cell line (Li et al., 2008). The 

analysis recently is applied in not only in CSCs analysis, but also in some anti-CSC drug 

screening (Klonisch et al., 2008).   

     BrdU pulse-labeling strategy can be adapted to identify slow-cycling cells. The principle is 

as follows. After a long period of BrdU “pulse,” i.e., from days to weeks, most or all cells with 

proliferative capacity will be labeled (i.e., will incorporate the thymidine analog BrdU into the 

DNA). Then the samples will be washed free of BrdU. Following an extended period of culture 

or maintenance in the absence of BrdU (i.e., the “chase”), samples will be terminated and used to 

stain for BrdU. Progenitors which cycle faster (i.e., have a shorter cell-cycle time) will gradually 

dilute out BrdU and eventually become BrdU-negative whereas the putative SCs, which are 

generally more quiescent, will stay BrdU-positive and be identified as the label-retaining cells or 

LRCs.  The LRCs in the bulge of mouse epidermis and the proximal tubules of mouse prostate 

have been shown to possess SC properties (Shen et al., 2008; Tsujimura et al., 2002). The LRCs 

in human breast tumors coexpress mammary epithelial SC markers and seem to have certain SC 

properties (Clarke et al., 2003). Human PCa cell spheres and xenograft tumors (Patrawala et al., 

2006) and nasopharyngeal carcinomas also possess slow-cycling LRCs (Zhang et al., 2007). 

The “gold” standard of measuring CSC properties is that the candidate CSC population 

should possess enhanced capacity, in an experimental system, to initiate tumors that recapitulate 

patient tumor histology and can be serially transplanted (Table 2.2) (Clarke et al., 2006; Tang et 

al., 2007). Therefore, tumor experiments must be done to show this critical capacity associated 

with the presumed CSCs. Nevertheless, “reconstituting” human tumor development in mice, 
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whether from primary tumor pieces or from dissociated cells, is extremely complicated involving 

numerous variables associated with both (donor) tumors and (recipient) mice (Tables 2.2, 2.3).  

Several major lessons on reconstituting human PCa development in NOD/SCID mice have been 

learnt. The first thing that we need to pay attention to is the clarification about tumor take vs. 

tumor growth. These two terms are often used interchangeably, by mistake. Tumor take refers 

simply to “grafting,” i.e., the initially implanted human tumor pieces (or cells) have stayed or 

grafted in the mouse but there is no apparent tumor growth. Tumor growth (or regeneration or 

development) refers to obviously enlarged tumor burden compared to the initial implants. Any 

confusion of these two concepts may cause some false judgment. As we mentioned earlier, we 

are not injecting “naked” tumor cells into mice and Matrigel is commonly used to co-inject with 

tumor cells since Matrigel could resemble the complex extracellular three-dimensional matrix 

found in many tissues (Kleinman and Martin, 2005). In the most commonly used route of 

implantation, i.e., s.c., we have noticed that with cultured PCa cells, increasing Matrigel 

concentrations from 25% to 50% dramatically improves tumor take rate as well as tumor growth 

(unpublished observations). Furthermore, we need pay great attention on tumor implantation 

sites. Based on transplant sites, there are roughly two xenograft models: the orthotopic model in 

which injected/implanted human tumor cells/ pieces are implanted into the mouse prostate 

(dorsal prostate, or DP; anterior prostate, or AP) and the ectopic model in which human PCa 

cells/pieces are injected/implanted outside the mouse prostate, including s.c. and kidney capsules 

(KC). Among these sites, the s.c. site is the most sensitive and consistent site in reconstituting  
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Fig. 2.3. Comparison of tumor development of prostate CSC populations (i.e., the SP and 

CD44
+
 cells acutely purified from the GFP-tagged LAPC9 tumors) implanted at different 

sites  

(A) Table presentation of results. (B) and (C) Tumor images of SP (B) and CD44
+
(C) LAPC9 

cells implanted at different sites. In B, the two AP tumors were very small and therefore the GFP 

images were shown. In C, none of the eight transplants in four kidneys developed into tumors SP 

analysis of LAPC9 tumor cells on two different flow cytometers.  
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tumor development of prostate CSC-enriched cells in NOD/SCID mice. CSC-enriched PCa cell 

populations, including both SP (Patrawala et al., 2005) and CD44
+
 (Patrawala et al., 2006) cells, 

when implanted into the 4 different sites, i.e., s.c., DP, AP, and KC, significant differences were 

observed with respect to tumor development (Fig.2.3). With both SP and CD44
+
 cells purified 

from LAPC9-GFP cells, the s.c.-implanted cells demonstrated the highest tumor regeneration 

(Fig.2.3). Differences between the SP vs. CD44
+
 cell populations were also observed in terms of 

tumor regeneration (Fig. 2.3). Additionally, the s.c. site is also the most sensitive and consistent 

site in reconstituting tumor development of primary HPCa pieces or cells in NOD/SCID mice. In 

fact, when tumor pieces or single cells from primary HPCa samples (6 Gleason 6 tumors, 8 

Gleason 7 tumors, and 4 Gleason 8/9 tumors) were similarly implanted into the s.c., KC, or AP 

sites, the subcutaneum was also found to be the most sensitive site for tumor regeneration 

(Fig.2.4). However, s.c. is not the best model for metastasis. Consistent with previous study by 

using bulk HPCa cells in mouse DP injection (Kitadai et al., 1995), the prostate-implanted PCa 

cells show more extensive metastasis. In the experiments carried out with the SP and CD44
+
 

LAPC9-GFP cells, when we examined the GFP
+
 tumor cells that disseminated into the lymph 

nodes (LN), lung, and pancreas, we observed that cells injected into DP (for SP cells) or AP (for 

CD44
+
cells) showed more extensive dissemination than the s.c.-implanted cells ( Fig. 2.3A ). 

These observations are consistent with the long-established concept that the orthotopically 

implanted tumor cells demonstrate higher metastatic capacity.  

With the above-discussed CSC assays in mind, we have proposed the following criteria to 

functionally or operationally define the putative CSCs (Tang et al., 2007). First, the presumptive 

CSC must be prospectively purified. When purifying candidate populations of CSCs, lineage  
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Fig. 2.4. The s.c. site is also the most sensitive microenvironment to reconstitute 

tumordevelopment from pieces or cells of the primary PCa samples  
Shown are representative images of tumors regenerated from Gleason grade 7(A), 8 (B), and 9 

(C) primary prostate tumor samples. Note obvious differences in the sizes of s.c. vs. AP or KC 

regenerated tumors.  
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selection should be performed to remove “irrelevant” cells such as stromal and blood cells that 

may contain other SCs, including mesenchymal SCs and HSCs. Second, in vivo tumorigenicity 

experiments must be done to show that such cell populations, freshly purified and without 

extensive expansion in vitro, are enriched in tumor-reinitiating cells. When feasible, serial tumor 

xenotransplantation should be carried out to determine whether the tumors derived from the 

putative CSCs could be transplanted for multiple generations. Third, the reconstituted as well as 

serially xenotransplanted tumors should histologically resemble the original patient tumor. 

Fourth, importantly, the presumptive CSC population, or a subpopulation within, has to be 

studied to show that they possess certain intrinsic biological properties (extensive proliferative 

capacity, self-renewal, differentiation, etc.) normally associated with the SCs. Only when these 

conditions are fulfilled can one confidently claim that the candidatete population of tumor cells 

under investigation is enriched in potential CSCs or tumor-initiating cells. It is important to bear 

in mind that such tumorigenic populations are likely to be heterogeneous with true CSCs 

representing perhaps a very small fraction.  
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Chapter III: PC3 Human Prostate Carcinoma Cell Derived from Holoclones 

Contain Self-Renewing Tumor-Initiating Cells* 

Introduction 

Every normal tissue or organ comprises multiple resident cell types that are heterogeneous with 

respect to their morphologies, functions, and gene and protein expression patterns. This cellular 

heterogeneity has been thought to reflect mostly the developmental and maturation stages of 

various normal stem and progenitor cells (Raff, 2003). Pioneering work by Barrandon and Green 

more than 20 years ago (Barrandon and Green, 1985) showed that when primary human 

keratinocytes were put in culture, their abilities to establish a clone were related to the 

heterogeneity in cell size—only cells 11 µm in diameter could form a clone whereas cells 12 µm 

were irreversibly committed to terminal differentiation. Their subsequent work (Barrandon and 

Green, 1987) in clonal cultures revealed three distinct types of clones with profoundly different 

proliferative capacity. The holoclone contains tightly packed small cells and has the greatest 

replicative capacity, and <5% of the colonies formed by the cells of a holoclone abort and 

terminally differentiate. In contrast, the paraclone is a loosely packed clone of large cells with a 

short replicative life span—after <15 cell generations, paraclones uniformly abort and terminally 

differentiate. The third type of clone, the meroclone, contains a mixture of cells of different 

proliferative potential and is a transitional stage between the holoclone and the paraclone 

(Barrandon and Green, 1987). Recent work reveals that keratinocyte holoclones contain self-

renewing stem cells and that the ability to form a holoclone is an intrinsic property of the adult 

stem cells of the hair follicle (Claudinot et al., 2005).  

* This chaptor is adapted from  Li et al, Cancer Res. 2008, 68, 1820-5  with permission of copyright 
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Tumor development to a certain degree resembles and has been likened to a ―caricature" of 

normal tissue histogenesis and organogenesis (Sell and Pierce, 1994). Indeed, most human 

tumors are heterogeneous in their cellular composition (Dexter et al., 1978; Heppner, 1984; 

Weiss, 2000). Although many posit that tumor cell heterogeneity is of a genetic basis associated 

with inherent high genomic instability in tumor cells, the heterogeneous cellular composition in 

tumors has also been hypothesized, early on, to be the consequence of abnormal tumor stem cell 

differentiation (Pierce, 1974).  On the other hand, cancer cell lines seem to have the unlimited 

proliferation ability. What is the model of these non-stop growth trends is still unknown. Recent 

our lab‘s work revealed that CD44
+ 

and CD44
+
/α2β1

+
represented CSC population respectively 

(Patrawala et al., 2007; Patrawala et al., 2006). These work along other‘s studies supported that 

cancer cell line may also contain CSC. Additionally, similar to primary keratinocytes, long-

term–cultured squamous cell carcinoma (Locke et al., 2005)and many other epithelial cancer 

cells (Locke et al., 2005; Tang et al., 2007) can also form different types of clones in culture. 

Only a small percentage of cells are endowed with the ability to establish holoclones, whereas 

the majority forms paraclones and meroclones (Locke et al., 2005; Tang et al., 2007) (Figure 

3.1). Like keratinocyte holoclones, cancer cell holoclones have been hypothesized to contain 

self-renewing stem-like cells although direct evidence supporting this hypothesis is still lacking. 

Additionally, CSC is very difficult to detect in some HPCa cell lines due to short of appropriated 

markers. For instance, almost 100% PC3 cells expressed CD44 whereas SP can not be detected 

in PC3 cells due to the extremely low level (Patrawala et al., 2006; Patrawala et al., 2005).  It is 

possible to apply clonal morphology as an effective way to distinguish CSC from bulk of cells in 

such cancer cell lines like PC3. Hence, in this study, we used PC3 cells, an androgen receptor–
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negative, undifferentiated prostate cancer cell line, as the model system to directly test this 

hypothesis.  

 

Materials and Methods 

 

Cells, animals, and reagents PC3 cells were obtained from the American Type Culture 

Collection and cultured in RPMI containing 7% of heat-inactivated fetal bovine serum (FBS). 

Nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice were initially 

purchased from The Jackson Laboratory, and the breeding colonies were established in our 

animal facility (Patrawala et al., 2007; Patrawala et al., 2006; Patrawala et al., 2005)and 

maintained in standard conditions according to the institutional guidelines. Most chemicals and 

reagents were from Sigma unless otherwise specified.  

 

Establishment of PC3-GFP cells Basic retroviral and lentiviral procedures have been 

previously described (Bhatia et al., 2008b; Bhatia et al., 2005). Briefly, 293FT packaging cells 

were transfected with pLL3.7-GFP lentiviral vector, together with the packaging plasmids, using 

Fugene 6. The virus-containing medium was collected 48 to 72 h later and passed through a 

0.45-µm filter to remove debris. PC3 cells were then infected with virus at a multiplicity of 

infection of 50 and essentially 100% cells were infected.  

 

Single-cell cloning by limiting dilution PC3-GFP cells (70% confluent) were harvested in 

trypsin (0.25%)/EDTA and resuspended in fresh medium to generate a single-cell suspension 

with a density of 10 cells/mL. Then, 100 µL single-cell suspension was dispensed into each well 
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in a 96-well culture plate. After plating, each well was checked under both an Olympus BX50 

fluorescence microscope and a phase-contrast microscope. Wells containing only a single cell 

were marked, and wells with no cells or with more than one cell were excluded. These single-cell 

wells were checked daily and maintained in RPMI-7% FBS. When the colony grew confluent, 

they were transferred to six-well dishes. Clones in six-well dishes were maintained until nearly 

confluent and then some of them were frozen and some were replated into T-75 flask or used for 

tumor experiment.  

 

Senescence-associated β-galactosidase staining Basic procedures were previously described 

(Bhatia et al., 2005).  

 

Subcutaneous tumor cell implantation and purification of tumor cells from xenograft 

tumors  Basic procedures were previously described (Li et al., 2009; Patrawala et al., 2007; 

Patrawala et al., 2006; Patrawala et al., 2005). For tumor development assays, cells derived from 

holoclones, meroclones, or paraclones were injected s.c. in 50% Matrigel into the flanks of 

NOD/SCID mice. To purify tumor cells, PC3 xenograft tumors were aseptically dissected out 

from animals and minced into 1-mm3 pieces in RPMI-7% FBS. After rinsing in the same 

medium (2x), tumor tissues were incubated with 1x Accumax (1,200–2,000 units/mL proteolytic 

activity containing collagenase and DNase; Innovative Cell Technologies, Inc.) at 20 mL/1 g 

tissue for 30 min at room temperature under rotating conditions. A single-cell suspension was 

obtained by filtering the supernatant through a 40-µm cell strainer, and the cell suspension was 

then gently loaded onto a layer of Histopaque-1077 gradient (1x10
6
–3x10

6 
cells/mL Histopaque 
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in a total of 3-mL volume) and centrifuged at 400 x g for 30 min at room temperature. RBC, 

dead cells, and debris were eliminated from the bottom of the tube and live nucleated cells were 

collected at the interface. Then, the single-cell suspension was used for tumorigenesis or serial 

transplantation experiments.  

Immunophenotypic characterizations of PC3 cell clones  Bulk-cultured PC3 or PC3-GFP 

cells, or clone-derived cultures were plated on glass cover slips and used in immunofluorescence 

staining for CD44, α2β1 integrin, and β-catenin using monoclonal antibodies and protocols 

described previously (Patrawala et al., 2007; Patrawala et al., 2006; Patrawala et al., 2005).  

 

Results and Discussion   

Prostate Cancer Cells in Clonal Cultures Exhibit Distinct Clonal Morphologies  

Our laboratory has been studying normal human prostate epithelial and prostate cancer stem and 

progenitor cells (Bhatia et al., 2008b; Bhatia et al., 2005; Patrawala et al., 2007; Patrawala et al., 

2006; Patrawala et al., 2005; Tang et al., 2007). Our recent work has shown the existence of 

stem-like cells in cultured as well as xenograft-derived prostate cancer cells (Patrawala et al., 

2007; Patrawala et al., 2006; Patrawala et al., 2005; Tang et al., 2007). Cultured epithelial cancer 

cells, when plated at clonal densities, have been shown to behave like primary keratinocytes and 

form colonies of distinct morphologies (Locke et al., 2005; Tang et al., 2007). Indeed, when PC3 

(Fig. 3.1.A) and Du145 (Fig. 3.6.B) prostate cancer cells were cultured at clonal densities, in 2 

weeks clones resembling keratinocyte holoclones, meroclones, and paraclones could be easily 
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ied. Like keratinocyte clones. 

