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Prostate cancer (PCa) is heterogeneous containing phenotypically diverse cells. It 

is unclear whether these phenotypically different PCa cells are functionally distinct and 

possess divergent tumorigenic potential. Androgen signaling plays important roles in 

differentiation and survival of malignant PCa cells, and prostate specific antigen (PSA) as 

one of the androgen signaling target genes is used as a biomarker of AR signaling to 

assess tumor progression and evaluate therapeutic efficiency in clinic.  

Here we present evidence for discordant AR and PSA expression resulting in 

AR+/PSA+, AR+/PSA-, AR-/PSA-, and AR-/PSA+ PCa cells in human tumors. We also 

show that prostate tumor PSA mRNA levels inversely correlate with poor clinical 

outcomes and patient survival. By employing a lentiviral reporter system, we have 

fractionated bulk PCa cells into PSA+ and PSA-/lo cell populations, with the former being 

AR+/PSA+ and the latter containing both AR+/PSA- and AR-/PSA- cells. The PSA+ and 

PSA-/lo PCa cells demonstrate distinct molecular, cellular, and tumor-propagating 
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properties. PSA-/lo PCa cells are quiescent and refractory to stresses including androgen 

deprivation, exhibit high clonogenic potential, and possess long-term tumor-propagating 

capacity. They preferentially express stem cell genes and can undergo asymmetric cell 

division to generate PSA+ cells. Of great clinical interest, PSA-/lo PCa cells can initiate 

robust tumor development and resist androgen ablation in castrated hosts, and they harbor 

highly tumorigenic castration resistant PCa cells. In contrast, PSA+ PCa cells possess 

more limited tumor-propagating capacity, undergo symmetric division, and are sensitive 

to castration. Systemic androgen levels dynamically regulate the relative abundance of 

PSA+/PSA-/lo PCa cells in the tumors, which in turn impact the kinetics of tumor growth. 

Further studies reveal that the PSA-/lo PCa cell population harbors several overlapping but 

nonidentical tumorigenic subsets including ALDH+, CD44+, and α2β1+ cells and 

ALDH+CD44+α2β1+
 can further enrich castration resistant PCa cells.  

These observations together suggest that heterogeneous PCa cells are organized as 

a tumorigenic hierarchy. Our results have important implications in understanding how 

different subpopulations of PCa cells manifest differential responses to current androgen 

deprivation therapy (ADT).  
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Chapter I: Introduction 

Contrary to the previous understanding that a tumor is nothing more than a mess 

of relatively homogeneous proliferative tumor cells, pioneer studies by Klein, Makino 

and Levan demonstrated the intratumor functional heterogeneity in a murine model 

(reviewed in [1]). Follow-up studies, most notably by Fidler and Heppner, provided 

definitive evidence for the existence of multiple cancer cell subpopulations within a 

single tumor [2, 3]. Over the past decades, the advances in molecular and stem cell (SC) 

biology such as development of cell surface marker specific antibodies, flow cytometry 

and deep-sequencing technology have made it possible to systematically analyze tumors, 

thereby inspiring new ideas and approaches, and further advancing our understanding of 

cancer. Tumors have increasingly been appreciated as organs, which contain various 

kinds of cancer cells exhibiting significant heterogeneity in terms of cellular morphology 

and other cytogenetic markers, growth kinetics, tumorigeneity, cell products, receptors, 

enzymes, immunological characteristics, metastatic ability, and sensitivity to therapeutics 

(Fig. 1.1). The biology of a tumor can only be understood by dissecting the bulk tumor 

and exploring the individual subpopulations within it. 

This phenotypic and functional diversity among cancer cells within the same 

tumor can arise in multiple ways, including genetic mutations, epigenetic changes, 

interactions with the microenvironment, and the cellular hierarchy. The acquisition of 

genetic (or epigenetic) alterations underpins the clonal evolution theory [4] in which cells 

in the dominant clonal population(s) possess similar tumorigenic potential. Conversely, 

the cancer stem cell (CSC) model postulates a hierarchical organization of cells such that  
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Figure 1.1. Intratumoral Heterogeneity 

Tumors have increasingly been appreciated as organs. Distinct cancer cells with different 
functions as well as the parenchyma and surrounding stroma of distinct cell types 
constitutes and contribute to a solid tumor. (adapted from Douglas Hanahan and Robert 
Weinberg, Cell, 2011 Mar 4;144(5):646-74.) 
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only a subset possesses self-renewal and differentiation capacity, is responsible for 

sustaining tumorigenesis, and can establish the cellular heterogeneity inherent in the 

parental tumor.  

STEM CELLS IN NORMAL TISSUE 

In a multicellular organism, continuous tissue and organ regeneration is one of the 

important mechanisms in maintaining homeostasis. Old/senescent cells in adult 

organisms are eliminated by various mechanisms such as apoptosis, shedding from the 

epithelial and epidermal surfaces. Worn-out, functionally differentiated mature cells in 

adult organs are continuously replaced by new ones. Thus, to keep the balance in cell 

mass in different tissues and organs, new cells have to be continuously generated to 

replace the eliminated ones. These new cells are supplied by a pool of SCs that reside in 

specific niches spread throughout the organs and tissues. Tissue specific SCs residing in 

various human organs give rise to more than 200 different types of adult cells that 

compose the human body. 

Our knowledge of SCs is continuously being refined based on advances in SC 

research. In general, SCs are relatively quiescent, reside in SC niches, and are endowed 

with an ability of indefinite self-renewal and long-term repopulation [5]. When dividing, 

SCs can give rise to either one SC and a differentiated cell by asymmetric division, or 

two daughter SCs or two differentiated cells by symmetric division.  

The discovery of hematopoietic stem cells (HSCs) and hemopoiesis, for the first 

time, provided solid ground for the theoretical hypothesis related to the existence of 

normal adult SCs as well as a platform for the subsequent development and analysis of 
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the properties and regulation of normal SCs in many tissues. Analysis of bone marrow 

(BM), by pioneering hematologists, revealed that it contains a variety of morphologically 

heterogeneous hematopoietic cells embedded in connective tissue-like stroma, which can 

be divided into cells of different blood lineages. Cytological analyses, as well as 

radioactive tracer labeling experiments, indicated that mature blood elements that 

eventually enter the blood are derived from bone marrow precursor cells. These findings 

led to the idea that there are cells on top of all blood lineages, which can undergo a 

succession of differentiation and gradually become mature blood cells.  