  

Figure 3.1. Cultured PCa cells exhibit three distinct clonal morphologies  

PC3 (A) and Du145 (B) cells were cultured at clonal densities for 1 week. GFP images of 

holoclones (Holo), meroclone (Mero), or paraclones (Para) were shown at the bottom panels and 

phase-relief images of SA-β gal staining (Bhatia et al., 2005) at the top. Original magnifications, 

x100.  
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identified. Like keratinocyte clones (Barrandon and Green, 1985; Barrandon and Green, 1987; 

Claudinot et al., 2005), prostate cancer cell holoclones consisted of tightly packed, small cells 

and paraclones of larger and fewer cells, whereas the meroclones were made of cells of 

intermediate sizes and numbers (Fig. 3.1). Importantly, although cells in prostate cancer cell 

holoclones were homogenously small and senescence-associated β-galactosidase (SA-β gal) 

negative, most cells in paraclones were flat and large and SA-β gal positive (Fig. 3.1), suggesting 

that the latter cells were mostly senescent and non-proliferative. Many cells in meroclones were 

also SA-β gal positive (Fig. 3.1.A). These results reveal that prostate cancer cells are 

heterogeneous in establishing different types of clones.  

 

Different PC3 Cell Clones Possess Distinct Proliferative and Self-renewing Capacities. 

We previously showed that Du145 cell holoclones could be serially passaged and sustain long-

term expansion in culture (Tang et al., 2007). In this study, we focused on PC3 cells, which lack 

androgen receptor expression, are completely undifferentiated, highly tumorigenic and 

metastatic, and have been considered the most malignant prostate cancer cell line (Patrawala et 

al., 2007; Patrawala et al., 2006; Patrawala et al., 2005). We plated PC3-GFP cells at 1 cell per 

well in 96-well plates, and 2 hours after plating (to prevent cell division) we marked and selected 

those wells that contained only 1 viable cell (Fig. 3.2 A). Among the three 96-well plates studied, 

72 wells satisfied our selection criteria (see Materials and Methods) and were followed up at the 

clonal level (Fig. 3.2. B). In 2 weeks, 7 clones (10%) developed into typical holoclones and 49 

cells (68%) formed paraclones, whereas 16 clones (22%) were meroclones (Figs. 3.2 and 3.3).  
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Figure 3.2.  Clonal Heterogeneity of PC3 Cell  
 

A, schematic depicting the procedure of deriving PC3 cell clonal cultures and functional assays. 

The GFP images are representative of three types of clones. Magnification, X100. B, 

quantification of each types of clones 2 wk after plating.  
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Figure 3.3 Developmental fate of three types of clones during the 12-wk follow-up period  

 

A. Tble showing the „„survival‟‟ and „„abort‟‟ percentages of three types of clones 8 wk after 

initial plating. B. representative GFP images of two holoclones (P1E2 and P3C4), one meroclone 

(P2H3), and one paraclone (P2D4). Original magnifications, X200.  
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      We then followed the development of each individual clone in vitro through serial passaging 

and, for several clones, we also carried out serial tumor transplantation experiments (Fig. 3.2A; 

see below). As shown in Fig. 3.3B, the distinct morphologies of three types of PC3 clones were 

obvious at 2 weeks after single-cell plating. By 8 weeks, although most holoclones proliferated 

robustly and only one holoclone aborted, most (i.e., 98%) of the paraclones, on the other hand, 

had aborted and thus been terminated (Fig. 3.3A and B). Meroclones showed intermediate 

behavior: By 8 weeks, 5 of the 16 clones (31%) were abolished and could not be further 

propagated (Fig. 3.3. A). By 10 to 12 weeks after initial plating, 6 of the 7 holoclone-derived 

PC3 cells were still robustly proliferating whereas the remaining paraclone colony and the rest of 

the meroclones all aborted (Fig. 3.3.B, right panels). In all "aborted" clones, cells were generally 

big and flat (e.g., Fig. 3.3.B, bottom middle and right panels) and SA-β gal positive (not shown). 

All six holoclone-derived PC3 cells could be continuously propagated for >6 months.  

When the P1E2 holoclone-derived cells were re-plated at clonal densities, they were able to 

regenerate the full spectrum of clonal heterogeneities within 1 week (Fig. 3.4.A). 

 

PC3 Holoclones, But not Paraclones or Meroclones, Contain Stem-like Cancer Cells that 

Could Initiate Tumor Development and Sustain Serial Tumor Transplantation.  

The above serial cell passaging and re-plating experiments show that the PC3 holoclones contain 

self-renewing cancer cells or CSCs that can sustain long-term propagation in culture. The gold 

standard in measuring CSC activity is that the candidate cell populations must be able to initiate 

serially transplantable tumor development (Clarke et al., 2006; Tang et al., 2007). Therefore, we 

determined and compared the tumor-initiating capacities of PC3 holoclones, meroclones, and  
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Figure 3.4. Both P1E2 holoclone-derived cells (A) and P1E2 tumor-derived cells (B). when 

replated, can regenerate the clonal heterogeneity in culture. Original magnifications, x100. 
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Table 3.1. Tumorigenicity and serial transplantability of PC3-GFP cell clones 
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Figure 3.5. Serial tumor transplantation of three holoclone-derived PC3 cells  

A to C, tumor images of the first, secondary, and tertiary, respectively, tumor transplants. There 

are no statistical differences in tumor rates among each clone (P > 0.05; Fisher‟s test).  
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paraclones. As shown in Table 1, both PC3 and PC3-GFP cells initiated cell number–dependent 

tumor development in NOD/SCID mice. As few as 100 PC3 cells initiated tumor development in 

one of the eight injections and at 10,000 cells most of the injections of either PC3 or PC3-GFP 

cells developed tumors (Table 3.1). Three holoclones (i.e., P3C4, P1E2, and P1H8), harvested 

around 6 to 8 weeks after plating, when injected at 1,000 or 10,000 cells, all initiated 80% to 

100% tumor development in NOD/SCID mice in 47 to 75 days (Table 3.1; Fig. 3.5.A). In sharp 

contrast, two meroclones (i.e., P2A12 and P2H3) did not develop any tumors in 5 to 6 months 

even with 10,000 or 100,000 cells (Table 3.1). Most paraclones became senescent very early on, 

and these senescent cells were very difficult to harvest. The only paraclone of which we 

managed to harvest 1,000 cells did not initiate tumor development (Table 3.1). Importantly, 

when the three holoclone-derived tumors were harvested and PC3-GFP cells were purified and 

used in secondary tumor transplantation experiments, 1,000 cells of each clone regenerated 

tumors in 70% to 100% of the injections (Table 3.1; Fig. 3.5B). 

When tertiary tumor transplantation experiments were carried out with P3C4 and P1E2 

secondary tumor–derived cells, 1,000 cells again reinitiated tumor development in 90% of 

injections (Table 3.1; Fig. 3.5. C). When the P1E2 holoclone tumor–derived PC3-GFP cells were 

re-plated in clonal cultures, within one week, all three types of clones were observed (Fig.3.4.B), 

suggesting that holoclones could regenerate (or maintain) the clonal heterogeneity in vivo. These 

serial tumor transplantation experiments and re-plating assays provide concrete experimental 

evidence that PC3 holoclones contain stem-like tumor cells that can initiate serially 

transplantable tumors.  
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Holoclones Express High Levels of Stem and Progenitor Cell Markers CD44, α2β1 

integrin, and β-catenin 

To further characterize stem cell–associated properties in holoclones, we immunophenotyped 

bulk-cultured PC3-GFP (Fig. 3.6A) or PC3 (not shown) cells for the expression of three stem 

and progenitor cell markers—CD44, α2β1 and β-catenin. Our previous work has shown that the 

CD44
+
 and CD44

+
/α2β1

+
prostate cancer cell populations are enriched in tumorigenic and 

metastatic CSCs, whereas the α2β1
+
prostate cancer cells most likely mark fast-proliferating 

tumor progenitors (Patrawala et al., 2007; Patrawala et al., 2006). Furthermore, β-catenin is 

preferentially expressed in the CD44
+
 prostate CSCs (Patrawala et al., 2006). As shown in Fig. 

3.6.A, holoclones in bulk-cultured PC3-GFP cells expressed high levels of all three molecules, 

whereas paraclones showed barely detectable expression of the three markers. Staining of regular 

PC3 cells (not shown) or holoclone-derived PC3-GFP cultures (Fig. 3.6 B) revealed similarly 

differential expression patterns of these three stem cell markers. Importantly, meroclone P2H3-

derived cells, which as expected, did not form holoclones, expressed little CD44 and α2β1 (Fig. 

3.6) or β-catenin (data not shown). These immunostaining results provide direct experimental 

evidence that PC3 cell holoclones, but not meroclones and paraclones, contain stem-like cells. 

The fact that all three markers are expressed in essentially all cells in the holoclones suggests that 

these three molecules are probably expressed in both cancer stem and progenitor cells.  
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Figure 3.6. PC3 cell holoclones express high levels of stem and progenitor cell markers  
Bulk-cultured PC3-GFP cells (A), holoclone P1H8 (B), or meroclone P2H3 (C) derived cells 

were plated on glass coverslips and stained for CD44, α2β1, and/or β-catenin using monoclonal 

antibodies. Original magnifications, X100.  
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      In summary, we addressed in this study the critical question of whether epithelial cancer cell 

holoclones may contain stem-like cells. Through clonal analyses, serial passaging in vitro, serial 

tumor transplantation experiments, re-plating assays, and immunophenotyping, we provide 

unequivocal evidence that PC3 prostate cancer cell holoclones contain self-renewing cancer cells 

that could initiate serially transplantable tumors. Because tumor regeneration in serial 

transplantation experiments is the current gold standard for defining CSCs (Clarke et al., 2006; 

Tang et al., 2007), our results suggest that PC3 holoclones contain putative CSCs. In support, 

PC3 cell holoclones, but not meroclones and paraclones, express the three well-established stem 

and progenitor cell markers mentioned above. This suggestion is also consistent with primary 

keratinocyte holoclones containing normal stem cells (Barrandon and Green, 1985; Barrandon 

and Green, 1987; Claudinot et al., 2005). The observations made herein are unlikely restricted to 

only PC3 cells as Du145 holoclones can also be serially passaged and sustain long-term 

propagation (Tang et al., 2007) and many other epithelial cancer cells form holoclones that also 

express CSC markers such as CD44 (Locke et al., 2005).Future work will focus on devising 

ways to enrich for stem-like cells in cancer cell holoclones and then prospectively purifying them 

and characterizing their biological properties. 
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Chapter IV: Microenvironment-Regulated Manifestation of 

Metastatic Prostate CSCs 

Introduction  

The CSC hypothesis proposes many similarities between normal SCs and CSCs. The CSCs may 

be a small population that expresses normal SC markers, and may undergo asymmetric division 

(Reya et al., 2001). Evidence suggests that CSCs have the ability to reinitiate serially 

transplantable tumors (Li et al., 2009; Shackleton et al., 2009). The SC niche plays a critically 

important role in maintaining SC properties and preventing depletion of SCs and may further 

endow additional functions to SCs. Compared with the SC niche, the tumor microenvironment is 

also proven to serve a significant role to modulate tumor growth, progression and metastasis 

(Fidler et al., 2007).  

A fundamental unanswered question is whether or not this tumor microenvironment behaves 

like the niche? Tumor microenvironment that comprised  non-malignant stromal cells, 

inflammatory cells fibroblasts, soluble factors, vascular networks, nutrients and metabolic 

components, and the structural extracellular matrix (ECM) components have been better 

characterized than that of metastatic sites and has been shown to promote tumor metastasis 

(Fidler et al., 2007). The metastatic niche model suggests that only those primary tumors with a 

pre-metastatic niche that is characterized by an inflammatory microenvironment allow tumor 

cells to disseminate and proliferate at the secondary site (Peinado et al., 2008; Psaila and Lyden, 

2009). In addition, the CSC hypothesis would not be complete without a link to metastasis; 

human tumors at advanced stages (such as Gleason grade 9-10 PCa) may also contain subsets of 

cells that have already been bestowed with the ability to disseminate and metastasize (An et al., 
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1998). Therefore, the ideal ‗reconstitution‘ system should also allow the manifestation of the 

metastatic potential of these rare cells. Putative breast CSCs, isolated mostly from metastases, 

were shown to possess high tumor-reinitiating ability without showing increased metastatic 

potential (Sheridan et al., 2006), presumably reflecting an inadequate microenvironment in the 

―reconstitution‖ system to recapitulate the metastatic propensity of the presumptive CSCs (Hurt 

and Farrar, 2008; Sheridan et al., 2006).  Hence, the relationship between CSCs and metastatic 

niche is the next urgent question. Not many reported studies have specifically addressed this 

question. The CSC model may be the best to answer this question since the CSC perhaps possess 

the intrinsic ability to metastasize.  

Clinically, PCa metastasizes to lymph nodes (LN), bone, lung, liver, pancreas, and some 

other organs with a preference for the bone, suggesting that the end-organ microenvironment has 

a great influence on the route and pattern of PCa cell dissemination (Morrissey and Vessella, 

2007). Experimentally, metastasis is most frequently studied by implanting human PCa cells in 

different sites of recipient mice followed by observation of pattern/extent of disseminating tumor 

cells. It has long been observed that various human cancer cells implanted into an orthotopic 

organ environment in mice display much more widespread and extensive metastasis than tumor 

cells implanted at an ectopic site (Fidler, 2002; Fidler et al., 2007; Langley and Fidler, 2007). 

This widely-established phenomenon suggests that the microenvironment in which human cancer 

cells are implanted also greatly influences the manifestation of their metastatic potential in 

recipient mice. For example, Dr. Fidler‘s group reported in 1992 that in an experimental mouse 

model, PC3-M cells implanted in an orthotopic site (i.e., prostate) led to widespread metastasis 

whereas the same tumor cells implanted in an ectopic site such as subcutaneous (s.c), though 
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showing similar tumor development, failed to give rise to significant metastasis (Stephenson et 

al., 1992). Many subsequent studies (An et al., 1998; Jantscheff et al., 2009; Rembrink et al., 

1997; van Weerden and Romijn, 2000; Wang et al., 2005a; Wang et al., 2005b; Yang et al., 

1999), using similar and improved animal models, provide confirmation of the essential role of 

the ‗orthotopic‘ environment in reconstituting the metastatic capacity of human (prostate) cancer 

cells. The clinical (Morrissey and Vessella, 2007) and experimental (Fidler, 2002; Hoffman, 

2002; Langley and Fidler, 2007) observations, taken together, imply that the mouse prostatic 

microenvironment resembles, at least partly, the human prostate microenvironment. Despite 

these important and long-held observations, what factors in the orthotopic microenvironment and 

what microenvironment-affected genes in PCa cells which promote the manifestation of 

metastatic potential remain scarcely understood. 

      Genomic microarray has been widely applied in tumor microenvironment field (van 't Veer et 

al., 2002). Gene expression profiles identified by these studies are applied either for 

mechanismal studies or for clinical related diagnosis and prognosis. Recent large scale genetic 

microarray studies on human breast cancer and prostate cancer indicated that tumor stroma, or 

tumor microenvironment, is correlated to tumor progression, angiogenesis, and metastasis 

(Allinen et al., 2004; Dakhova et al., 2009; Dhanasekaran et al., 2001; Foye and Febbo; Hu and 

Polyak, 2008b; Ma et al., 2009; Patocs et al., 2007; Richardson et al., 2007; Tomlins et al., 2007; 

True et al., 2006; Varambally et al., 2005). However, most of these gene signature studies used a 

single model and it may be generally difficult to clearly distinguish the epithelial from the 

stromal parts with the current microdissection techniques. Hence, human xenograft model may 

be an ideal model to study interaction between epithelial and host stroma in that human cancer 
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cells can be distinguished from mouse stromal cells by using human and mouse microarray, 

respectively. In addition, there have not been many microarray studies applied to CSC and their 

regulation by tumor microenvironment. Though a CSCs gene signature has been associated with 

metastasis and malignance, many functional assays were not performed in this study (Ben-Porath 

et al., 2008). Whether or not these stemness genes lead or contribute to metastasis is still 

uncertain. 