The technical advancement of the BM transplantation and the ionic irradiation 

device finally made it possible to examine the reconstitution of the hematopoietic system 

and characterize HSC properties. Groundbreaking studies revealing that regenerative 

clones (colony-forming unit-spleen, CFU-S) derived from single transplanted donor BM 

cells in the spleen of lethally irradiated recipients contained multiple blood lineages, 

provided definitive evidence that the hematopoietic system derives from a multipotent SC 

and that HSCs have a high capacity for self-renewal, proliferation, and multipotential 

differentiation [6-9]. Follow-up studies further identified long-term multi-lineage pre-

CFU-S HSCs [10], as well as restricted progenitors for myeloid and lymphoid cells, and 

suggested that the HSC pool is organized in a hierarchy containing a spectrum of 

SCs/progenitors with distinct proliferative and self-renewal capacity and differentiation 

potential [11-15]. 

Subsequent to the discovery of HSCs, attempts were made to identify tissue-

specific SCs in other adult organs. By now, SCs in multiple organs including skin [16, 

17], brain [18, 19], breast [20], skeletal muscle [21], intestine [22, 23], lung [24] and 
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prostate [25-27] SCs have been reported. Like HSCs, which give rise to blood cells of all 

lineages, tissue specific SCs can differentiate into the variety of mature progeny found in 

the tissue. However, not all HSC properties can be applied to other SCs. For example, 

among tissue specific SCs, marked differences exist in the differentiation potency, 

ranging from multipotency seen in HSCs, to unipotency of cells such as muscle 

progenitors. Moreover, muscle satellite cells hardly proliferate in vitro whereas epidermal 

progenitor cells can be propagated extensively in culture. Some, but not all of the other 

tissue-specific SCs are multipotent and dormant. Tissue-specific SCs, from different 

organs, also differ dramatically in regards to their repopulating or regenerative potential. 

Isolation and characterization of these comparatively rare SC subpopulations are a 

major goal for SC studies. In many cases, the presence of a SC population was first 

suggested by histological and anatomical evidence. SCs seemed to be morphologically 

undifferentiated, relatively small, condensed, contained a relatively large nucleus and thin 

cytoplasm, and were devoid of cytoplasmic structures characteristic of mature cells. By 

using techniques such as equilibrium density-gradients and velocity sedimentation, Miller 

et al, for the first time, attempted to separate BM cells into fractions [28]. However, these 

methods lacked the precision needed for meticulous cell fractionation and thus led to 

fractionating the overlapping subpopulations. The development of Fluorescence-

Activated Cell Sorting (FACS) together specific Abs against cell surface antigens finally 

provided a strong tool for fractionating cells and identifying cell sub-populations. 

In addition to the cell surface markers, SCs can be identified based on their 

quiescent and slow cycling nature [29, 30]. Because of the preferential expression of 

ABC transporters that pump out biotics from cells, SCs can be enriched using the side 
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population (SP) technique, which is based on differential Hoechst dye efflux ability [31]. 

Aldefluor assays [32] take advantage of the preferential expression of aldehyde 

dehydrogenase (ALDH), an enzyme involved in detoxification of exogenously and 

endogenously generated aldehydes in adult SCs.  

In the past two decades, tremendous effort has been made in purifying 

homogeneous HSCs. Despite these options for SC enrichment, the subpopulations 

isolated by existing purification procedures remain heterogeneous. For example, mouse 

HSCs were initially enriched in lineage-negative Lin–c-Kit+Sca-1+ (LSK) populations 

[33]. Within this subpopulation, CD34– was then employed to further enrich long-term 

multi-lineage reconstitution and self-renewing HSCs [34]. However, even using the 

LSKThy1.1lowCD34-/lowFlk2- marker profile to isolate HSCs still results in a 

heterogeneous population. When such cells are individually examined, they engraft with 

a success rate of about 20-30% and individual cells in the purified subpopulation differ 

widely in their behavior and molecular properties [35]. When further analyzing the clonal 

progeny of HSCs, which can successfully engraft long-term in recipients, the extent and 

kinetics of hematopoietic repopulation strongly differ between individual HSCs. 

Although contributing long-term to both lymphoid and myeloid lineages, individual 

HSCs preferentially generate either myeloid or lymphoid progeny, and the lineage 

preference is cell-intrinsically predetermined and stably inherited through serial 

transplantations [36]. The finding that myeloid-biased HSCs have higher self-renewal 

capacity suggests that the myeloid biased HSCs are at the apex of the hierarchically 

organized HSC pool [37]. Taken together, cell fractionation utilizing a combination of 

specific markers indicates that SCs are rather heterogeneous and differentiation cascades 
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of SCs are arranged in a hierarchical continuum without distinguishable boundaries 

between different stages. 

It was once thought that differentiation from most primitive SCs, stepwise, into 

progeny that gradually lose self-renewal potential and acquire differentiated functions is 

unidirectional, tightly regulated by both intracellular and external signals and enforced by 

epigenetic modulations to lock the progeny in a differentiated stage. However, a large 

body of emerging data on dedifferentiation and transdifferentiation in various SC systems 

contradicts this traditional view of SCs and suggests that cells could possess a degree of 

plasticity under specific conditions.  

Dedifferentiation, a process in which a specialized cell takes on a more primitive 

state, widely exists in multiple organs. For example, during mouse spermatogenesis as 

the SC niches are emptied, partially differentiated progenitors can become SCs under 

regenerative stress [38]. Dedifferentiation can also be induced in somatic cells. For 

example, in the hematopoietic system, conditional deletion of PAX5 allowed mature B 

cells to dedifferentiate back into uncommitted progenitors [39]. In vitro short-term 

treatment with TGF-α can induce mature mouse astrocytes to shift to radial glial cells 

[40]. Oligodendrocyte precursors, stimulated by BMP and FGF-2, can also be reverted 

into neural stem-like cells [41]. Cultured adipocytes can release fat droplets, gain 

fibroblast morphology, and eventually gain mesenchymal SC properties [42]. Cultured 

human pancreatic islets can dedifferentiate, gain proliferation potential, and can then be 

induced to re-differentiate into islets [43-45].  

In addition to dedifferentiation, transdifferentiation, during which a mature cell of 

one type gives rise to a mature cell of a different lineage, may also occur. For example, 
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cultured human neurospheres are able to establish long-term hematopoietic reconstitution 

in the presence of a human bone marrow microenvironment [46]. Moreover, prepubertal 

mouse mammary fat pad can induce foreign cells such as testis cells and neural SCs to 

develop into a functional mammary epithelial fate [47, 48]. 

Finally, a series of classical experiments in frogs [49] and, later, sheep [50] 

presented the possibility of regenerating whole animals by placing single nuclei from 

differentiated cells in oocytes, leading to the success of inducing dedifferentiation of 

somatic cells into ESC-like cells by the imposing expression of four transcription factors, 

c-Myc, Sox-2, Oct-4, and Klf-4, in a differentiated cell [51].   

In summary, despite both intracellular epigenetic regulation and tissue 

microenvironment continuance to tightly maintain the differentiation hierarchy, cells in 

the development cascade are endowed with sufficient plasticity to enable their adaptation 

to environmental modulations or imposed stress. 

CLONAL EVOLUTION AND CANCER STEM CELLS 

Phenotypic heterogeneity within populations of tumor cells is a complex 

phenomenon that can arise in multiple ways, including intrinsic differences caused by 

genetic diversity and/or non-heritable heterogeneity generated by the differentiation of 

SC-like cancer cells and cellular hierarchical organization of the tumor (Fig. 1.2). 

A series of cytogenetic studies pioneered by Nowell and Hungerford in the 1960s, 

established the unique connection between chronic myelogeneous leukemia (CML) and 

the translocation between chromosomes 9 and 22 (Philadelphia chromosome), and 

provided the definitive genetic evidence that human tumors are individual clones of cells 
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Figure 1.2. Clone evolution and CSC model 

Heterogeneity can arise within tumors through stochastic genetic alterations that change 
phenotype of subclone. All the cells within individual clone are identical. Alternatively, 
cancers might contain intrinsically different subpopulations of tumorigenic and 
nontumorigenic cells organized in a hierarchy. The tumorigenic cells give rise to 
phenotypically distinct nontumorigenic cells. These sources of heterogeneity are not 
mutually exclusive. Cancers that follow the CSC model are also subject to genetic 
mutations. New mutations might generate a phenotypically distinct subclone, within 
which cells still follow hierarchical organization. (adapted from Long V. Nguyen et al., 
Nature Reviews. Cancer, 2012 Feb; 12(2):133-43) 
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bearing specific genetic abnormalities [52]. A follow-up discovery, which revealed that 

the blast phase CML is associated with additional cytogenetic changes in the leukemic 

cells, led Nowell to propose, in a historical perspective, the clonal evolution model of 

cancer, suggesting tumor initiation and progression as an evolutionary process that is 

driven by stepwise, somatic-cell mutations with sequential, subclonal selection [4].  

The clonal evolution model assumes that phenotypic differences and functional 

variety between cancer cells within a tumor are determined by intrinsic genetic 

differences between them, and every cell with the same genetic background has an equal 

potential to initiate tumor. At the early stage of the disease, all of the cells within a 

premalignant lesion are thought to derive from a single mutated cell, and are therefore 

clonal. Because of the nature of chromosomal instability in tumor cells, during multiple 

rounds of cell division, multiple routes can contribute to the genetic diversification, 

including errors in DNA replications, multiple chromosomal translocations and 

aneuploidy [53] and even whole-genome chromosomal reshuffling [54]. Randomly 

acquired mutations followed by selection causes the preferential outgrowth of the 

subclones that fit the tumor ecosystem. Similarly to evolutionary processes in natural 

populations, tumor evolution is characterized by complex dynamics that are influenced 

by the environment, such as surrounding stroma, nutrition condition, or treatment, and 

produces unique and unpredictable patterns of clonal architecture. Genetically diverged 

clonal subpopulations coexist in a tumor and selection among genetically distinct 

subclones together changes the phenotypes of cancer [55]. A growing body of 

experimental evidence supports the existence of complex subclonal architecture in human 

cancers. Particularly, with the advances in DNA-sequencing technologies, it is possible to 
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perform unbiased analyses of tumor genomes at high resolution and to dissect the clonal 

composition of tumors. By sequencing individual cells in a primary tumor and its distal 

metastasis, multiple distinct clonal subpopulations and single clone expansion patterns 

during tumor progression and metastasis have been described [56, 57]. The genetic 

diversity and a branching, rather than a linear, relationship among distinct clones has also 

been revealed [58, 59]. These results suggest that complex evolutionary dynamics and the 

resulting complex clonal architecture are probably common in all cancers.  

By contrast, the hierarchical model assumes that, within the total malignant cell 

population, only a biologically distinct subset, so-called CSCs, is responsible for 

sustaining tumor propagation and establishing the whole heterogeneous cancer cell 

populations. This model predicts that CSCs are at the apex of the tumor cell hierarchy 

and that CSCs have both self-renewal potential and the ability to give rise to progeny 

with limited proliferative capacity.  

An initial clue to the concept of CSC was provided by Pierce and Spears in a 

series of work on the germ line cancer teratocarcinomas. They observed morphologically 

benign differentiated structures derived from multipotent undifferentiated cells with a 

high mitotic activity. They further provided proof that single transplanted multipotent 

malignant cells could give rise to a whole tumor [60].  

Another indication reinforcing the CSC concept took root in leukemia studies. By 

examining leukemia blast proliferation kinetics in human acute leukemia cells and 

murine models, Clarkson and colleagues showed that the majority of leukemic blasts 

were postmitotic and needed to be continuously replenished from a relatively small 

proliferative subpopulation, which contains 2 proliferative fractions: a larger, fast cycling 
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subset, and a smaller, quiescent subpopulation. The slow cycling fraction generated the 

fast cycling fraction (reviewed in [61]). Only the small fraction of leukemic cells could 

form spleen colonies in vivo when they were transplanted. These findings led to the 

hypothesis of hierarchical organization of cancer as a caricature of normal development 

in which ‘more malignant’ cells not only propagate the cancer but also give rise to a 

‘more benign’ population of cells. 

Although the majority of experimental evidence indicates the existence of distinct 

stem-like cancer cells, definitive proof had been lacking for decades. The technical 

advent of FACS as well as the accumulation of knowledge on normal HSCs finally made 

this possible. By separating phenotypically distinct subpopulations of live cancer cells 

and comparing their tumorigenic potential in immunodeficient mice, Dick and colleagues, 

for the first time, provided definitive evidence that some AMLs [62] follow the CSC 

model and leukemic stem cells (LSCs) were enriched in the CD34+CD38- cell population. 

Later, in solid tumors, breast cancer [63] was also shown to contain a subpopulation of 

stem-like cancer cells. Since then, many other studies have employed similar FACS 

separation of cell subpopulations followed by xenotransplantation assays to provide 

evidence that some human cancers also contains CSCs, including colon cancer [64-66], 

pancreatic cancer [67], brain tumors [68] , and ovarian cancer [69]. The capacity to 

regenerate heterogeneous tumor populations and propagate the tumor long-term seems to 

be restricted to and enriched in a phenotypically distinct subpopulation of cancer cells. 

These studies imply that many cancers follow the SC model and might be more 

effectively treated by targeting CSCs 
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Clonal evolution and CSCs are not mutually exclusive and likely contribute, 

synergistically, to the phenotypic and functional heterogeneity of individual tumors (Fig. 