Herein, in order to address these microenvironment-related questions, we set up orthotopic 

and ectopic PCa xenograft models with different metastatic profiles; we also performed both 

human and mouse gene microarray analysis by comparing these two types of tumors and 

identified a significant CSCs metastasis gene signature. We further purified a metastatic CSC 

population and show that this population significantly regulates metastasis. These data provide 

insight into understanding of the CSC niche and metastatic CSCs during PCa progression. 

 

Materials and Methods 

 

Cells, reagents, and animals  Several metastatic PCa cell lines and xenografts (Li et al., 2008; 

Patrawala et al., 2007; Patrawala et al., 2006; Patrawala et al., 2005) were used in the current 

study, including PC3 and LAPC9 (derived from bone metastases), LNCaP and LAPC4 (derived 

from LN metastasis), and Du145 (derived from brain metastasis). LNCaP, Du145, and PC3 cells, 

or their GFP-labeled derivatives (Li et al., 2008), were cultured in RPMI 1640 medium 

containing 7% of heat-inactivated fetal bovine serum (FBS). Xenograft human prostate tumors 

LAPC-4 and LAPC-9 were courtesy of Dr. C. Sawyers (Tsingotjidou et al., 2001) and were 
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maintained in NOD/SCID mice. Du145 xenograft tumors were established using early-passage 

cells and maintained in NOD/SCID mice. GFP-(or RFP) labeled xenograft tumors (i.e., Du145, 

LAPC4, and LAPC9) were established by infecting freshly purified tumor cells with a lentiviral 

vector encoding GFP (or RFP) followed by transplanting FACS-purified tumor cells into 

NOD/SCID mice. All animals were obtained from Jackson Laboratories and were maintained in 

standard conditions according to institutional guidelines. The isotype control antibody and FITC, 

PE, or AlexaFluor-conjugated secondary antibodies were from Chemicon. All chemicals were 

obtained from Sigma unless specified otherwise.   

 

Analysis of spontaneous metastasis  

Potential metastasis was first monitored in animals by symptoms such as hunched posture, 

irregular breathing and gait, and paraplegia. When systemic symptoms and/or primary tumor 

burden became obvious or the tumor-bearing animals became moribund, animals were sacrificed 

by CO2 euthanization and cervical dislocation. Necropsy was performed to isolate individual 

organs and to visually examine them for gross metastases (i.e., metastatic nodules, metastatic 

adhesions, etc). The presence of metastases in each organ was first screened under a whole-

mount epifluorescence Stereo Microscope (Nikon SMZ1500) with a DXM1200F digital camera 

and imaging software. Then individual organs were dissected and, after thorough rinsing, 

subjected to collagenase (type I) digestion (37ºC; 60 min) followed by trypsin (0.25%; 37ºC; 8 – 

15 min) digestion. The resulting single-cell suspension and small tissue pieces from the whole 

organ were plated on a collagen-coated culture dish in RPMI1640 plus 8% FBS. The presence or 

absence and the relative abundance of metastatic, GFP
+
 PCa cells in different end organs were 
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independently screened and semi-quantified by two individuals under an Olympus BX50 

fluorescence microscope. The detection sensitivity was up to 1 GFP
+
 cell. Then cells were 

cultured in RPMI-FBS medium. In some experiments, the expanded PCa cells derived from 

metastatic sites were purified using FACS and used in secondary tumor and metastasis assays. 

 

cDNA microarray analysis 

Total RNA was extracted from tumor pieces by using an RNeasy RNA-purification kit (Qiagen, 

Valencia, CA), including on-column DNase digestion to completely remove contaminating 

genomic DNA. RNA concentrations were determined using a NanoDrop and the quality assessed 

using a BioAnalyzer. Microarray experiments were carried out using the 44k 60-mer ―Human 

Whole Genome Oligo Microarray Kit‖ from Agilent (Agilent Technologies, Alto, CA) with 500 

ng of total RNA as starting material according to the manufacturer‘s protocol. This array is 

specific for and only detects human genes. 200-500 ng of total RNA was used for each sample in 

cRNA synthesis. SC samples were labeled with Cy3 and DP samples were labeled with Cy5. The 

DP and SC samples from the same animal were hybridized in triplicate (i.e., there were a total of 

9 hybridizations) and the arrays were scanned with Agilent‘s dual-laser based scanner. Feature 

Extraction software GE2-v4_91 was used to link a feature to a design file and determine the 

relative fluorescence intensity between the two samples (Append. II). Each comparison (i.e., 

DP1 vs SC1, DP2 vs SC2, DP3 vs SC3) was first analyzed individually and data was combined 

later as the samples were biological triplicates. Using the normalized arrays, fold-change values 

were computed for each one of the comparisons and the probe sets showing a ≥2 fold change 

were identified. A mean fold change value for each gene (i.e., DP1/DP2/DP3 vs SC1/SC2/SC3) 
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was computed and the two aggregate groups were compared by means of paired t-test and the 

associated p-values were obtained. Therefore, a total of 21 G4112F-014850 Agilent microarrays 

(each array containing 45,015 probe sets) were used. Hybridization was performed at 65ºC for 17 

hrs and hybridized arrays were scanned with Agilent‘s dual-laser based scanner. Feature 

Extraction software GE2-v5_91 was used to link a feature to a design file and determine the 

relative fluorescent intensity between the two samples.  

We used the lowess-normalized data provided with the data files (columns 

gDyeNormSignal and rDyeNormSignal), using the annotation provided by Agilent 

(http://www.chem.agilent.com/cag/bsp/gene_lists.asp?arrayType=gene).We focused on the 

18,841 distinct gene symbols with each symbol corresponding to one or more probe sets. In the 

case of multiple probe sets per gene, they were treated as additional replicates for the analysis. 

For each one of the 18,841 genes, we identified the corresponding probe sets (one or more) and 

applied a paired t-test between the group of interest and the control (sample #1). The paired t-test 

yields t-statistic values as well as p-values to assess the statistical significance of differential 

expression. For each comparison between the group of interest and control, a beta-uniform 

analysis (BUM) was performed on the corresponding p-values (Welsh et al., 2001) to control for 

the false discovery rate (fdr) that is typically used to account for multiple testing in high 

throughput data. In this case, we used a rather small fdr value, equal to 0.0001. All comparisons 

yielded a varying and large number of significant genes.  

 

Hierarchical Clustering Analysis  
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The genes were ranked based on their fold change. Either complete list of up and down regulated 

genes or the top 100 (50) up and down regulated genes in human and mouse arrays were selected 

for clustering analysis. Two-way clustering was then carried out on these gene expression values 

in 9 mouse/human arrays, with Euclidean distance and average linkage. All the analyses were 

performed using R (Version 2.10.0). 

 

Meta-analysis 

Nine prostate cancer datasets (Figure A in 4.30) with primary and metastasis prostate tumors 

were downloaded from ‗Oncomine‘ (Compendia Biosciences, Ann Arbor, MI). Of all the 

differentially expressed genes in DPvsSQ comparisons (human), 429 up-regulated and 114 

down-regulated genes are detected in at least one dataset. If a gene were significantly up-

regulated (p<0.05) in at least 3 datasets, it was arbitrarily set as a consensus up-regulated gene in 

prostate cancer metastasis. The same method was applied for the down-regulated genes. 

 

Ingenuity Pathway Analysis (IPA) 

We used an online tool based on a curated database, the Ingenuity Pathways Knowledge Base 

(IPKB), to annotate genes and to determine potential regulatory networks and pathways. The 

IPKB contains information on human, mouse, and rat genes including annotations, synonyms 

and over 1.4 million published biological interactions between genes, proteins and drugs. This 

database is continually updated and supplemented with curated relationships taken from 

MEDLINE abstracts; i.e. each gene interaction held in the IPKB is supported by published 

information. IPKB thus provides a framework by which lists of genes identified by large scale 
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microarray studies can be annotated in terms of their functional relationships, and those that have 

been shown to interact. 

Gene Ontology 

Gene ontology (GO) analysis was carried out using Gene Ontology Analysis module from 

ArrayTrack microarray analysis suite developed by (food and drug administration) FDA‘s NCTR 

(Fang et al., 2009) and also by using WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) 

developed and maintained by the bioinformatics resource center at Vanderbilt. When a gene was 

associated with multiple GO terms, gene card from NCBI was used to assign the gene to the 

appropriate GO term based on its functions.  

Purification of human PCa cells from xenograft tumors  

Basic procedures have been previously described (Li et al., 2008). Briefly, Du145, LAPC-4, and 

LAPC-9 xenograft tumors (either regular or GFP-tagged, see below) were aseptically dissected 

out from animals and minced into ~1 mm3 pieces in DMEM or RPMI supplemented with 10% 

FBS. After rinsing in the same medium (2x), tumor tissues were incubated with 1x Accumax 

(1,200 – 2,000 U/ml proteolytic activity containing collagenase and DNase; Innovative Cell 

Technologies, Inc, San Diego, CA) at 10 ml/1 g tissue in DPBS for ~30 min at room temperature 

under rotating conditions. A single cell suspension was obtained by filtering the supernatant 

through a 40-ｕm cell strainer and the cell suspension was then gently loaded onto a layer of 

Histopaque-1077 gradient (1 – 3 x106 cells/ml HistoPaque in a total of 3 ml volume) and then 

centrifuged at 400g for 30 min at room temperature. Red blood cells, dead cells, and debris were 

eliminated from the bottom of the tube and live nucleated cells were collected at the interface. 

The resultant cell mixture was depleted of lineage-positive host cells using the MACS Lineage 
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Cell Depletion Kit (Miltenyi Biotec, Auburn, CA). Briefly, cells were first incubated (10 min at 

4ºC) in the staining solution (PBS, pH 7.2, 0.5% FBS, 0.5ug/ml insulin) containing biotinylated 

antibodies against a panel of lineage antigens (CD5, CD45R, CD11b, anti-Ly-6G, 7-4, and Ter-

119). Cells were then incubated with anti-biotin Microbeads (15 min at 4ºC) and the Lin- cells 

were eluted using the MS columns. The eluted PCa cells were all human epithelial cells as 

confirmed by their expression of Ber-EP4, a surface marker unique to human epithelial cells.  

 

Purification of human PCa cells from primary tumors  

The basic protocol is modified from the above xenograft tumor protocols (Li et al., 2009). 

Briefly, patient tumors were minced into ~1 mm3 pieces and tissues are subjected to enzymatic 

digestion (type I collagenase plus DNase at 50 U/ml 4 h to overnight, depending on the size and 

composition of tumors). Upon digestion, epithelial organoids are enriched by a brief 

centrifugation followed by trypsin digestion to release epithelial cells. Samples are then 

subjected to a discontinuous Percoll gradient purification step to remove the majority of 

mononuclear blood cells and dead cells. Finally, the cell preparation is subjected to a negative 

selection process using the MACS and the antibody cocktail (anti-CD3, 14, 16, 19, 20, 45, 56, 

and 140b) to remove the Lin
+
 cells including hematopoietic, endothelial, and other stromal cells 

(smooth muscle, myoepithelial, fibroblast, etc). This digestion/purification procedure takes 6-8 h 

to accomplish and generally results in >98% pure human epithelial cells as judged by Ber-EP4 

staining. Purified human PCa cells are resuspended in IMDM-20% FBS for use. 
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Flow-Activated Cell Sorting (FACS) Based on Cell Surface Markers, Side Population 

Phenotype, or GFP Expression 

Basic procedures have been described previously (Patrawala et al., 2007; Patrawala et al., 2006; 

Patrawala et al., 2005). The GFP
+
 metastatic tumor cells ( LM1&BM1) were sorted using a flow 

cytometer (Coulter) from culture of distant metastatic organ and used for secondary enrichment 

metastatic injection. Sorting by cell surface markers OPN, CD24, CD44, CXCR4, ABCG2 and 

CD133; and side population phenotype were performed as previously described (Patrawala et al., 

2007; Patrawala et al., 2006) , and sorted cells directly used for tumor implantation experiment 

or RNA extraction for Real-time qRT-PCR. 

 

s.c tumor cell injection  

Basic procedures have been previously described (Li et al., 2008). Briefly, NOD/SCID mice 

(male, 6-8 week old) were injected s.c. with different cell numbers in 50ul of medium containing 

~50% Matrigel. Tumor development was monitored starting from the second week. 

Tumorigenicity was measured mainly by tumor incidence (i.e., the number of tumors/number of 

injections), latency (i.e., time from injection to detection of palpable tumors), and tumor weight. 

All animals were terminated at 6-9 months after tumor cell injection. Tumors were fixed in 

formalin and paraffin sections were made for H&E staining and immunohistochemistry. 

 

Dorsal prostate (DP) implantation 

Basic procedures have been previously described (Li et al., 2009; Patrawala et al., 2005). 

Briefly, male NOD/SCID mice (6-8 weeks) were anesthetized by ketamine/xylazine (65 mg/kg 
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body weight) and isoflurane as needed in supine position. A lower horizontal abdominal incision 

was made, the bladder and seminal vesicles were gently pulled out to expose the DP, and then a 

total of 20ul cell suspension (10ul cell-containing medium mixed with 10ul Matrigel) was 

injected into the DP using a 30-gauge Hamilton syringe. Then the organs were gently put back 

into the body cavity and the surgical wound was closed in two layers with 4-0 Dexon interrupted 

sutures. The abdominal incision was closed in one layer by using surgical staples. All procedures 

were performed under a dissecting light microscope.  

 

Anterior prostate (AP) implantation 

PCa cells at different numbers were first mixed with type I rat collagen and incubated in a tissue 

culture plate at 37℃for 10-15 min. Then the solidified cell pellets were gently covered in 

medium and cultured for 4 hrs to overnight prior to implantation. For AP implantation 

(Stephenson et al., 1992; Wang et al., 2005a; Wang et al., 2005b), a transverse incision was 

made in the lower abdomen to expose the AP by partially pulling the bladder, seminal vesicles 

and prostate out of the abdominal cavity. A 2-3 mm incision was made in the AP through the 

tubule between the two main ducts with the aid of a 22-gauge needle. Using a fire-rounded glass 

pipette tip, the collagen dots were inserted into a pocket formed under the prostate tubule. Then 

the organs were replaced and the body wall and skin closed. In some experiments, tumor pieces 

of ~2-3 mm were implanted using a sterile trocar. 

 

Cell recombination with rat urogenital sinus mesenchyme (rUGM) followed by kidney 

capsule (KC) transplantation (the rUGM/KC protocol) 
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Basic procedures have been described (Staack et al., 2003). The whole procedure of KC grafting 

can be found in an illustrated tutorial at              

http://mammary.nih.gov/tools/mousework/Cunha 001/index.html. Briefly, the UGM was first 

isolated from E17 – E18 rat embryos. PCa cells at various numbers were then mixed with 

different portions of rUGM using a rough ratio of one rUGM per 200,000 PCa cells. Then tissue 

recombinants were made in collagen as described above and incubated overnight prior to 

transplantation. For KC transplantation, the host NOD/SCID mice were routinely supplemented 

with testosterone pellet and generally one kidney received the transplantation. Grafts were 

collected and analyzed 2 - 5 months later. 

 

Immunofluorescence staining and Western blotting 

Basic procedures have been described (Bhatia et al., 2003; Chandra et al., 2006; Chandra et al., 

2004). For surface proteins, cells were fixed in 4% paraformaldehyde (PFA) and then directly 

used in immunolabeling. For cytosolic proteins, cells were first permeabilized with 1% Triton X-

100 and then used in immunostaining. For nuclear proteins, cells were stained as for cytosolic 

proteins except that 0.5% Triton X-100 was included in the primary and secondary antibody 

solutions. For cytoskeletal proteins (i.e., CK5 and CK18), cells were fixed and permeabilized in 

methanol/acetone (1:1; -20ºC) for 10 min and then used in immunostaining. Cells were both 

analyzed for fluorescence intensity and quantified for the percentage of positive cells. For the 

latter, 600 – 1,200 cells were counted for each condition and statistical analyses were performed 

using the Student‘s t-test.  

 

http://mammary.nih.gov/tools/mousework/Cunha%20001/index.html


71 

 

Immunohistochemical (IHC) staining of paraffin-embedded sections or cryosections 

For IHC, formalin fixed, paraffin-embedded tissue sections (5 mm) were deparaffinized and 

hydrated. Endogenous peroxidase activity was blocked with 3% H2O2 in water for 10 min. 

Antigen retrieval was performed with 10 mM citrate buffer (pH 6.0) for 10 min in a microwave 

oven followed by a 20-minute cool down and thorough wash. These treated slides or 

cryosections (8 mm) were incubated with Biocare Blocking Reagent (#BS966M with casein in 

the buffer; Biocare, Concord, CA) for 10 min to block non-specific antibody binding. After 

draining, slides were incubated with various primary antibodies (at 100 – 2,000 dilutions as 

determined from pilot experiments) for 30 minutes at room temperature. Slides were washed in 

phosphate buffer twice and then incubated in biotinylated goat-anti-rabbit or mouse IgG (Vector 

Laboratories, Burlingame, CA) at a 1:500 dilution for 30 min at RT. After thorough washing, 

slides were incubated with SA-HRP (BioGenex Laboratories Inc., San Ramon, CA) for 30 

minutes at room temperature followed by washing. Finally, slides were incubated with BioGenex 

DAB substrate and color development was closely monitored under a microscope. In most cases, 

slides were lightly counterstained with hematoxylin. For cytoskeletal protein (e.g., CK5 and 

CK8) staining, slides were treated with proteinase K (0.06%) for 20 min prior to blocking. 

 

Lentiviral Production and Transduction of Cancer Cells 

The pLL3.7 lentiviral vectors have been previously described (Li et al., 2008; Zaehres et al., 

2005). The pCMV-DsRed-Expression 2 vector ( Clontech, Mountain view, CA) is a lentiviral 

vector that is expressed in mammalian cells and consistently express red fluorescent protein for 

whole cell labeling or as a marker for construct transfection. pGIPZ constructs have been 
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previously described (Jeter et al., 2009), and were obtained from Open Biosystems (Open 

Biosystems, Huntsville, AL), and included the non-silencing verified (shRNA expressing) 

pGIPZ-negative control vector (cat# RHS4346), pGIPZ-OPN,MMP9,CD24,TGFβ1,TGFβ

2,IL-1β,ESM1. For LL3.7 and TRC constructs, lentivirus was produced in 293FT packaging 

cells (obtained from Clontech) using modified protocols previously described (Zaehres et al., 

2005).  In brief, geneticin selected, early-passage 293FT cells (6 million/15 cm dish) were 

transfected with the RRE (6 mg), REV (4 mg) and VSVg (4 mg) packaging plasmids, along with 

a lentiviral vector (6 mg) using Fugene 6 at a 1:2.7 ratio of DNA (mg) to transfection reagent 

(ml). At 36-48 h, media containing virus were collected and fresh media added. After an 

additional 12-24 h of culture, viral supernatants were again collected, pooled, and 

ultracentrifuged to produce concentrated viral stocks. Individual titers were determined for the 

GFP-tagged virus using HT1080 cells.  pGIPZ constructs were similarly packaged into lentivirus 

using 293T cells according to the Trans-Lentiviral Packaging system (cat# TLP4615; Open 

Biosystems, Huntsville, AL). Viral containing media was collected and ultracentrifuged, and the 

titer determined, as described above.  Cells were plated 24 h earlier and infected at 

approximately 50% cell density. Cells were harvested for in vitro or in vivo characterization 48-

72 h post-infection.. Aggregates were gently dissociated by a brief digestion in Accumax prior to 

injection. For primary tumor-derived cells, tumor cells and viruses were plated together on 

collagen-coated dishes. After infection, cells were dissociated by Trypsin/EDTA, followed by 

Trypsin Neutralization Solution.  The resultant single-cell suspensions were replated in PrEBM 

or used for tumor transplantation studies as described above. 
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Real-time quantitative RT-PCR analysis 

Basic procedures have been previously described (Jeter et al., 2009). Briefly, total RNA was 

extracted from cancer cells by using an RNeasy RNA-purification kit (Qiagen, Valencia, CA, 

http://www1.qiagen.com). RT-PCR was performed using an ABI Prism 7900HT and the 

TaqMan system (ABI; Applied Biosystems, Foster City, CA, 

http://www.appliedbiosystems.com). 

 

Invasion and migration assays 

The original assay were developed by McEwan‘s group (Albini et al., 1987), the Biocoat 

Matrigel invasion chamber was purchased from Becton Dickinson (Bedford, MA), which 

consists of an 8-μm pore size polyethylene terephthalate (PET) membrane that has been overlaid 

with Matrigel (basement membrane matrix). PC3,C-4-2, PC3-GIPZ-MMP9 cells were suspended 

at 2.5 ×10
3
  cells/0.25ml in serum-free media, then were added to the upper chamber. Next, 0.5 

ml  media with 15% serum added to the lower chamber. The chambers were incubated for 22 h 

at 37°C in a humid atmosphere of 5% CO2. After incubation, the filters were fixed ( we did not 

stain the filters since our cells are all GFP labeled)and the upper surface of the filters was 

scraped twice with cotton swabs to remove non-invading cells. The experiments were repeated in 

triplicate wells, and the number of invading cells in ten high-power fields per filter was counted 

microscopically at × 400 magnifications. The data were processed by the method described in 

migration assay. 

 Statistical Analysis 

http://www.appliedbiosystems.com/
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All statistical analyses were performed in SigmaPlot using unpaired Student‘s t-test, ANOVA 

(F-test), or χ2
 test, depending on the nature of comparisons and type of data. 

   

Results and Discussion 

Human PCa Cells Implanted Into The Mouse Prostate Demonstrate More Widespread 

Metastasis than Cells Implanted at Ectopic Sites. 

The orthotopic tumor xenotransplantation model has played an important role in understanding 

human cancer metastasis (Kang, 2009). It is the xenograft model that most closely mimics the 

process of human cancer metastasis, probably because the primary tumor grows up in a similar 

microenvironment to that of the human tumor and thus produces spontaneous metastasis. 

Subcutaneous implantation is a widely-used xenograft ectopic model in cancer research due to its 

ease of handling and low cost. Most recent CSC studies use the s.c. injections as the primary 

method of growing tumors. However, when compared the metastatic profiles between orthotopic 

tumor and s.c. tumor, Dr. Fidler‘s group first indicated that orthotopic models always produce 

more metastasis than sc models in PCa (Stephenson et al., 1992). One of the most direct 

conjectures for this interesting phenomenon is about angiogenesis. Surprising, Dr. Jain and Dr. 

Fukumura‟ s works did not show consistently that orthotopic microenvironment promoted 

vascular endothelial growth factor/ vascular permeability factor (VEGF/VPF) increasing 

compared with s.c. microenvironment. In pancreas tumor model, there are more VEGF in 

orthotopic tumors than that of s.c. tumors (Tsuzuki et al., 2001); but in colon cancer and breast 

cancer model, the results were reversed that there were more VEGF expression in s.c. tumors 

(Fukumura et al., 1997; Monsky et al., 2002). There was no difference in the expression of 
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VEGF between orthotopic and s.c. tumors in gallbladder tumor model (Gohongi et al., 1999). 

Fidler‟s subsequent work revealed a few metastasis-related genes upregulated in the orthotopic 

tumors versus s.c. tumor in colon and renal tumor models (Kitadai et al., 1995; Morikawa et al., 

1988), a full molecular mechanism underlying this highly metastatic orthotopic 

microenvironments is still lacking.  

In the PCa field, there has not been a comprehensive study comparing tumorigenic and 

metastatic ability of human PCa cells implanted at different sites in the recipient mice. Our 

preliminary data in two distinct type of PCa: PC3 (Figure 4.1) and LAPC9 (Figure 4.2) 

demonstrated that DP microenvironment allows more metastasis profiles than the s.c. site. In 

order to further determine how transplantation sites/microenvironments may affect PCa 

metastasis, we did a comprehensive study that not only looks at the metastatic difference 

between these sites, but also the difference in tumor growth (table 4.1, and figure 4.3 B, C).  

Since the PC3 line is an AR-independent, PSA negative line, we also used other prostate 

cancer lines that are AR dependent and PSA positive in the same experiment. Finally, we choose 

PC3, DU145, LAPC9, LAPC4 and LNCaP as a representative for PCa line.  This will allow us to 

find some common mechanism in the whole PCa fields. We injected different cell number 

according limited dilution into these two sites (DP vs s.c.) by using these five PCa lines.  
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Figure 4.1. Different metastatic potential of PC3 cells implanted in the prostate vs s.c  

 

(A)10,000 PC3-GFP cells were injected into DP and subcutis, respectively. After 8 weeks, 

tumors were harvested and metastases were checked in multiple organs. In this figure, whole 

organ level GFP image showed the metastasis. Lung, kidney, spleen and pancreas were used as 

the representative metastasis organs. (B)Summary of experiments in A. Tumor incidence and 

mean tumor weight for each animal were indicated. For DP experiments, 6 of the 7 animals 

developed tumors. For SC experiments, each animal received two implantations and all 4 

animals developed two tumors each. Metastasis was screened by whole organ imaging and 

incidence was presented (% in the parentheses). (C) Dual color assays. PC3-GFP and PC3-RFP 

cells (100,000 each) were implanted in the DP and s.c, respectively, in the same mouse, which 

was terminated 45 days after implantation. Shown are the representative lung and LN images of 

metastasis. (D)Reciprocal dual color assays. PC3-RFP and PC3-GFP cells (100,000 each) were 

implanted in the DP and s.c, respectively, in the same mouse, which was terminated 45 days after 

implantation. Shown are the representative lung and LN images of metastasis. 
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Figure 4.2. Differential Lung metastasis between DP and sc implanted cells (10,000)   

 

(A) 10,000 LAPC9-GFP cells were implanted in the DP. Alternatively, two s.c injections each of 

10,000 cells were carried out in NOD/SCID mice. All animals were terminated at ~2 mo. Shown 

are representative phase and GFP images of the lungs. 

(B) Quantification of GFP dots in the lungs shown in (A). (C) Representative IHC GFP staining 

of lungs from DP and s.c. injected mouse.  
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Table 4.1. Tumor-initiating frequency (TIF) of PCa cells subcutaneously (s.c) versus DP 

implanted in NOD/SCID mice 

 

 

#Cultured cells injected in Matrigel (1:1) in female NOD/SCID mice (because both Du145 and PC3 cells 

are AR-/PSA-). 

$Cultured cells injected in Matrigel (1:1) with or without testosterone pellet (TP) in male NOD/SCID 

mice. 

&Cells acutely purified from xenograft tumors were injected in Matrigel (1:1) in male NOD/SCID mice. 

$$Determined by the L-CalcTM software (Stemcell Technologies). The ranges are indicated in the 

parentheses. 

*Determined by the fold difference in TIF between s.c versus DP is indicated in parentheses. 
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Figure 4.3. Human PCa cells implanted into orthotopic sites demonstrate less primary 

tumor growth and more widespread metastasis than cells implanted in the ectopic sites 

(A)  Illustration of mouse DP and AP, as well the DP/AP versus s.c. injection strategy. (B) we implanted 10,000 

PC3,DU145, LAPC9, LAPC4 and LNCaP cells each on the three different sites( DP,AP and s.c.), the tumor rate( # 

tumors/# injected mice) were compared and shown in the bar graph. (C) to compare the metastases profiles  of 

different sties implantations, we implanted 100,000 GFP labeled PCa including PC3, DU145, LAPC9,LAPC4, 

LNCaP and human primary tumor derived lines HPCa80 into two orthotopic sites( DP & AP) and one ectopic site ( 

s.c.). When the tumor was harvested, total of nine organs were checked including BM, lung, pancreas, spleen, 

kidney, liver, brain, adrenal LN, LN( other sites LN except the adrenal LN), GFP dots were checked according the 

way in (Methods and Materials). We counted the number of GFP invaded organs versus total organs number we 

checked (organs number X mice number we checked). The ratio is the organ metastasis rate and used for the bar 

graph. By compared with s..c model, # : p < 0.001 * p<0.05 (D) a curve graph was made to connect the primary 

tumor size (tumor weight) with distant lung metastasis (demonstrated by GFP green dots). Each dot of the curve was 

made by using primary tumor weight labeled in horizontal axis and the responsible lung metastasis in this primary 

tumor-bearing mouse counted in vertical axis. For each curve, multiple primary tumor-number of lung metastasis 

dots were applied to form the whole curve. PC3 and LAPC9 PCa lines were injected into DP or s.c. respectively and 

tumor and lung metastasis were checked. With the same primary tumor weight, the lung metastasis is dramatically 

different from different transplant site tumors.  
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    In table 4.1, we found a very surprise phenomenon, when these identical PCa cells were put 

into two different transplant sites, they exhibited dramatically different tumorigenesis potential. 

Subcutis implantation improved tumor growth with the presence of significant higher Tumor-

initiating frequency (TIF). Additionally, because AP is another orthotopic site for PCa, we 

further test the tumor grow and metastasis profiles in AP. When you injected 10,000 cells of each 

PCa lines into these three sites( DP, AP, and s.c.), as shown in figure 4.3 B, the tumor rates are 

also significant different between  s.c. site and two orthotopic sites. The DP site seems to be less 

conducive for tumor growth, as 10,000 cells could lead to tumors only in PC3 and LAPC9, two 

of the most aggressive prostate cancer lines, but not in in LAPC4, DU145 and LNCaP. In 

contrast, the sc site more easily allows prostate cancer line to produce tumors. Either DP and AP 

has much lower tumor rates compared with s.c. sites. These results revealed that these two sites 

are different in promoting tumor growth.  

 Since our main purpose is to analyze metastasis and we already showed that PC3 and LAPC9 

have more DP derived metastasis (Figure 4.1, 4.2), we further test the metastasis potential of AP 

model.  We expected to demonstrate that not only the specific DP site, but the orthotopic 

environment promotes metastases. By using GFP label cells, we found not only DP models show 

enhanced metastasis production, but AP model exhibit the same phenomenon as well ( figure 

4.4). AP-implanted PC3 cells, much like DP-injected cells, showed extensive dissemination 

(Figure 4.4).  