1.2). As illustrated in recent leukemia xenograft studies, multiple genetic subclones 

evolved during serial xenograft transplantation and contributed to a genetic diverse CSC 

pool. Each individual subclone was maintained by its CSCs, and the genetic events 

promoting the CSC frequency and function likely increased the competitive growth of the 

whole subclone [58, 59]. During tumor evolution, only CSCs are endowed with the 

capacity to drive and sustain the evolution of individual clones through selection. 

CELLS OF ORIGIN IN CANCER 

The cell-of-origin for cancer is the normal cell that is hit by a series of cancer-

promoting mutations. Organ development proceeds in a hierarchical manner from SCs, 

through committed progenitor cells, to differentiated cells that constitute the bulk of the 

tissue or organ (Fig. 1.3). The most favored potential candidates for oncogenic 

transformation are the primitive SCs, because of their inherent self-renewal capacity and 

their longevity, which would allow the accumulation of oncogenic mutations. 

Nevertheless, by acquiring mutations that re-activate self-renewal and proliferative 

potential, more mature progenitor cells and even differentiated cells in the normal tissue 

might also be a cell-of-origin in tumorigenesis (Fig. 1.3).  

Studies of leukemia initiation and progression have again historically served as an 

instructive guide in determining the cell-of-origin in cancer. The similar CD34+CD38- 

marker profile of both LSCs and normal HSCs suggests that primitive HSCs seed acute 

myeloid leukemia (AML). By retroviral infecting flow-purified primitive human 
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Figure1.3. Cell-of-Origin in Cancer and CSC 

Although tumor could originate from primitive SC or progenitors, the accumulation of 
further oncogenic mutations during neoplastic progression may change the phenotype of 
the transformed targets. Thus, the cell of origin of a tumor may be distinct from the CSC. 
Multiple factors contribute to the tumor phenotype. Different nature of oncogenic 
mutations may result in different tumor histopathology. Different cell-of-origin may also 
generate the different cancer subtypes. (adapted from Jane E Visvader, Nature, 2011 Jan 
20;469(7330):314-22) 
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hematopoietic cells with mixed lineage leukemia (MLL) fusion genes and analyzing their 

predisposition to tumor initiation, both Lin- cord blood cells and primitive CD34+ 

hematopoietic cells can serve as the target of MLL-mediated transformation [70, 71]. 

However, because both populations are largely heterogeneous, it is still unclear whether 

progenitor cells can be transformed. Similar approaches were also used to explore the 

potential cell-of-origin in mouse leukemia. Upon BCR-ABL transfection, mouse chronic 

myelogenous leukemia (CML) can only originate from HSCs, but not committed 

progenitor cells [72]. However, variable results have been observed when trying to 

initiate mouse AML. The MLL-GAS7 fusion protein produced mixed lymphoid leukemia 

only when transduced into HSCs or multipotential progenitor cells, whereas the MLL-

AF9 [73] and MLL-ENL [74] fusion proteins both initiated AML regardless of the 

initially transduced cell type. When introducing those fusion genes, the committed 

progenitors seemed to be reprogrammed to acquire self-renewal capacity during 

leukemogenesis. These seemingly controversial results indicate that the mechanisms 

dictating the capacity of hematopoietic cells to initiate AML depend on the specific types 

of oncogenes such that both HSC and lineage committed progenitor cells can function, in 

different contexts, as the cellular targets of transformation. 

In the mouse intestine, two overlapping crypt stem/progenitor cells have been 

identified as the cell-of-origin for intestinal cancers by lineage tracing studies in 

genetically engineered mouse models. Apc deletion, specifically in fast proliferating 

Lgr5+ stem/progenitor cells localized in the crypt, has been shown to initiate tumor 

development. [75]. CD133 also marks an intestinal epithelial SC population that seems to 
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largely overlap with the Lgr5+ population, and activation of the Wnt signaling pathway in 

CD133+ cells results in neoplastic transformation [76]. However, a distinct slow-cycling 

Bmi-1 expressing intestinal SC population located at the +4 or +5 position from the base 

of the crypt can also give rise to Lgr5+ cells and be susceptible to tumorigenesis by 

deregulated WNT signaling using a Bmi1-CreER knock-in model [77]. Together, these 

data indicate that the stem/progenitor population is the favorable cellular target for Apc 

deletion or Wnt activation induced colon cancer. 

Using the nestin promoter to target neural precursor cells, studies on brain 

tumorigenesis have also demonstrated that primitive neural SCs are more sensitive to 

oncogenic mutations. For instance, the nestin+ precursors are more susceptible to 

transformation by Ras and Akt, consistent with brain tumors originating in the 

stem/progenitor population [78]. Moreover, nestin+ precursors in the subventricular zone 

(SVZ) of the adult brain can efficiently initiate glioblastomas after conditional 

inactivation of p53, Pten and/or Nf1, whereas the more differentiated cell types in non-

neurogenic areas of the adult brain are less susceptible to transformation [79]. Similarly, 

when deleting Rb/p53, Rb/p53/Pten or Pten/p53, tumors arise only from astrocytic SCs in 

the SVZ but not from mature peripheral astrocytes [80]. 

Similar oncogenic mutations might target different cellular compartments and the 

nature of the cellular target has an important influence on tumor cell fate and tumor 

pathology. Squamous cell carcinoma (SCC) often displays squamous differentiation, 

suggesting that they may originate from interfollicular epidermal (IFE) cells. However, 

overexpression of H-Ras under control of either a K10 or K5 promoter can initiate a 

tumor, indicating that both more differentiated IFE suprabasal cells and hair follical 
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derived progenitor cells have the potential to serve as the cell-of-origin in skin tumors. 

Nevertheless, transformed hair follicle progenitor cells gave rise to more aggressive SCC, 

whereas imposing H-Ras expression in IFE cells only produced papillomas [81, 82]. 

These studies implied that different cell types, including hair follicle cells and 

differentiated IFE cells, could both be involved in squamous skin tumor formation, but 

the nature of the cell target significantly impacts tumor pathology. Similarly, small cell 

lung cancer (SCLC) predominantly originated from neuroendocrine cells in a p53/Rb1 

knockout mouse model [83] whereas adenocarcinomas arose preferentially from AT2 

cells [84]. Moreover, transformation of breast epithelial cells cultured in different media 

in vitro has also suggested that the properties of cellular targets can determine tumor 

phenotype [85]. 