Metastasis usually is not limited in one single organ.  Hence, we did a comprehensive check 

of metastasis in multiple organs including lung, spleen, pancreas, liver, kidney, renal lymph 

node, brain and bone marrow. In order to quantify these metastasis profiles between mice, we  
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Figure 4.4. The AP-implanted PCa-GFP cells metastasize to multiple organs  

Shown are representative organ images (upper panels, phase; lower panels, GFP) of 1 million Du145-GFP 

cells (A and B), 1 million LNCaP-GFP cells (C) and 10,000 (D) or 1 million (E) of PC3-GFP cells 

implanted in the AP of NOD/SCID mice and harvested ~60 days post implantation. Animal numbers are 

indicated on top.   
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Figure 4.5 HPCa-80 Tumor growth and metastasis profiles in two implantation site DP vs 

sc    
 

We developed HPCa80 cells from human primary patient and maintained in mice in vivo.  After 

dissociated the tumor and these single HPCa80 cells were infected with our GFP vector. Then we 

implanted 500,000 HPCa-80-GFP cells into DP and s.c. respectively. (A) GFP and phase image 

of mouse lung, spleen, pancreas, and liver from HPCa80 DP implantation (500,000 cells) are 

exhibited. GFP dots in organ showed metastasis.  (B) GFP and phase image of lung, spleen, 

pancreas, and liver from HPCa80 s.c. implantation (500,000 cells). (C) Tumor weight of DP and 

s.c. tumor, no significance was found. (D) Lung metastasis GFP dots were counted in both DP 

and sc tumor lung and has significantly difference between these two models.  
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designed an index called ―Metastatic ratios‖, which are calculated by dividing the number of 

metastasis-invaded organs by the total number of organs (Figure 4.3-C). Moreover, we applied a 

human primary tumor derived line HPCa80 to test the DP and s.c. site in tumor growth and 

metastasis (figure 4.5). Consistently, HPCa80 in DP also produce more metastasis. By 

calculating the metastatic ratio, we clearly indicate that DP tumors is superior in developing 

more widespread metastasis than sc tumors in all of these lines despite the higher tumor rate seen 

in sc environments. On the other hand, we already know that primary tumor size is associated to 

tumor metastasis. The bigger the primary tumor, the more metastases disseminate. It would miss 

some critical points for metastasis potential if we only compare with metastasis regardless of 

primary tumor weight.  It would be more accurate to compare metastasis potential by using the 

same size primary tumor. Nevertheless, it may be less efficiency to compare multiple organs as 

the index for metastasis potential. Then we chose lung as the representative organ since it is one 

of the most frequent sites for PCa cell metastasis in mouse models (An et al., 1998). Even one of 

the weakest metastatic cancer cell lines, LNCaP, produced lung metastasis after four-week 

incubation (Zhou et al., 2002).  We estimated lung metastasis by counting the GFP dots in each 

image. In order to better appreciate the metastatic potential of different primary tumors, we 

collected a series of data of primary tumor sizes and their lung metastases from DP and sc 

tumors originally derived from two different prostate cancer lines, PC3 and LAPC9, and 

developed a tumor size-lung metastasis correlated curve (In Figure 4.3D). In the tumor size-lung 

metastasis curve which we developed, we first confirmed the positive correlation between lung 

metastasis and tumor size: The bigger the tumor, the more lung metastasis observed. Looking at 

DP or sc tumors alone in either PC3 or LAPC9 lines, the metastasis increases with increasing 
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size of the primary tumor. Second, we found that tumor weight-standardized metastasis increases 

with tumor aggressiveness in both DP and sc models. For example, PC3 is more aggressive than 

LAPC9; a one-gram PC3 tumor has a standardized lung metastasis of around 500, while the 

value for an LAPC9 DP metastasis is around 160. Significantly, DP tumors develop much more 

lung metastasis than sc tumors of the same primary tumor size. A one-gram PC3 DP tumor lung 

metastasis value is around 500, while the sc tumor has a value of only 30 (dots), underscoring a 

striking 16-fold difference between DP and sc. Moreover, for even the four gram sc tumor, the 

lung metastasis value is only around 200, still less than half that of the one-gram DP tumor. The 

same trend was also observed in LAPC9 tumors as seen in Figure 4.3D.  

  Individual differences between mice may influence metastasis progression, so, in order to 

remove this individual difference, we developed a dual-color metastasis assay, in which we 

injected PC3-RFP cells s.c and implanted the same number of PC3-GFP cells in the DP of the 

same recipient mouse. As shown in Figure 4.1.C-D, we observed much more GFP foci than RFP 

foci in the lung and lymph nodes. Reciprocating the color by injecting PC3-GFP cells s.c and 

implanting PC3-RFP cells in the DP revealed significantly more RFP foci in the lung and lymph 

node(Figure 4.1D).    

In the DP model, the question of metastasis by fluid leakage during injection arose. To 

exclude any possibility that the GFP
+
 human PCa cells observed in mouse organs resulted from 

injection-related leakage of tumor cells directly into the blood stream, we performed a time 

course study by implanting PC3-GFP cells into the DP and sacrificing mice at one to seven  
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Table 4.2. Time course of DP-injected PC3-GFP cells 
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weeks after injection. We observed that there were no GFP
+ 

cells in blood (not shown) nor in any 

organ one week post surgery (Table 4.2). By the second week, 1-5 GFP
+
 PCa cells began to 

appear in the lung and pancreas and by the third to fourth week, low levels of GFP
+
 PCa cells 

were detected in most organs examined, which further increased thereafter (Table 4.2). By the 

seventh week, sporadic GFP
+
 PC3 cells were observed in the femur (Table 4.2). 

All together, we did a very comprehensive study on metastasis and tumor growth pertaining 

to these two sites. We not only evaluated the metastatic rate, but also quantified the lung 

metastasis and used this as the major index to reflect the overall metastatic potential. We 

further linked metastasis with primary tumor weight, showing more clearly that the high 

metastatic potential of DP or AP is not due to the primary tumor size.  When these cancer cells 

are put in different sites, they are initially identical. Hence, this metastatic difference might be 

mainly due to microenvironmental modifications (or transplantation site). On the other hand, sc 

tumors with the same size as in the orthotopic sites develop much less metastasis. Meanwhile 

sc tumors also have a higher tumor-initiating rate than DP tumors. This significant separation 

of metastasis and tumor growth suggests that the tumor-initiating cells and metastatic cells 

need not always be the same cell population. Since the sc model is widely used as a CSC study 

model, it implies that CSCs may contain two subpopulations: One is the tumor-initiating CSC, 

the other is a metastatic CSC. There may be more/enriched metastatic CSC in the mouse DP 

model while sc tumors mostly contain tumor-initiating cells. On the other hand, it also hint that 

there might be a real CSC subpopulation  that can both initiate tumor and develop metastasis in 

DP tumors, while sc tumors may contain more progenitor cells which have a limited ability to 

produce metastasis.  
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Gene Expression Reveal that Not Only Invasive/metastatic/inflammatory Genes Respond 

to the Highly Metastatic Niche in Mouse DP, but also Development Pathway and Stem 

Cell-Related Genes Are Up-regulated in DP Tumors.  

Gene microarrays are widely used in exploring the molecular mechanisms operating in tumor 

microenvironments and metastasis. However, there are still only a few studies focusing on the 

unique mechanism of orthotopic microenvironment-induced metastasis. Most current tumor 

microenvironment microarray analyses mainly use a single component of the tumor 

microenvironment, such as fibroblast cells, or a micro-dissected part as representative of the 

whole tumor microenvironment. In addition, these studies have used in vitro cultured cancer 

cell lines but not in vivo tumor samples as the experimental model (Nakamura et al., 2007). 

Additionally, many of these studies usually only focus on one or a few specific pathways that 

are related to interaction between tumor microenvironment and metastasis (Fidler et al., 2007). 

This may not give the entire picture of the interaction between the tumor and its 

microenvironment. By performing microarray on tumor samples implanted into the pancreas 

and subcutis, Nakamura et al provided solid evidence to show a significantly different gene 

expression pattern was evident in these two kinds of tumors (Nakamura et al., 2007). Their 

study suggests that these tumor microenvironments influence primary gene expression. 

However, this group failed to establish a clear mechanism “map” to show what genes are 

involved in regulating metastasis. One of the explanations as to why they are unable to 

discover a clear gene signature may be due to the individual difference between mice in the 

gene microarray platform. We showed previously that DP and sc tumors which develop in 

same mouse exhibited dramatic metastatic difference in our dual color label tumor system. 
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Hence, we designed the microarray to analyze samples from the same mouse in order to 

eliminate between-mouse variability.  

We injected 10,000 PC3-GFP cells s.c and into the DP of the same male NOD/SCID 

mouse. Three pairs of DP and s.c-grown PC3 tumors were harvested from each of three mice 

(#714,717 and 718) and total RNA was isolated for microarray experiments using the Agilent 

―Human/mouse Whole Genome Oligo Microarray (44K) Kit‖( Figure 4.6).  Since the isolated 

tumor RNA contains both a human cancer cell species and a host stromal species, we carried 

out both human and mouse array analyses using the same sample.  In the human array, we only 

chose those genes which were commonly upregulated /downregulated two-fold or greater. 

Since these up-regulated genes may be some of the genes related to metastasis, we found 593 

genes were commonly overexpressed in DP tumors in all three arrays (Figure 4.6). Not only 

these three pairs of tumor show the same commonly up-down regulated genes, but also the 

purified human epithelial cancer cells array demonstrate the same trend (figure4.6). This 

further confirmed the accurate of our microarray. In sharp contrast, most genes down-regulated 

in the DP tumors remained unclear. We did not identify metastasis/inflammation/stem cell 

related genes in the list of down-regulated genes. By gene ontology analysis, as shown in 

Figure 4.7 D and table 4.3, as we expected, 12.5% of the identified genes are related to 

migration/ invasion/metastasis; These genes include OPN, MMP9, MMP10, IGFBP5, SPARC, 

ADAM family and ESM1. 7.5% of them are inflammation-related genes, chemokines, and 

cytokines, including IL-1β, CXCR4/CXCL12, CCR1, and TLR-6. It is already well-known 

that inflammation contributes to the highly metastatic microenvironment and promotes 

 



90 

 

 

 

 
 

 

 

 

 

Figure 4.6. Schematic chart for gene microarray and clustering analysis up-regulated 

human genes 

 

100,000 PC3-GFP cells were injected into DP and s.c. respectively in same mouse 

(717,718,714). DP and s.c. tumors were harvested after 8 weeks, the RNA were isolated to 

perform human and mouse genomic microarray (see methods and material section).  For each 

mouse, we perform triplicate arrays; hence we totally have nine pairs of arrays). We also purified 

human epithelial cancer cells from xenograft tumor and perform the same microarray. By 

clustering analysis, both purified human cells and xenograft cells showed the same trend in 

microarray.   
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Figure 4.7 Pie graph showed the Gene Ontology analysis of DP up-regulated human genes   
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Table 4.3. Representative human genes commonly upregulated in DP versus s.c tumors 
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metastasis (Mantovani et al., 2008). Both metastatic and inflammatory genes‟ presence show 

that not only is our microarray accurately associated with highly metastatic DP tumors, but also 

further confirmed that this high metastatic potential is truly linked to the tumor 

microenvironment. Most importantly, a cluster of developmental and stem cell-related genes 

(7.8%) is highly up-regulated in DP tumors. These well- known stem cell markers such as 

CD133, ABCG2, CD24, WNT4, HOXB9, and NKX3.1, were all reported as CSC markers or 

CSC-related genes recently (Li et al., 2007a; O'Brien et al., 2007; van den Berg et al.; Wang et 

al., 2009). This CSC signature might be the most significant point of the microarray. It 

provides evidence that the primary tumor microenvironment may promote metastasis through 

regulation of a CSC phenotype. Linking metastasis with CSCs is not new; recently Weinberg‟s 

group‟s work and Glinsky‟s work both showed that stem cell signatures were discovered from 

malignant metastatic patient samples (Ben-Porath et al., 2008; Glinsky et al., 2005). This is not 

surprising since the first solid CSC phenotype was also derived from clinical metastatic 

samples (Al-Hajj et al., 2003). 

 However, the biggest difference between our studies and previous studies is that our study 

mainly focuses on primary tumors microenvironment. It clearly indicates that these CSC-

linked metastatic properties may not only present in those distant metastatic cells, but may also 

exist in primary tumors. It may be the first time to report this primary tumor microenvironment 

enriched with CSC features. It is very possible that those distant metastatic cells attain CSC 

properties before they leave the primary tumor. It also implies that tumor primary 

microenvironment is equally critical as the secondary metastatic microenvironment. On the  
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Figure 4.8. Verification of gene expression identified by microarray   

(A) qRT-PCR confirmation of mRNA changes of representative genes in PC3 tumors implanted 

in the DP of NOD/SCID mice, Nine genes commonly upregulated (see Table 4.1) and two genes 

commonly downregulated (TNFSF10 and SFRP1) identified in the human microarray analysis 

were selected for independent confirmation using quantitative real-time RT-PCR. Values greater 

than 1 indicate upregulation in the DP tumors and values lower than 1 indicate downregulation in 

the DP tumors compared to the corresponding s.c PC3 tumors in the same host animal. qRT-PCR 

table (B) Several commonly up-regulated genes selected from A including SPP1, MMP9, ESM1 

and CXCR4 were validated by IHC in PC3 tumors implanted in the DP of NOD/SCID mice.  

 

 

 

A 



95 

 

 

 
 

 

 
Figure 4.9. OPN WB in LAPC9 DP/sc tumor samples  

(A) LAPC9 tumor WB for OPN expression in DP and s.c. pairs. (B) OPN WB of DU145 DP and 

s.c. tumor pairs. (C) OPN ELISA from PC3 DP/sc tumor samples (D) OPN ELISA from PC3 

DP/sc tumor bearing mouse plasma (E) MMP9 ELISA from PC3 DP/sc tumor samples.  

  

C D 

E 
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other hand, since the cells in either DP tumors or sc tumors are initially identical, the difference 

in CSC feature between them caused by different microenvironments suggests that CSCs may 

be a dynamic or transition population, not a fixed population. As long as they are in an 

appropriate niche, cancer cells may be modified to enter a status of CSC and to perhaps enrich 

metastatic potential.   

We further validated the differentially-expressed genes by real-time RT/PCR, IHC and/or 

Western blotting (Figure4.8, 4.9). We identified eight up-regulated genes and two downregulated 

genes from the Human Microarray on which to perform qRT-PCR analysis. The results 

correlated exactly with the microarray data. DP/sc pairs from animals 714 and 717 showed a 

much higher up-regulation than that of animal 718 in our microarray, and we observed a similar 

high fold change in mice 714 and 717 compared with that of mouse 718 in our qRT-PCR (Figure 

4.8 A). Moreover, we also investigated another gene, TGF-β1,  that did not show up in our list 

of commonly upregulated genes. We only detected a slight change (1.3 to 1.9 in all three pairs) 

by qRT-PCR.  

The perfect match between microarray and real time PCR confirmed the accuracy of our 

gene microarray. In addition, we verified OPN, IGFBP5, MM9, CXCR4, and TGF-β-2 by IHC 

analysis and the results revealed increased protein expression for all five molecules in the DP-

grown PC3 tumors (Figure 4.8B).  This gene signature is not evident in PC3 alone, as OPN was 

found to be overexpressed in DP tumors compared with sc tumors in LAPC9 and DU145 ( 

Figure 4.9 A). Additionally, because both OPN and MMP9 are secreted proteins, we carried out 

ELISA tests on either these tumor samples or tumor-bearing plasma. Both tumor samples and 

plasma showed the same trends which correlate with our microarray data (Figure 4.9).  
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The CSC Stem Cell Signature Was Validated in Other PCa Lines by Superarray  

 Since our microarray mainly used PC3 as the experimental model, we wanted to verify our gene 

signature in other prostate cancer lines including LAPC9 , DU145 and LNCaP, as well as two 

highly metastatic cell lines LM1 and BM1 that were derived from PC3 DP distant organ 

metastasis.  We designed a stem cell gene signature-based super array to test if this stem cell 

signature is commonly overexpressed  in other prostate cancer DP models, as well as those 

metastatic cells recovered from distant organ metastasis. These experiments are currently 

ongoing.   