Tumors have largely been classified on the basis of their histological appearance 

and expression of certain markers. However, depending on the nature of oncogenic 

mutations, the histological profiles of tumors may not represent the cell-of-origin. The 

heterogeneity of breast cancers has been proposed to relate to their cellular origin, with 

basal-like tumors originating from basal SCs and luminal tumors from luminal 

progenitors, and with Brca1 mutations preferentially associated with basal-like breast 

cancer [86]. However, conditional deletion of Brca1 and p53 in adult mammary basal 

epithelial cells using K14-Cre mice induced mainly basal-like adenocarcinomas as well 

as adenomyoepithelioma [87]. Deleting Brca1 and p53 preferentially in CD24+Sca-1- 

luminal ER- progenitors using Blg-Cre, generated tumors that were reminiscent of human 

basal-like breast cancers [88]. Skin basal cell carcinoma (BCC) was thought to derive 

from hair follicle SCs because BCC cells are largely negative for terminal differentiation 
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markers [89]. However, after conditional activation of the Hedgehog (HH) signaling 

pathway in different mouse epidermal cell lineages, superficial BCCs preferentially arise 

from stem/progenitor cells residing in the interfollicular epidermis or IFE (reviewd in 

[90]). Transcriptional profiling of adult IFE cells following SmoM2 expression revealed 

that those cells were partially reprogrammed [91]. The plasticity of the targeting cells 

induced by tumorigenic mutations might play an important role in determining tumor 

phenotypes and the histological appearance, and therefore, marker expression could be 

misleading in extrapolating the actual cellular origin of cancer. 

Multiple mechanisms including different genetic or epigenetic mutations, and the 

nature of cells serving as the cell-of-origin, are likely to dictate tumor histopathology and 

phenotypes. Different mutations occurring within the same target cell population might 

result in different tumor phenotypes whereas different cell types sustaining the same 

oncogenic hits might give rise to distinct tumor subtypes. Of note, these cellular and 

molecular mechanisms are not mutually exclusive, but can act together to determine the 

eventual tumor histopathology and behavior (Fig. 1.3). 

PHENOTYPIC HETEROGENEITY OF CSCS 

To test the CSC hypothesis and further characterize the properties of CSCs in an 

established tumor, different subpopulations based on distinct phenotypes need to be 

purified out and prospectively studied by various functional assays. Numerous strategies, 

most of which are used to enrich the normal tissue SCs, have been utilized to enable CSC 

populations to be isolated at relatively high purities (Fig. 1.4). Since the LSCs had been 

found successfully enriched in CD34+CD38- isogenic population, antibodies targeting cell 
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surface markers that identify normal adult tissue SCs, such as CD44 and CD133, have 

been widely used in FACS-based purification and enrichment of CSCs in various tumor 

types, including breast, prostate, pancreatic, colon, brain, ovary, and lung cancers. By the 

similar token, as normal SCs preferentially express high levels of ABC transporters as an 

endogenous detoxification mechanism [92], the SP technique, first introduced to enrich 

mouse HSCs [93] and based on measuring the efflux of vital dyes such as Hoechst 33342 

from the cells,, has been used to enrich CSC populations [94]. Furthermore, ALDH 

mediated detoxification and cellular ALDH activity measured by the ALDEFLUOR 

system has been used as a novel approach for the enrichment of CSCs [95-98]. 

Additionally, sphere formation assays, which test the ability of stem/progenitor cells to 

survive and propagate in anchorage independent conditions, can be employed to enrich 

cells with CSC activity. Because of the quiescent nature of SCs, long-term pulse chase 

with nucleotide analogs has proven to be a promising approach to label normal SCs as 

well as CSCs. Lastly, signaling pathways involved in SC self-renewal, such as Notch and 

Wnt pathways, play important roles in maintaining CSC properties, and activation of 

these pathways can also help identify CSCs [99].  

Interestingly, different isolation strategies seem to frequently enrich CSC 

populations that are phenotypically and functionally distinct. The first evidence of LSCs, 

reported by Bonnet and Dick, demonstrated that human AML cells with CD34+CD38- 

phenotype were multipotent, relatively quiescent and able to reconstitute human AML in 

immunodeficient mice [62]. Their follow-up study showed that such cells were 

functionally diverse and actually only a small fraction possessed long-term self-renewal 

capacity [100]. However, in a more immunodeficient host, two independent studies have 
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Figure 1.4. Phenotypic Heterogeneity of CSC and Approaches for CSC Enrichment 

(adapted from Amit S. Adhikari et al, Frontiers in Bioscience, 2011 Jan 1;16:1927-38) 
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reported that the LSC phenotypes were heterogeneous and the LSCs could also be found 

in CD34+CD38+ or even CD34- subpopulations [101, 102]. Goardon et al further 

demonstrated that both lymphoid-myeloid progenitor (LMP)-like and granulocyte-

monocyte progenitor (GMP)-like tumor cells with the capacity to propagate AML 

coexisted in the LSC pool [103]. These studies indicate the phenotypic heterogeneity and 

functional diversity of AML CSCs.  

Heterogeneity of CSCs has also been reported in solid cancers. Al-Hal et al 

initially reported that the CD44+CD24- population enriches breast CSCs [63]. ALDH 

activity alone has also been used to enrich breast CSC subpopulations. Nonetheless, the 

ALDH+ and CD44+CD24- phenotypes identify overlapping but non-identical cell 

populations, although the cells bearing both marker profiles seem to be more tumorigenic 

than ALDH-CD44+CD24- breast cancer cells [96]. Of note, in estrogen receptor (ER) 

negative breast tumors, Meyer and colleagues showed that both CD44+CD24- and 

CD44+CD24+ subpopulations are equally tumorigenic and CSCs are most enriched using 

the CD44+CD49fhiCD133/2hi marker profile [104].  

Similarly, in human colon cancer, the first two pioneering studies on colon CSCs 

employed CD133 to identify the CSC fraction [65, 66]. Later, Dalerba et al indicated that 

the CD44+ cells represented a more tumorigenic subset of CD133+ colon CSCs, and 

employed CD44 in combination with the epithelial surface antigen EpCAM for the 

isolation of colon CSCs [64]. Additionally, subfractionation of the CD44+EpCAM+ cell 

population using CD166 can further enrich CSCs [64]. ALDH has also been proposed as 

a marker for human colon CSCs. However, ALDH+ colon cancer cells are still 

heterogeneous and further isolation of cancer cells using a second marker (CD44 or 
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CD133) can increase enrichment [97]. Using a marker independent strategy, Dieter and 

colleagues discovered three different types of colorectal cancer initiating cells in the same 

tumor possessing distinct self-renewal and metastatic capacity [105].  

In gliablastoma multiforme (GBM), CD133 was initially connected to the subset 

of cells with robust tumorigenic capacity in immunocompromised mice [68]. However, 

controversial results were later reported using the CD133 marker profile. In particular, 

Chen et al demonstrated that in PTEN deficient GBM, a series of phenotypically distinct 

self-renewing cells was observed in both the CD133+ and CD133- fractions [106]. These 

tumorigenic cells were arranged in a linear hierarchy and generated tumors with different 

growth kinetics. GBM CSCs were also enriched using other surface markers such as 

CD15 [107], stage-specific embryonic antigen (SSEA-1) [108] and α6 integrin [109]. In 

summary, human GBM CSCs seem to be extremely phenotypically heterogeneous.  