 

 

Genes Up-regulated in the DP Tumors Are Functionally Involved in PCa Metastasis   

 

Since PCa cells grown in the mouse DP demonstrate a unique gene expression pattern which is 

highly related to metastasis, it suggests that these genes play critical roles in regulating 

metastasis. Therefore, we used shRNA-based knockdown assays to check the metastatic function 

of these genes. We chose OPN (one of the highest up-regulated genes in DP tumors), MMP9, 

ESM1 (another one of the highest up-regulated genes in DP tumors), TGF-β1, TGF-β2, IL-1β

, and CD44 as our targets. Since shRNA knockdown inhibition is dependent on shRNA targeting 

one or several sequence fragments of target genes, shRNA vectors usually have several isoforms 

to target different sequences of one single gene. Hence, we used a shRNA vector package 

including all multiple isoforms. After transfection, cells were cultured with puromycin to select 

transfected cells. These knockdown lines were close to 100% transfected according to the GFP 
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positive cell percentage. The knockdown effect was substantiated by qRT-PCR(data not shown). 

A non-silencing vector (NS) was used as a negative control. In order to check metastasis, we 

injected 500,000 cells into the mouse DP for each line. After 40 days, primary tumors were 

harvested and metastases were checked in lung, pancreas, spleen, kidney, renal lymph node, liver 

and brain, again using lung metastasis as the overall indicator of tumor dissemination. By 

checking the tumor weight and metastases, we did not see a difference in tumor weight and 

tumor rate between the NS line and knockdown lines (Figure 4.10 A). However, lung metastases 

were significantly reduced in several lines including OPN2, TGF-β2, CD44-3, and MMP9 

regardless of tumor size (Figure 4.10 B, 4.11 E, 4.12). In addition to these in vivo assays, we 

performed invasion assays by knockdown of MMP9 in a C-4-2 HPCa line model. Both invasion 

percentage and total invaded cells significantly decreased in knockdown lines (Figure 4.11 A-C). 

We further used the OPN-neutralizing antibody to perform the invasion assay. We found that the 

OPN antibody impaired the invasion ability of PC3 cells in vitro (Figure 4.12D). Overall, these 

results indicate that OPN, TGF-β2, CD44, and MMP9 function as metastasis-regulating genes. 

It suggests that our microarray reveals a functional gene signature.  More importantly, these 

genes‘ knockdown did not affect the primary tumor‘s growth ability. This may be reasonable 

since sc tumors have high tumor growth ability compared with DP tumor and such tumor 

initiating/tumor growth related may be irrelevant in this gene signature. The reason why tumor 

growth failed to make a difference might be due to the large number of cancer cells injected,  
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Figure 4.10  shRNA knockdown tumor experiments in PC3 model.  

 
shRNA GIPZ vectors were from Open biosystem and injected into PC3 cells.  For each target gene, a 

stable PC3-GIPZ cell lines were set up. (A) 500,000 cells of each   PC3-GIPZ line were injected into 

mouse DP, after 40 days, tumors were harvested and measured the tumor rate and tumor weight. P value 

was calculated by compared with the PC3-non-slience control line injected tumors and listed on the 

column of each PC3-GIPZ lines. (B) Lung metastasis was checked as the representative of metastases. P 

vales were calculated by compared with NS control group.  

A 

B 
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Figure 4.11   MMP9 is functionally involved in PCa cell invasion and metastasis 
(A-C). MMP9 knockdown inhibits LNCaP C4-2 (C4-2) cell invasion. Log-phase C4-2 cells were infected with 

either the control pGIPZ lentiviral vector (which encodes an shRNA targeting a generic non-silencing [NS] 

sequence) or pGIPZ-MMP9-shRNA (MMP9)lentiviral vector. Both vectors were GFP-tagged and obtained from the 

Open Biosystems and used at an MOI (multiplicity of infection) of 25. Forty eight h after infection, 10,000 cells 

were plated into one well of a Boyden chamber in which the 8 ｕm porous membrane was pre-coated with Matrigel. 

Boyden chambers with non-coated 8-um membrane inset were used as control. Twenty four h after plating, the 

invaded cells were quantified (A-B) and imaged (C; left, pGIPZ-NS, right, pGIPZ-MMP9-shRNA). In A, the levels 

of invasion were plotted as % invasion relative to the control chamber inserts (*P < 0.05). In B, invasion was 

presented as the numbers of invaded cells/20x field (**P < 0.01).  A total of 10 random fields were counted for both 

conditions. (D). MMP9 knockdown inhibits PC3 cell metastasis. PC3 cells were infected with either pGIPZ-NS or 

pGIPZ-MMP9-shRNA (MMP9) lentiviral vectors (at MOI 25). 500,000 cells of each type were injected in 50% 

Matrigel into the DP of NOD/SCID mice. Animals were terminated 40 days after implantation. Representative lung 

Images were shown in D (3 animals each) and GFP+ lung metastatic foci (>1 mm3) were quantified (E, n = 5 for 

each). *P < 0.001. 
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Figure 4.12 PC3-GIPZ-OPN2 Knockdown Xenograft model suppress metastasis 

 

PC3 was infected with GIPZ-OPN vector. (A) The knockdown effect was checked by flow 

cytometry. PC3-GIPZ-OPN2 significantly reduced OPN expression compared with PC3-GIPZ-

NS control. (B) IHC image showed the OPN knockdown tumor also decreased the expression of 

OPN. (C) Lung metastasis image of OPN knockdown effect. (D) Anti-OPN antibody blocks PC3 

cell invasion. PC3 cells were preincubated with control Rb IgG or a Rb pAb against OPN and 

then plated, in the presence of antibodies into the Boyden chambers. The results were plotted as 

% invasion as in A (*P <0.01). (E)  OPN knockdown did not suppress the tumor growth 

(measured by tumor weight) (F) OPN knockdown inhibited lung metastasis (average of group 

mice) of PC3 DP implantation.  
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the metastatic behavior of these knockdown lines is significantly reduced regardless of difference 

in tumor size. It suggests that these metastatic genes are truly metastasis-specific and may play a 

critical role in regulating metastasis but not tumor growth. However, not all these genes from our 

gene signature can function as key regulators of metastasis. Some of them, like ESM1, though 

highly expressed in DP, are not able to suppress metastasis alone, and may only be a part of the 

metastasis machinery rather than significant modulators of metastasis.    

 

OPN
+
 and CD24 

+
 prostate CSCs function as key functional markers for regulating 

metastasis.  

Since the microarray data revealed a striking metastasis-related stem cell signature, the next 

question is ―Do these cells function as CSCs, and furthermore, do these CSC signatures really 

modulate metastasis‖?  In order to answer these questions, stemness genes should pass the in 

vivo animal experiment to test metastatic ability. The most convincing way to do this is to isolate 

distinct CSC population by flow cytometry and inject these cells into the mouse DP. Among 

these widely reported CSC markers, we included six markers including CD133, ABCG2, CD44, 

OPN, CXCR4 and CD24 from our CSC gene signature.  Preliminary data indicates that not all of 

these stem cell markers work well in regulating tumor growth and metastasis. Neither CD133
+
, 

ABCG2
+
, nor CXCR4

+
 exhibited a stronger metastatic phenotype and tumor growth ability than 

their negative counterparts (data not shown). It suggests that CSC regulation of metastasis may 

be complicated, or that these CSCs markers may just be one aspect of the metastatic regulation 

machinery. However, OPN, CD24, and CD44 stand out in this screen. Osteopontin is a secreted 

glycophosphoprotein and abundantly expressed in tissues during inflammation and repair 



103 

 

(Brown et al., 1994). In tumor biology, OPN is widely linked to EMT, metastasis, inflammation 

and instigation (McAllister et al., 2008; Tuck et al., 2007). More interestingly, OPN is also 

involved in regulating CSCs: It is a negative regulator of HSC proliferation (Nilsson et al., 2005), 

the ligand of CSC marker CD44 (Weber et al., 1996), and a molecule which helps to build the 

pre-metastatic niche in distant organs (Li et al., 2007b). In our current study, OPN is one of the 

top upregulated genes in DP tumors. However, OPN as a surface protein was largely ignored for 

a long time. In fact, Verhulst et al successfully localized OPN at the apical surface in renal cells 

by flow cytometry recently (Verhulst et al., 2002), suggesting that stressed renal cells attract 

OPN and OPN enters the cell through endocytosis. During this process, OPN anchors itself on 

the cell surface. Based on this, OPN can be detected by flow cytometry in living cells in the same 

manner as a surface protein. A surface protein usually functions as a receptor to bind to the 

ligand and thus can be used as marker to purify distinct cell population. Though it is still unclear 

what is the mechanism of OPN localize in membrane, the idea to use OPN as a cell surface 

marker to isolate OPN
+/-

 population in vivo is one we employed.  Because OPN is the one of 

most up-regulated genes in DP tumors, it is significant to test the function of the OPN
+
 

population in regulating metastasis and tumor development. There is still no single report to test 

it on cancer cell. Hence, in our current study, we first show that there are 4.93% OPN 
+
 cells in 

PC3 culture by flow cytometry (Figure 4.13). Importantly, the expression of OPN is correlated to 

our microarray data in that OPN is two-fold higher in DP tumors than that in sc tumors in the 

LAPC9 model (12.6% vs 6.22%) (Figure 4.13). Shown in figure 4.13, we further purified OPN 
+
 

and OPN
-
 cells from our PC3 culture and performed DP injections with three cell numbers: 

1,000, 10,000, and 100,000. We harvested tumors after 8 weeks, and to our surprise, OPN
+ 

cells  
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Figure 4.13  OPN
 
expression in the cell surface of PCa. 

 

(A)OPN is detected in live PC3 cells with a surface antibody by using flow cytometry. (B): 

LAPC9-AD tumors from DP and s.c. implant sites were harvested and single cell suspension 

were made according to the protocol described in methods and material. OPN is highly 

expressed in DP tumor ( 12.6%) compared with s.c. tumor ( 6.22%).  
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were dramatically more tumorigenic and metastatic than the OPN
-
 population. OPN

+
 tumors 

were evident even with as few as 1,000 cells injected, while OPN
- 
cells only could initiate tumors 

in 1 out of 3 mice with 10,000 cells injected, yielding a tumor-initiating frequency (TIF) 

enrichment of almost 100 fold (1/910 in OPN
+
 vs 1/83580 in OPN

-
 tumors). More importantly, 

OPN
+
 cells are more metastatic, just as we expected. OPN

+ 
tumors with 10,000 cells injected 

show much strengthened lung metastasis compared to OPN
- 
tumors with 10,000 cells injected. 

Although we did not expect OPN to influence tumor growth since our gene signature may only 

concern metastasis-related genes, we found that OPN
+
 cells had a significant tumor growth 

advantage over OPN
-
 cells.  Not surprisingly, there were significantly more lung metastases in 

OPN
+ 

injected mice. However, knockdown of OPN by short hairpin RNA (shRNA) had no effect 

on tumor growth rate, but did significantly reduce lung metastases (Figure 4.14). This result 

indicates that OPN may not cause primary tumor growth advantage, but play a more critical role 

in regulating metastasis. Subsequent immunohistochemistry not only confirmed the knockdown 

effect by showing a decrease in OPN, but also a reduced expression of CD44 and the 

macrophage marker S100A9( data not shown). It suggests that OPN may be involved in 

regulating CD44 and immune cells. In addition, the in vitro invasion assay demonstrated that 

invasion ability was significantly decreased by application of neutralizing OPN antibody (Figure 

4.12 D). These results imply that metastatic cancer stem cells might exist, and these metastatic 

cancer stem cells are not only specifically controlling metastasis, but are also involved in 

primary tumor growth. Additionally, it suggests that OPN has a greater influence in regulating 

metastasis than tumor growth. Our studies highlight OPN as a very promising marker for future 

CSC studies.  
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Figure 4.14:  OPN
+
 cells exhibit strong tumor growth and metastasis potential compared 

with OPN
-
 counterpart 

 

We sorted the OPN
+ 

and OPN
- 
subpopulations from PC3-GFP cells by using flow cytometry. 

Then we injected these two populations into mouse DP respectively by limiting dilution. (A) 

Summary table for
 

number of DP injection, tumor rate and TIF for OPN
+ 

and OPN
-  

subpopulations.  (B) Representative lung metastasis image from OPN
+ 

and OPN
- 
10,000 cells 

injected mice. (C) Tumor weight between two groups. (D) Lung metastasis dots bar graph from 

OPN
+ 

and OPN
- 
groups.  
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The use of CD24 as a CSC marker is controversial and is dependent on tumor type: In breast 

cancer, including the first report of CSCs in solid cancer, Michael Clarke‘s group showed that 

CD24 actually is low or negative in CSC populations, instead using CD44
+
 /CD24

 –
 as CSC 

markers (Al-Hajj et al., 2003).  However, in pancreatic cancer and more recently in colon cancer, 

CD44
+
/CD24

+
 were used as CSC markers (Li et al., 2007a). CD24 is correlated with tumor 

progression in these tumors (Yeung et al.). More interestingly, in human prostate cancer, CD24 

over-expression was found to be linearly related to prostate cancer development and progression 

(Kristiansen et al., 2004). Therefore, we analyzed CD24 expression in PC3 cells (21.05%), while 

PC3-717 DP( a DP tumor-derived cell line) has 23.04% compared with 11.53% of  PC3-717-sc ( 

a sc tumor derived cell line) ( Figure 4.15).  We isolated CD24 positive and negative cell 

populations from PC3-GFP cells respectively by using flow cytometry.  These cells were then 

implanted into mouse DP in a series of ten, 100, 1000, 10,000 and 50,000 by limiting dilution ( 

see Figure 4.16). After 8 weeks, we harvested the tumor, and tumor rate, tumor weight and 

metastasis were checked. It is very interesting that CD24
 + 

failed to exhibit a tumor growth 

advantage compared with its negative counterpart in DP injection.  The TIF in CD24
 –  

tumors is 

four-fold that of CD24
 +

 tumors ( 1/339 vs 1/1617). The tumor weight of CD24
 –

 tumors is 

correspondingly more than that of positive tumor though the statistical significance is not 

obvious.  It has been suggested that CD24 alone may not be a ― good‖ CSC marker but may need 

to be combined with other stem cell markers in tumor development. Strikingly, however, CD24 

exhibits a strong ability to regulate metastasis. Lung metastasis is dramatically reduced in the 

CD24
 – 

group compared with the CD24
 +

 group though the weight of CD24
 – 

tumors is much 
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A                                                                     B 

 

 
 

 

 

 

Figure 4.15 CD24
 
expressions in the cell surface of PCa cells by detection of flow cytometry. 

 

CD24 expression was up-regulated in a PC3-DP derived line(C) compared with a s.c. derived 

lines (D). (A) is the isotope control  (B) CD24 expression in PC3 cells. 