Similarly, in pancreatic cancer, both CD44+CD24+ESA+ [67] and CD133+ [110] 

were reported to define tumorigenic populations. Neither of these two subpopulations is 

homogeneous. In the CD133+ pancreatic cancer cell population, a subpopulation 

expressing CXCR4 appears to be enriched in metastatic CSCs [110]. 

Several explanations may underlie the reported phenotypic heterogeneity of CSCs. 

First of all, just like the heterogeneity of normal CSCs in an adult organ, differentiation 

of CSCs represents a continuum and the CSC pool is hierarchically organized. In a tumor 

tissue, the most primitive long-term self-renewing CSC population is at the top of the 

lineage and can generate progenitors with limited capacity of self-renewal, which in turn 

gives rise to differentiated non-tumorigenic cancer cells. The fact that combination of 
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multiple makers can further enrich CSCs indicates that this might be the case in some 

tumors. 

Secondly, genetic diversity likely introduces further heterogeneity in the CSC 

phenotypes. As the clonal evolution model predicts, during tumor progression, random 

genetic mutations will accumulate due to the instability of the tumor genome, which 

might create distinct clonal subpopulations coexisting within individual tumors and 

contribute to a genetically diverse CSC pool. In each clonal subpopulation, tumor cells 

might be hierarchically organized in a distinct way. Depending on the nature of the 

genetic background of the individual clone, the frequency, self-renewal and tumorigenic 

capacity and phenotypic features of the CSCs within one clone might or might not differ 

from that in other clones. The progression of CML to blast crisis is a typical example. 

Despite bearing a BCR-ABL fusion [72], CML in chronic stages is maintained by a 

subset of multipotent, self-renewing CSCs with very similar phenotypes and properties to 

the normal HSC counterparts. However, if the B-lymphoid progenitors (BLPs) or GMPs 

derived from CML SCs continue to accumulate subsequent genetic mutations that enable 

them to acquire self-renewal properties, these mutated progenitor cells can become a 

distinct CSC population and generate more aggressive subclones of leukaemic cells, 

adopting an acute leukemia-like histology feature [111]. Two studies on leukemia further 

illustrated the genetically heterogeneous CSC compartments. By examining the genetic 

features of serially transplanted leukemia xenografts, the complex, branching nature of 

the clonal evolution path was revealed and multiple genetically distinct CSCs populations 

were observed. Of note, genetic alterations that led to competitive clonal growth in a 

xenograft also increased CSC abundance [58, 59]. Although any tumor cell in the 
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hierarchy might acquire random mutations, due to the capacity of indefinite self-renewal 

and longevity, CSCs are the driver of the individual clone and likely accumulate more 

genetic changes. Therefore, CSCs can serve as a “cell-of-origin” of new clones, and keep 

evolving and changing phenotypes during tumor progression. Finally, forced de-

differentiation of non-CSC progeny into a CSC state via genetic mutation(s) might also 

contribute to the heterogeneity in CSC pools.  

Like the plasticity in normal SC progeny induced by stress, wound healing, 

expression of certain genes or interruption of natural microenvironment, the ‘stemness’ 

status of CSCs is unstable and cancer cells can undergo reversible fluctuations in their SC 

state. The arguably ‘best’ studied plasticity in cancer cells is the epithelial-to-

mesenchymal transition (EMT). By overexpressing EMT factors, such as, twist, snail1, or 

TGFβ treatment, differentiated breast cancer epithelia cells lose epithelial markers, gain 

mesenchymal markers, acquire the CD44+CD24- breast CSC marker profile and the 

capacity of self-renewal and tumor initiation, and exhibit increased migratory and 

invasive potential [112]. The microenvironment can also reprogram the non-CSC 

population. By co-culturing with myofibroblasts, hepatocyte growth factor secreted by 

feeders can reinstall a CSC phenotype in differentiated colon cancer cells by activating 

the WNT pathway [99]. In addition, under stress imposed by drug treatment, a 

subpopulation of reversibly drug tolerant CD133-expressing cancer cells emerged [113]. 

Together, these observations indicate that plasticity in non-CSC widely exists across 

multiple tumor types. 

 Several mechanisms might possibly contribute to the plasticity of non-CSCs. 

Firstly, genes such as Myc, Nanog and Sox2, which are pluripotency factors and involved 
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in iPS cell generation, have oncogenic potential and may reprogram non-CSCs by 

causing cancer cell de-differentiation. Moreover, cellular hierarchy in normal tissue is 

maintained by the microenvironment and tissue structure, which generally prevents 

differentiated progeny from de-differentiating and thereby maintaining homoeostasis. 

However, tumor tissue generally has a disrupted tissue organization and lacks precise 

control on cell fate, hence promoting the conversion of non-CSCs to stem-like cancer 

cells.  
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Chapter II: The PSA–/lo Prostate Cancer Cell Population Harbors Self-

Renewing Long-Term Tumor-Propagating Cells that Resist Castration 

INTRODUCTION 

PCa is the most commonly diagnosed malignancy and the second leading cause of 

cancer death in men. It is estimated that there were 240,890 newly diagnosed cases of 

PCa in 2012 and the disease accounted for 33,720 cancer deaths in the USA [114]. Early 

detection through blood screening for serum PSA and improved procedures for surgical 

intervention and radiation therapy have significantly reduced the number of fatalities; 

however, there is still no effective cure for men with advanced disease.  

PSA is a member of the tissue kallikrein (KLK) B family proteases, the 

transcription of which is largely regulated by androgen signal. It is primarily produced by 

terminally differentiated human prostate luminal epithelial cells and is secreted into the 

prostatic lumen where it cleaves semenogelin I and II in the seminal coagulum and 

mediates liquidation of seminal fluid. An early event in PCa is disruption of the basal cell 

layer and basement membrane beneath it, and this loss of integrity of the normal 

glandular architecture appears to allow PSA to leak into the peripheral circulation [115]. 

Thus, serum PSA is widely used as a biomarker to detect PCa as well as other prostatic 

disease and to evaluate responses to treatment. 

If PCa is diagnosed by serum PSA screening and sequential biopsy, conventional 

treatments include surgical excision of the prostate, irradiation through external beam 

therapy or implantation of radioactive “seeds”, and is usually followed by or substituted 

with ADT by chemical castration, especially for late stage PCa. ADT will initially lead to 
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the regression of tumor burden and/or a decrease in circulating PSA, but eventually the 

tumor will recur in most cases. Unfortunately, recurrent castration-resistant prostate 

cancer (CRPC) has been essentially untreatable, which represents one of the major 

clinical challenges of PCa treatment. 

The Normal Prostate Gland and Prostate Stem Cells 

The human prostate is an exocrine gland the size of a walnut located beneath the 

bladder. It surrounds the bladder neck and urethra and produces important components of 

the seminal fluid. It has a zonal architecture, corresponding to central, transitional 

(periurethral), and peripheral zones, together with an anterior fibromuscular stroma. The 

zonal boundaries are distinguishable [116]. The peripheral zone makes up the majority of 

the prostate bulk, and is the region from which most PCa arise. By contrast, most benign 

prostatic hyperplasia (BPH), nonmalignant lesions commonly found in the seniors, 

originate from the transitional zone. The murine prostate, on the other hand, contains 

multiple distinct lobes, including ventral, lateral, dorsal, and anterior. Those lobes differ 

from each other in ductal branching patterns, gene expression profile, and secretion 

production. Gene expression analysis suggests that the murine dorsolateral prostate 

shares a similar molecular profile to that of the human peripheral prostate region [117]. 

Based on morphology, function and gene expression signatures, the normal 

prostatic duct contains a stratified epithelium with three distinct cell types (Fig. 2.1). The 

predominant cell type is the fully differentiated androgen-dependent secretory luminal 

cells, which form a continuous layer of columnar cells that secrete prostatic proteins into 

the lumen. Luminal cells express androgen receptor (AR), as well as cytokeratins (CK) 8 
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Figure 2.1. The Normal Murine Prostatic Duct and Prostate SCs  

Prostate ducts consist of a single layer of polarized luminal epithelium and a basal cell 
layer. Relatively rare neuroendocrine cells are found in the basal layer. Several SC 
populations, their phenotypes as indicated, have been detected in the basal or luminal 
layer. (adapted from Brian Laffin and Dean G Tang, Cell Stem Cell, 2011 Dec 
3;7(6):639-40 )   
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and 18 [117, 118]. Beneath the luminal layer is the second major epithelial cell type, the 

basal cells, which form a continuous layer in the human prostate, but not in the murine 

prostate. Basal cells express CK 5 and 14, CD44, P63 as well as low levels of AR, but do 

not produce prostatic secretory proteins [117, 118]. Finally, the third prostatic epithelial 

cell type is the neuroendocrine cell, a minor population of uncertain embryological origin, 

which is believed to provide paracrine signals that support the growth of luminal cells. 

Neuroendocrine cells are androgen-independent cells dispersed throughout the basal layer 

that express chromogranin A, serotonin, and various neuropeptides [117, 118].  

The development of the prostate gland and the survival of prostatic epithelium 

largely rely on androgen signal. The prostate regresses following surgical or chemical 

castration and will regenerate back to its hormonal-intact size when circulating androgen 

level is restored. This process of serial regression and regeneration can be repeated for 

many cycles. This phenomenon indicates that adult prostate epithelial SCs exist, perhaps 

behaving similarly to quiescent SCs in other tissues that respond to wound repair and 

function in tissue regeneration. Following androgen ablation, the majority of luminal 

cells and a small percentage of basal cells will undergo apoptosis during the process of 

regression [119]. Consequently, early studies favored a basal localization of prostatic SCs, 

as most basal cells are castration resistant. However, some evidence has also suggested 

the existence of luminal epithelial SCs. Although p63 null mice fail to form the prostate, 

grafting of urogenital sinus from p63 null cells can generate tissue with prostatic ductal 

structures without a basal cell layer, which, strikingly, can undergo multiple rounds of 

regression/regeneration [120]. 
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To identify prostate epithelial SCs, several recent studies have adopted two 

distinct experimental strategies: marker based FACS sorting followed by tissue 

reconstitution (TR) assay, and genetic lineage tracing. 

Pioneering work by Cunha and colleagues showed that combination of normal 

adult prostate tissue with embryonic urogenital mesenchyme (UGM) in renal grafts can 

stimulate formation of new prostatic ducts [121]. This TR assay has been utilized as the 

major approach to test prostate SC related properties. By TR assay, Sca-1+ basal cells 

were shown to generate prostatic tissues more efficiently, and thus were enriched for 

candidate prostate SCs [122, 123]. A serial of studies later showed that prostate SC 

populations can be further enriched with markers such as CD49f and Trop2 [124, 125]. 

Of note, these Lin-Sca-1+CD49f+ cells express basal markers such as CK5 and CK14, but 

express low levels of luminal markers such as CK8, CK18 and AR [124]. Other markers, 

such as CD44, CD133 and CD117, have also been employed for the enrichment of 

murine prostate SCs. In particular, by combining multiple cell surface markers 

overexpressed in proximal prostate region, Leong et al showed that single Lin-Sca-

1+CD133+CD44+CD117+ cells in the basal cell compartment were able to generate a 

prostate gland structure in TR assays [126].  

In addition to murine prostate SC studies, several studies have utilized similar 

approaches to explore human prostate epithelial SCs. Of note, integrin α2β1hi human 

prostate basal epithelial cells possess a higher capacity of forming colonies as well as 

generating prostatic-like arcini [127]. Using CD133 can further enrich prostate SCs from 

basal integrin α2β1hi subpopulation and this CD133+ population possesses high 

proliferative potential in vitro and tissue reconstituting ability in vivo [128]. Recently, 



 31 

Trop2 and CD49f together were used to enrich a human basal epithelial cell fraction with 

the capacity to reconstitute prostatic tissue [27].  

However, the tissue reconstitution capacity of purified cells may not accurately 

represent their SC properties in the prostate because the prostate epithelial cells are 

removed from their original microenvironment and are embedded in embryonic UGM, 

which may alter their natural properties. Moreover, the reagents and protocol used for 

dissociating prostate epithelial cells and the TR assay itself seem to favor basal epithelial 

cells and lead to enormous cell death in the luminal epithelial compartment. 

An alternative approach to identifying and characterizing adult prostatic SCs in a 

natural environment involves lineage tracing of stem/progenitor cell development in 

genetically engineered mice. Using an Nkx3.1-CreERT2 mouse strain, Shen and 

colleagues identified a rare castration resistant Nkx3.1 expressing (CARN) luminal 

epithelial population with multipotent SC properties during androgen mediated prostate 

regeneration [129]. On the other hand, by tracing the progeny of labeled basal cells in 

postnatal murine prostate using the K5 or K14 promoters, Blanpain and co-workers 

demonstrated that during early development in postnatal murine prostate, the basal cell 

layer harbored functionally heterogeneous SC populations: A fraction of basal cells 

appeared unipotent, giving rise to only basal or luminal cells, whereas another 

subpopulation of basal cells appeared multipotent by generating clones containing basal, 

luminal and neuroendocrine cells. In contrast, K8-Cre labeled luminal progenitors were 

rather unipotent and only contributed to luminal lineage [130]. Using K8-CreER or K14-

CreER to individually mark luminal or basal cells in adult murine prostate, Xin and 

colleagues found that, after multiple rounds of prostate epithelial turnovers induced by 
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repeated castration-androgen replacement, basal cells only generate basal cells, whereas 

luminal progenitors only generate luminal cells [131]. By contrast, Shen’s group recently 

demonstrated that bipotency is still reserved by rare K5-expressing cells in basal cell 

layer in the adult stage [132]. The above discussions indicate that the conclusions drawn 

from lineage tracing studies are controversial and that the basal cell layer in the adult 

mouse prostate does seem to harbor bipotent or multipotent SCs. 