 

C D 
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Figure 4.16 PC3-GFP CD24
+  

population enriched metastasis potential  

 

(A) Purified PC3-GFP CD24
+
 and CD24

-
 populations were injected into the mouse DP according 

to limited dilution. Tumor rate and TIF were summarized in this table. It suggests that CD24
-
 

population may hold stronger tumorigenesis ability than CD24
+
 population.  (B) CD24

+
 

population enhances metastasis. The lung metastasis in 1,000 cells injected animal is much 

more than 50,000 cells injected animal in CD24
- 

population. (C) Tumor weight is no 

difference between these two groups. (D) Lung metastasis (average of group mice) was 

significantly reduced in CD24
-
 group.  
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Figure 4.17 LAPC9-AI-GFP-DP CD24 +/- tumor and metastasis  

(A)Purified LAPC9-AI-GFP CD24
+ 

and CD24
-
 populations were injected into the mouse DP 

according to limited dilution. Tumor rate and TIF were summarized in this table. (B) CD24
+
 

population enhances metastasis. The lung metastasis in 1,000 cells injected animal is much more 

than 10,000 cells injected animal in CD24- population. (C) Tumor weight is no difference 

between these two groups. (D) Lung metastasis (average of group mice) were significantly 

reduced in CD24- group.  
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greater. We verified previously that there are more CD24
+
 cells in DP tumor than in sc tumors 

(Figure 4.15). Hence, we used LAPC9, an AR-positive prostate cancer line, derived from a 

patient bone metastasis and maintained in vivo, to test the tumorigenic and metastatic ability of 

the CD24-selected subpopulation (Figure 4.17). Surprisingly, the CD24
+
 subpopulation in 

LAPC9 did show a tumor growth advantage over the CD24
-
 subpopulation both in TIF (100% in 

CD24
+
 vs 1/4688 in CD24

-
) and tumor weight. However, the metastatic profile in LAPC9 is still 

highly consistent with the situation in PC3 tumors in that CD24
+ 

tumors develop much more 

metastasis than CD24
- 
tumors. Even the injection of 1,000 CD24

+ 
cells results in significantly 

more metastasis than the injection of 10,000 CD24
-
tumors. These results imply that CD24

 
is a 

potential metastatic regulator regardless of tumor type. CD24 might function as marker of either 

a metastatic CSC or progenitor cells in some specific tumor types. The ability of CD24 to 

regulate tumor growth may be tumor type and cell type-dependent. 

 

Distant organ metastatic cells are enriched in CSC properties.  

Metastasis was found to be highly enriched by a multiple round injection model in breast 

cancer(Minn et al., 2005). Though previous studies reported that distant metastasis samples 

were enriched in CSC markers, whether these recovered metastatic cells from distant 

metastatic organs are enriched in CSC properties is still unknown (Balic et al., 2006). Since we 

have already provided evidence in the previous section to show that CSCs may be linked to 

metastasis in primary tumors, it might be very interesting to address the question of whether 

CSC properties could be enriched in these metastasis enriched cancer cells. In order to answer  
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this question, we created a metastasis-enriched model by using the DP model (see Figure 4.18). 

First we injected bulk cultured PC3-GFP into mouse DP; after 8 weeks,  we harvested the end 

organs, made single-cell suspensions, and cultured the disaggregated cells in PCa cell culture  

medium. Two weeks later, since most of the host mouse cells (either epithelial cells or support 

cells) died, we could observe only GFP
+
 PCa cell colonies (Figures 4.19). These data also 

confirm that these metastatic cells are live cells in the distant organs which have the potential 

to form a local proliferative growth. Using similar strategies, we also observed that the GFP-

labeled PC3 (Figure 4.19) or Du145 (not shown) cells recovered from multiple end organs 

including lung, tibia and femur supported robust clonal outgrowth in 1-2 weeks. After we 

successfully recovered these metastatic cells from distant organs, we tested whether or not 

these metastatic cells are also enriched in CSC properties. We re-injected lung metastasis cells 

(LM1) and Bone Marrow metastasis cells (BM1) into mouse DP and observed tumor growth 

and metastasis (Figure 4.20). Very surprisingly, these first-generation recovered metastatic 

cells show a great tumor growth and metastatic advantage compared to their parental cells. 

These cells could initiate tumor development and metastasis with as few as 100 cells (Figure 

4.20 A). The TIF in both LM1 and BM1 is almost 100%, which is much higher than that of 

their parental TIF, either with DP or sc injection.  Moreover, these tumors also show a strong 

metastatic profile. This enrichment is so strong that the enrichment was achieved in just two 

generations. We believe these cells may be CSCs or metastatic CSCs due to their enriched 

tumor growth and metastasis advantage. Additionally, this enriched stem-like cell phenomenon 

was also observed in DU145 cells (data not show).   
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Figure 4.18 Flow chart for serial enrichment PC3 Model 

 

PC3-GFP metastasis enrichment model: 2 million of  PC3-GFP were injected into mouse DP, 

after 8 weeks, lung were harvested and digested into single cells suspension. Then culture in dish 

for 2-3 days, wash the dish and continue to culture these tissues with cancer cells favored 

medium. After 1-2 weeks, only human epithelial cancer cells were left and extend in the culture 

in most of cases.  Purified these cells by flow cytometry and these cells are called LM1. Re-

inject these LM1 into mouse DP and form the second round enrichment. Since we get highly 

metastatic LM1 cells, we stop here and did not do the third round injection. BM1 were harvested 

by the same way but using the bone fusion to get the BM cells.    
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Figure 4.19 DP-implanted PC3-GFP cells at high cell numbers (i.e., 2,000,000 cells) 

metastasize to multiple organs 
Shown are representative images of PC3-GFP cells cultured (~2 weeks after plating) from 

various end organs. The GFP- cells on the background are the host cells. Original 

magnifications, x200 
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Figure 4.20 Second round Metastatic LM1 and BM1 enhance tumorigenesis and metastasis 

potential  

 

LM1 and BM1 were injected into mouse DP according the cell number in (A). Tumor rate were 

summarized. Tumor latency is shown in the parentheses. (B-C) Metastasis profiles and image of 

LM1 and BM1 generated tumors.  
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line (Patrawala et al., 2005). Strikingly, we found that the SP was significantly increased in BM1 

cells in both PC3 and DU145 (Figure 4.22). It suggests that SP were enriched in these recovered 

BM1 cells. Additionally, both CXCR4 and CD24, which were reported to be linked with both 

CSCs and metastasis, indeed were highly up-regulated in both LM1 and BM1 compared with 

their parental PC3 bulk cells (Figure 4.21). CXCR4 expression increased from 8.25% (bulk PC3 

cells) to 14.1 %( two-fold in LM1) and 38.8% (4.5-fold in BM1) respectively. CD24 expression 

is increased from 21% (bulk PC3 cells) to 47.3% (two-fold in LM1) and 67.1 %( three-fold in 

BM1). It is very interesting to note that BM1 seems to be more enriched in CSC properties. 

Previous studies indicated that stem cell markers are overexpressed in distant metastatic organs 

(Balic et al., 2006); however they did not perform functional assays by isolating these metastatic 

cells to do animal experiments. We not only checked expressions level of these markers, but also 

tested the CSC properties by in vivo experiments. Therefore, after we indicated that primary 

tumors hold CSC features, we subsequently proved that these distant metastatic cells are 

enriched in CSC properties. It demonstrates that CSC properties accompany tumor metastasis 

continually and correlate with metastasis progression. These stemness genes are equal to 

metastasis properties. This again implies that CSC is the population which drives metastasis. It is 

still very interesting to study how these CSC properties are enriched in these distant metastatic 

cells.  Additionally, the SP was evident in our BM1 line, because SP is one feature of bone 

marrow cells (Lin and Goodell, 2006) and BM1 is derived from bone marrow metastasis; it is 

possible that there was fusion between these invading cancer cells and resident bone marrow 

cells (Rizvi et al., 2006; Wang, 2010). Then cancer cells endowed these BM cells with additional 

properties (Wang, 2010) 
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Figure 4.21  CD24 and CXCR4 expression are increased in LM1 and BM1 

 

Both of CD24 and CXCR4 expression are up-regulated in PC3-LM1 and PC3-BM1 cell lines. 
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Figure 4.22 SP enriched in BM1 cells  

 

BM1 cell lines derived from PC3 or DU145 metastasis demonstrate  significantly larger SP 

phenotype. 
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If this hypothesis is true, it may provide perfect evidence to support the cell fusion in cancer 

metastasis and a novel point for origin of cancer metastasis. 

TGF-β 2 Is A Key Regulator Which Modulates Metastasis, Tumor Microenvironment, 

and CSC Properties  

 

The TGF-β pathway plays a dual role in tumorigenesis and metastasis: It may act as a tumor 

suppressor in the early stages of tumor growth, then in the later stages, it may promote tumor 

development and metastasis (Padua and Massague, 2009). In prostate cancer, the TGF-β 

pathway has been reported as both a tumor suppressor and an oncogene (Basanta et al., 2009). 

In our previous microarray, we found that TGFβ2 is up regulated in DP tumors. In the mouse 

array, we also found that one of the TGF pathway receptors, tgfbr1, is up-regulated in mouse 

stroma.  On the other hand, multiple studies have shown that TGF-β is also involved in 

regulation of stem cell pathways. More interestingly, TGF-β is also one of the key regulators of 

the tumor microenvironment. These pieces of evidence suggest that TGF-β might be a key 

regulator of metastasis by modulating CSC pathways and interactions with the surrounding 

microenvironment. In order to verify the role of the TGF-β pathway in our mouse DP prostate 

metastasis model, we used GIPZ shRNA to knock down TGF-β1 and β2 respectively and 

produced two stable PC3 lines with TGF-β1 and β2 knockdown (figure 4.23). By injecting 

these cells into mouse DP, we observed different effects on metastasis suppression. First, when 

we injected 500,000 cells in each group, the tumor rates were the same as all the injections 

produced tumors. Tumor weight was not significantly different among these three groups.  
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Figure 4.23 PC3-GIPZ-TGFβ2 KnockDown suppressed metastasis 

 

TGFβ2 knockdown inhibits PC3 cell metastasis. .PC3 cells were infected with either pGIPZ-NS 

or pGIPZ-TGFβ2 –shRNA  lentiviral vectors (at MOI 25)  48 h later, 500,000 cells of each type 

were injected in 50% Matrigel into the DP of NOD/SCID mice. Animals were terminated 40 

days after implantation. Representative lung Images were shown in A (PC3-NS) and B (PC3 

TGFβ2, 3 animals each). C.D. show the tumor weight and lung metastasis of PC3 NS, TGFβ1, 

TGFβ2 group. TGFβ1 did not show the inhibitory effect on metastasis. . 
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     However, metastases were sharply reduced in the TGF-β2 GIPZ group as assessed by 

checking the lung metastasis compared with TGF-β1 and NS control group. The TGF-β1 GIPZ 

group did not show any inhibitory effect on metastasis compared with the NS control. This 

further confirmed our microarray data since TGF-β1 expression did not show any change 

between DP and sc tumors. Our animal data also revealed that TGF-β2, instead of TGF-β1, 

might play a critical role in regulating prostate cancer metastasis.  

After we identified that TGF-β2 actually could suppress tumor metastasis, it became 

interesting to explore if these CSC markers are among the down-stream targets of the TGF-β2 

pathway. CD44 is interesting in this pathway since previous studies have shown that TGF-β 

regulates CD44 in CSCs (Godar et al., 2008). More interestingly, TGF-β was reported to 

directly regulate OPN and both OPN and TGF-β2 are involved in regulating the tumor 

microenvironment. The relationship between OPN and TGF-β2 in prostate cancer is still 

unclear. In order to investigate the mechanism of TGF-β2 regulation of metastasis, CSCs and 

tumor microenvironment, we first checked the OPN expression by using PC3-GIPZ-TGF-β2 

tumor and cell lines (Figure 4.24A). OPN expression was reduced both in IHC and flow 

cytometry analysis in PC3-GIPZ-TGF-β2 tumor and stable cell lines. It suggests that OPN is 

down-stream of the TGF-β2 pathway. We performed Western blotting for CD44 expression in 

the TGF-β2 knockdown stable cell line and found that CD44 significantly decreased with TGF-

β2 knockdown (Figure 4.24B). It is interesting that CD44 is the one of the receptors of OPN 

(Weber et al., 1996). We already showed knockdown OPN also decreased the expression of 

CD44 (data not shown). It might be possible that OPN, CD44 and TGF-β2 are in the same 

signal transduction pathway. Furthermore, MMP9 was reported as one target of the TGF-β2  
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Figure 4.24 TGF-β2 regulated stem cells markers OPN and CD44 expression   
TGFβ2 knockdown suppress the OPN expression in PC3- TGFβ2 stable lines. (B) IHC demonstrate the PC3- 

TGFβ2 xenograft tumor also decreased expression of OPN and S100A9. (C) TGFβ2 knockdown suppress the CD44 

expression in PC3- TGFβ2 stable lines 
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Figure 4.25. Ingenuity Pathway Analysis (IPA) of Up-regulated genes in DP vs sc 

comparisons (human).  

Pathway analysis based on the Ingenuity Pathway Knowledge Base (IPKB). The two highest scoring networks 

(score 46, 43; a score 3 or greater is considered significant (p < 0.001) associated to cancer, cellular movement, 

Cell growth and proliferation were combined. Intensity of the node color (red) represents the level of fold change. 

The shape of the node indicates the major function of the protein. A line denotes binding of the products of the 

two genes while a line with an arrow denotes 'acts on'. A thick line denotes direct interaction and a dotted line 

denotes an indirect interaction and the orange lines indicate potential interaction.  
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Pathway Chou et al, 2006).   More importantly, using the TGF-β2 knockdown line, we also 

found that the mouse S100A9 was significantly decreased. This suggests that TGF-β2 is 

involved in regulating these interactions between cancer cells and host tissue (figure 4.29.D). 

We also further perform the Ingenuity Pathway Analysis (IPA) to analysis the up-regulated 

genes in DP vs sc comparisons (human) (Figure 4.25). TGF-β2 pathway is still in the two 

highest scoring networks (score 46, 43; a score 3 or greater is considered significant (p < 

0.001) associated to cancer, cellular movement, Cell growth and proliferation were combined). 

And IPA suggested TGF-β2 pathway connected with OPN and S100A9 pathway. Overall, 

these pieces of evidences illustrate that TGF-β2 indeed plays a critical role in regulation of 

metastasis and might modulate metastasis through CSC pathways by regulating two important 

stem cell markers, OPN and CD44. These results provide further support for our hypothesis 

that TGF-β2 may be the master regulator of tumor metastasis through modulating CSCs. 

 

Host Microenvironment Genes Identified Through Mouse-gene Microarray Analysis  

As a significant number of inflammation/immune-related genes (~8%) are upregulated in the 

human gene microarray in DP tumors, it implies that the host immune system may be involved 

into this phenomenon. We wondered whether or not we could obtain a similar microarray gene 

signature that may be akin to our human array signature, in order to draw a whole picture for 

demonstrating how the host microenvironment contributes to this highly metastatic 

microenvironment. To gain insights into this question, we carried out microarray analysis by 

using the same samples used in our human array with the Agilent‘s 44K mouse whole genome 

oligo microarray, which detects only mouse-specific genes. The microarray experiments were 
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performed exactly as the human arrays. The results indicate that this dramatic gene signature 

does not only exist in our human array, but also is found in the mouse genomic microarray. 

The mouse array turns out to have many of the same trends found in our human array. Very 

strikingly, a significant number of mouse myo-fibroblast and myo-epithelial genes are up 

regulated in the mouse DP microenvironment (table 4.4). It suggests that the DP 

microenvironment may be the pre-metastatic and pre-CSC niche due to these highly reactive 

stroma. Reactive stroma has been reported to correlate with prostate cancer progression and 

metastasis (Anborgh et al., 2010; Dakhova et al., 2009). To verify this hypothesis, we analyzed 

one of the myo-fibroblast markers, α-SMA, in mouse DP and sc tumor by IHC (Figure 4.29 A). 

As the results show, mouse α-SMA significantly increased in both LAPC9 and PC3 DP tumors 

compared with sc tumors. This result indicates that there is indeed a reactive stromal 

microenvironment existing in the highly metastatic DP microenvironment.  

     There are in total 88 genes were found commonly increased in both the human and the 

mouse array (Figure 4.26). Strikingly, most of these commonly up-regulated genes are either 

metastatic genes related, such as Matrix metallopeptidase9 (MMP9), hepatocyte growth factor 

(HGF), and SPARC, or, of great significance and interest, multiple development/stem cell-

related genes including BMP3, BMPR1B, WNT4, HAS2, PROM1, HOXD13, ABCG2, SOX9, 

SOX11, and aldehyde dehydrogenase (ALDH). This unique phenomenon strongly suggests 

that development/ stem cell pathways regulate tumor metastasis and tumor microenvironment. 

Our result is correlated to a recent study in primary human prostate sample (Dakhova et al., 

2009).  These common up-regulated genes in both human and mouse tissue are not due to 

inefficient probes that could not distinguish well between human and mouse genes. Several 
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Table 4.4. Representative mouse genes commonly upregulated in 3 DP/SC tumor pairs 

 

* A total of 593 genes representing 423 known genes and 170 unknown genes showed ≥2 fold increases in mRNA 

levels. For some genes (such as SPP1) multiple probe sets (numbers indicated in parentheses by x) were detected 

and the range of fold increases was given. Genes indicated in red are selected for the gene signature. 
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reasons support this idea: In total 44,000 genes were probed in both human and mouse arrays, 

if the probe is not species-specific, one would expect to find more than 88 commonly 

upregulated genes. More importantly, all of these common genes are functional genes related 

to metastasis, inflammation, stem cells and reactive stroma. It is not likely for these categories 

to be chosen at random. Nevertheless, these common genes‟ presence implied that both human 

and mouse genes share some important common signaling pathways in metastasis, 

inflammation and stem cells. For example, there may be some stem cell stimuli such as 

cytokines that could stimulate both human and mouse components to increase stem cell gene 

expression level. This common upregulated gene list in both mouse and human systems give us 

more reason to believe that there is a stem cell pathway underlying this active 

microenvironment. Finally, it is obvious that a tumor and host paracrine/autocrine crosstalk 

exists between human tumor cells and mouse host cells. Cytokines such as IL-1β, CCR1, 

FGF7, and TGF-β2 were found to be significantly up-regulated in the human array in DP 

tumors; correspondingly, these cytokines‘ receptors, like Illr2, Ccrll, Fgf10, and tgfbr1, were 

highly increased in mouse arrays in the DP tumors (figure 4.27). In addition, we also observed 

an increase in macrophage marker S100A9 in DP tumors relative to sc tumors (figure 4.28 B). 

Macrophages are major players in cancer-related inflammation and interactions between 

epithelial cells and host stromal cells (Sangaletti et al., 2008). The increased S100A9 indicates 

that the DP microenvironment induced metastasis may be dependent on macrophage regulated 

epithelial-stromal interaction pathways. Although we are not certain which murine cells in the 

DP tumors are responsible for these unique gene expression profiles, these results strongly  
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Figure4.26  Commonly upregulated genes in both human and mouse 
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Figure 4.27 Tumor host cross talk pathway 
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Figure 4.28 α-SMA/S100A9 expressions in LAPC9 and PC3 DP vs s.c. 

 

IHC staining of α-SMA in (A) LAPC9-DP tumor , 40x (B) LAPC9-sc tumor 40x; (C) LAPC9-

DP tumor, 200x; (D) LAPC9-sc tumor , 200x; (E) PC3-DP tumor , 40x; (F) PC3-sc tumor 

40x.(G) Shown were representative images of IHC staining using a mAb to S100A9, a 

macrophage-specific molecule. Images from two tumors (200 x and 400x each) were shown. 
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suggest that the host cells appear to be creating a pro-inflammatory and perhaps a stem cell-

enriched microenvironment for the implanted human PCa cells to promote a metastasis 

cascade.  

     All together, these human and mouse arrays suggest a very highly metastatic, inflammatory, 

and CSC-related tumor microenvironment existing in mouse orthotopic implantation sites. The 

specific microenvironment may function like a stem cell niche. It is enriched with fibroblasts 

and myoepithelial cells that form a physical anchor for stem cells to protect them from 

depletion. The specialized microenvironment also orients them to regulate stem-cell number, 

proliferation rate, and differentiation during environmental and genetic stimuli. The niche is 

unique in that some stem cells are not able to fully function without it.  While the function of 

the niche is well studied in normal stem cells, there are still few studies which work on the 

cancer stem cell niche (Bissell and Labarge, 2005; Sneddon and Werb, 2007). Is there a 

physically existing cancer stem cell niche which promotes cancer progression and metastasis? 

Some evidence indicates that the tumor microenvironment influence drug resistance and tumor 

dormancy (Vera-Ramirez et al., 2010). Because these are two important features of CSCs and 

metastasis, these data hint that the tumor microenvironment may regulate CSCs during 

metastasis. However, this is indirect evidence; our current research might be the first to direct 

answer this question. Targeting of CSC is fast developing in cancer therapy (Dubrovska et al., 

2009), but most of these studies pay attention on these epithelial CSC, when the data suggests 

that we may be wise to target both epithelial and stroma. 

 

Reconstitution/mimicking of the Metastatic Microenvironment in Mouse Subcutis   
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It is a very interesting question as to what would happen if we put metastatic cells  into the 

subcutis, as it helps to answer the question as to what is more critical, the  microenvironment or 

intrinsic properties, in deciding tumor metastasis. Since the DP microenvironment exhibits a 

highly-metastatic microenvironment, it is reasonable to attempt to rebuild this specific niche in 

subcutaneum. To test this idea, we implanted several types of cells into mouse subcutis and 

checked the metastasis development. We first used freshly isolated DU145 and LAPC9 DP 

tumor cells to re-inject into mouse sc. We did not see further metastases from these DP derived 

sc tumors. It implies that DP cells may lose their metastasis/stem cell potential under the 

influence of a sc microenvironment (data not shown). Since we hypothesized that CSCs could 

be the subpopulation which fuels metastasis, we further injected CD44
+ 

and SP cells from 

LAPC9 into mouse sc; we still did not get dramatic metastasis from this experiment as we 

observed with DP injection (figure 4.29). Because we have identified OPN and CD24 as two 

putative metastatic CSC markers, we further tested OPN
+
 and CD24

+  
populations by injecting 

them into the sc site. These experiments indicated that only OPN
+
 cells produce much stronger 

metastasis than the negative subpopulation; surprisingly(figure 4.29A), CD24
+ 

cells did not 

develop metastasis in the sc site( data  not shown). In addition, our previous experiment shows 

that distant metastatic cells are enriched in CSC features, as well as in metastatic ability. Then 

we injected BM1 into mouse sc, only a slight increase was shown in lung metastasis compared 

with parental cells (data not shown). When we injected another renal lymph node metastasis 

derived line ( RLM1) into subcutis, RLMI bearing mice show a significant increase of lung 

metastasis compared with parental cells ( figure 4.29 C).  These results indicate that the 

metastatic limitations in mouse subcutis are sufficient to further prevent cancer with intrinsic  
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Figure 4.29  Reconstitute Metastasis profiles in mouse subcutis  

 

(A)  100,000 OPN
+
 injected into subcutis and produce strong metastasis (B) 100,000 PC3-GFP 

cells co-injected with 1X 10
6
 Hs5 cells into the subcutis, dramatically increased the 

metastasis. (C) Adrenal LN derived metastatic cells RLM1 were reinjected into mouse 

subcutis, which slightly increased the metastasis compared with PC3-GFP cells.   
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CSC properties from spreading. It reflects the critical role of the tumor microenvironment in 

ultimately deciding cancer metastasis. There are some clinical relevance points in that we can 

potentially focus on remodeling the tumor microenvironment into a sc-like microenvironment 

to prevent or suppress tumor metastasis. However, the microenvironment is not absolutely 

limiting, both intrinsic cell properties and microenvironment play critical roles in regulating 

metastasis. For example, OPN
+
 and RLM1 still can metastasize under sc. It suggests that these 

cell populations may have stronger intrinsic properties in metastasis so that it can overcome the 

metastatic limitation of sc microenvironment. Moreover, when Hs5 human mesenchemal stem 

cells (MSC) were co-injected with PC3 bulk cells into mouse sc, the bulk tumor cells develop 

dramatic lung metastasis (Figure 4.29 B). This is very interesting since a recent study indicated 

that MSC are able to promote tumor metastasis through TGF-β pathway (Karnoub et al., 2007). 

There may be an underlying connection between TGF-β and MSC in our DP model as well as 

in our enrichment model. Based on this finding, we will overexpress TGF-β2, as well as use 

the whole minced DP, to add cancer cells to co-implant into mouse subcutis to see whether or 

not these will raise metastasis. All together, this evidence suggests both intrinsic properties and 

microenvironment play critical roles in regulating metastasis. Compared with other CSC 

markers, OPN might be the best metastatic CSC marker with which to purify these seeds of 

metastasis.  

 

DP-derived Metastatic Gene Signature Linked to Clinical Malignance.  

We further verified our metastatic gene signature in human prostate cancer clinical data sets.  We 

first applied meta analysis by matching our gene signature with nine clinical prostate cancer data  
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Figure 4.30  Genes whose down/up-regulated expression in metastasis validated by 9 data 

sets 

Table for nine data sets (A), genes down regulated expression in these data sets (B), and (C) 

genes up-regulated expression in these data sets. 

DataSet Primary Site Metastatic 

Holzbeierlein_Prostate 40 9 

Lapointe_Prostate 62 9 

LaTulippe_Prostate 23 9 

Magee_Prostate 8 3 

Ramaswamy_Multi_cancer_2 10 3 

Ramaswamy_Multi_cancer 10 3 

Vanaja_Prostate 27 5 

Varambally_Prostate 7 6 

Yu_Prostate 64 24 

A 

B C 
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 sets. These nine data sets include primary tumor samples and metastasis samples, as well as 

clinical outcome ( figure 4.30 A). The principle we utilized for meta analysis is that if a gene is 

identified in more than three different data sets among these nine data sets, we count this gene as 

one involved in a gene signature. Under this principle, we found about 40 genes up -regulated 

from our gene signature in these clinical data sets including OPN, MMP9, TGFβ2, CXCR12  

(Figure 4.30C). It is very interesting that several of these genes were validated by our shRNA 

knockdown experiments including OPN and TGF-β2 (Figure 4.10B).   

    We further adapted an unsupervised algorithm called consensus k means (k=2) clustering 

(Monti et al., 2003) to predict the prognosis of prostate cancer sample based three gene 

signatures. These three signatures are six down-regulated (Figure 4.31A and B) and 40 up-

regulated genes (Figure 4.31C and 1D) identified in above meta-analysis (figure 4.30), as well as 

the stem cell markers (Figure 4.31E, F) selected from our previous microarray.  

The 1000 times consensus k means (k=2) clustering was performed on expression profile of 150 

prostate cancer samples (131 primaries and 19 metatstases) available at GEO (GSE21034, 

PMID: 20579941). Table 1 shows the number of samples that were predicted into high and low 

risk, each group‟s overlap with metastasis samples and the survival analysis result based the 

BCR (Biochemical Recurrence) time.  

Table 4.5 and figure 4.30 demonstrate that all three signatures can reveal distinct subgroups 

with substantial differences in time to biochemical (PSA) relapse (BCR).  In this dataset, the six 

gene signature identified from meta analysis pop up as best signature. Based on six gene 

signature, all the 19 metastasis prostate cancer samples are predicted as high risk. In addition, the  
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Table 4.5. Summary of prediction result based on three signatures 
 High Risk Low Risk SurvivalAnalysis 

Down 63(100%) 87(0%) 2.97E-05 

Up 64(58%) 86(42%) 0.011 

StemCell 92(95%) 58(5%) 0.007 

 

Note: Percentages in the parentheses denote the fraction of metastasis samples in each predicted 

class. 

Down: the six down-regulated signature identified in my meta-analysis 

Up: the 40 up-regulated signature identified in my meta-analysis 

Stem cell: stem cell markers were selected from our human DP upregulated genes.  
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Figure 4.31. K-mean clustering identify high risk and low risk prostate cancer samples 

based on six down-regulated (A and B), 40 up-regulated genes (C and D) and the stem cell 

markers (E and F)  
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difference of time to BCR is most prominent (P=2.97E-05, figure 4.30B) among the three 

signatures. Based on the stem cell signature, 18 out of 19 metastasis prostate cancer samples are 

predicted as high risk. The stem cell signature also identified subgroups with distinct risk for 

BCR (P=0.007, figure 4.31 D).  In contrast to six gene signature and stem cell signature, the 40 

up-regulate signature shows no discriminative ability on metastasis prediction. However,  

the high risk and low risk samples characterized by this signature still demonstrated significant 

differences in time to BCR (P=0.011, figure 4.31F). 

      Figure 4.30A shows that six gene signature‟s expression, except CPZ, is coordinately down-

regulated in the high risk samples (especially in 19 metastasis prostate cancer samples), which is 

quite consistent to our microarray analysis and meta-analysis. For stem cell signature, the 

situation is a little bit complicated, we can see OPN, HOXB9 and WNT4 are unregulated in 

mestastasis samples and some other high risk samples. But not all the stem cell markers show 

consistently upregulation, we still need further to screen the best CSC markers which are 

correlated to clinical outcome. 

    It is exciting that our work from xenograft model are so closely to microarray, it suggest that 

these gene signature , and the CSC pathway might be the real in HPCa and involved in HPCa 

development and metastasis.   

In the past decade, CSCs have been increasingly studied and CSC-based cancer therapy has 

been developed in mouse models. However, until recently, most CSC studies focused on 

primary tumor growth. The metastatic properties of CSCs and the “ niche “ of CSCs have been 

largely ignored.  Studies on both CSCs‟ niche and metastatic CSCs are still in their infancy. 

There is no clear evidence to show the physical existence of a CSC niche in solid tumors. Our 
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current study might provide an interesting model to show a highly metastatic, inflammatory, 

myofibroblast/myoepithelial -enriched, and stem cell-enriched tumor microenvironment as a 

CSC metastatic niche (figure30). Additionally, though researchers show evidence that 

CD133
+
/CXCR4

+
 is the metastatic CSC population while CD133

+
 is only responsible for 

tumor initiation (Hermann et al., 2007), the more critical question is “What is the relationship 

between CSCs and metastatic CSCs”; This is  still  unanswered. In our current study, we 

provide a putative model for addressing metastatic CSCs.  In our model, we believe there may 

be two types of metastatic CSCs: One may be the more potent CSCs, as they not only initiate 

tumor growth, but also spread metastases, e.g. OPN
+
 subpopulation and LM1/BM1. The other 

type of metastatic CSC is a subpopulation of cells that is specifically functional in regulating 

metastasis but does not greatly influence tumor initiating. This subset might be a subtype of 

real CSCs. In this case, metastatic CSCs are a metastatic subtype of CSCs, while CSCs may 

contain other subtypes of cell population that can initiate tumor growth but not metastasis. For 

example, the CD24
+ 

population is critical for metastasis, but may not influence tumor growth. 

In our DP /sc model system, the DP is the putative metastatic CSC niche, which may 

enriched/incubate both type of metastatic CSCs. Thus DP tumors, as well as these distant 

metastatic LM1/BM1 cells, are highly metastatic. s.c. tumors may lack CSCs or metastatic 

CSCs due to limitations imposed by the tumor microenvironment. The high tumor growth 

ability may be due to the tumor progenitor cells in s.c. tumors.  

  In summary, in our current research, we provide evidence to support the existence of a 

metastatic CSC niche. And this metastatic CSC niche (tumor microenvironment) is able to 

promote metastasis through regulating CSC phenotypes. Additionally, we identified the OPN
+
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subpopulation, as well as the CD24
+
 subpopulation as the metastatic CSCs. This evidence for 

metastatic CSCs will help us understand the underlying mechanisms of interaction between 

CSCs and the microenvironment. Nevertheless, we propose that TGF-β2 may be a key 

regulator which modulates CSCs, microenvironment, and metastasis, and may help shape a 

highly metastatic niche. Our current study also indicates that both the tumor microenvironment 

and cell intrinsic properties are critical to tumor metastasis. Therefore, it is very important to 

target both of these two sides in clinical applications to eliminate primary cancer and 

metastasis.  
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