In addition to the controversial nature of the above-discussed studies, there are 

also some other potential caveats for the genetic lineage tracing approach. To induce 

prostate epithelial cell turnover and prostate regeneration, a castration and androgen 

replacement protocol is generally employed, which may have imposed otherwise 

unnecessary stress to the tissue and interrupted normal cell behavior. Another major 

concern is the specificity and efficiency of the promoters used to drive the Cre 

recombinase. In all three studies using lineage tracing, although the majority of the basal 

cells express K5 and K14, only a small fraction of basal cells were labeled in the K5-Cre 

or K14-Cre mouse prostate, possibly causing inconsistent results in the adult prostate.  

In summary, FACS sorting followed by TR approaches have identified distinct 

prostate basal SC populations, whereas genetic lineage-marking approaches have 

indicated both luminal and basal SCs. Notably, as these SC populations have been shown 

to display self-renewal and proliferation properties in vivo, they may be particularly 

relevant for understanding the origin of PCa. 
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PCa Progression and Cell-of-Origin in PCa 

The initiation of PCa has been associated with chronic inflammation [133]. 

Inducing chronic inflammation with PhIP (2-amino-1-methyl-6-phenylimidazo(4,5-

b)pyridine) treatment can promote prostatic hyperplasia and prostatic intraepithelial 

neoplasia (PIN) in the murine model [134]. Regions of proliferative inflammatory 

atrophy (PIA), which is characterized by increased luminal epithelial proliferation, is 

often identified in aging males, the population who generally has a higher risk in 

developing PIN and PCa [135] (Fig. 2.2). Moreover, regions of PIA are also often found 

to co-locate in proximity with PIN and adenocarcinoma. Thus PIA has also been 

suggested to represent a precursor lesion to PCa. 

PIN is widely accepted as the precursor for PCa because the phenotype and 

genotype of PIN are intermediate between BPH and carcinoma [135, 136]. PIN is 

characterized by hyperproliferating epithelial cells invading toward the lumen within 

preexisting prostate acini and ducts, which results in pseudo multiple luminal epithelial 

cell layers (Fig. 2.2). Cytologic abnormalities of PIN are similar to cancer, including 

nuclear and nucleoli enlargement and increased nuclear-cytoplasmic ratio. The glandular 

architecture remains, but with reduced basal cells [136]. 

When disease continues to progress, the abnormal cells occupy the whole lumen 

and spread beyond the boundaries of prostatic ducts and acini. Tumor cells form 

individual clusters surrounded by stroma and the basal epithelial compartment in the 

lesion is completely eliminated (Fig. 2.2). Despite the phenotypic heterogeneity of human 

PCa cells, the majority of PCa are classified pathologically as adenocarcinoma with 

luminal-like cancer cells [137].  
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Figure 2.2. Human PCa Initiation and Progression 

(adapted from Mark L. Gonzalgo & William B. Issacs, The Journal of Urology, 2003 
Dec;170(6 Pt 1):2444-52)  
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Due to the similarity between cancer cells and luminal epithelial cells, the latter 

have been initially thought to be the cells-of-origin for PCa, due to the prevalent luminal 

cell phenotype of the majority of PCa cells and the loss of basal cells [138]. On the other 

hand, because PCa often recurs as castration-resistant following ADT, which is 

considered a ‘natural’ feature of basal cells, the basal cells have also been suggested as 

the cells-of-origin for PCa.  

In the past decade, attempts have been made to identify the cellular origin of PCa. 

Two approaches have been utilized for this purpose: TR assay using FACS sorting for 

prostate cells with special cell-surface marker profile followed by retroviral/lentiviral 

infection to overexpress oncogenes to transform target cells, or, alternatively, lineage 

tracing studies using lineage marker-driven Cre to introduce oncogenes or knock out 

tumor suppressor genes in specific cell types followed by monitoring tumor growth in 

vivo. Interestingly, evidence from these studies has suggested that both basal and luminal 

cell lineages can be involved in prostate tumor initiation. Using the first approach, only 

basal cells were able to generate prostatic intraepithelial neoplasia lesions or 

adenocarcinoma [27, 122]. Of note, when FACS-sorted primary human prostate 

CD49f+Trop2+ basal cells were transformed, they formed adenocarcinomas that were 

reminiscent of human PCa [27]. These studies demonstrate that basal cells are an efficient 

target for oncogenic transformation in the prostate regeneration assay. However, 

conditional deletion of Pten in mice expressing Cre under the control of probasin or PSA 

promoter, which are preferentially, although not exclusively, activated in luminal 

epithelial, also induces PCa [139, 140], suggesting that PCa can arise from luminal cells. 

Consistent with the results that luminal cells are efficient to initiate PCa, Pten deletion in 
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castration-resistant luminal cells expressing Nkx3.1 also induces PCa formation [129]. 

Recently, Choi et al. compared the frequency and timing of prostate tumor initiation 

following Pten deletion in basal and luminal progenitors [131]. Pten knock-out in luminal 

progenitors using K8-CreER induces tissue hyperplasia and tumor formation in all mice 

within approximately 2 months, whereas deletion of Pten in basal cells using K14-CreER 

induces tissue hyperplasia only in a few mice and with a much greater latency, with some 

lesions progressing to early cancer 6-8 months after Pten deletion [131]. Interestingly, 

Pten deletion increased luminal differentiation of basal cells, which always preceded 

tumor progression, suggesting that some basal cells may contribute to PCa initiation, but 

that this must be preceded by a transition to a luminal fate. Pten conditional knock-out by 

K5-CreER or Nkx3.1-CreER further confirmed that PCa can originate from both the 

basal cell compartment and the luminal layer. Despite the histological similarity between 

basal and luminal origin tumors, PCa initiated from the basal compartment took much 

longer than PCa arising from the luminal epithelia. Moreover, gene expression profiles 

revealed that a set of genes preferentially expressed in luminal origin tumors correlated 

with poor patient prognosis [132], suggesting that different cells-of-origin gave rise to 

PCa of different subtypes, although overall histology of PCa appeared similar. 

Prostate Cancer Stem Cells (PCSCs) 

With defined genetic backgrounds, transgenic mice represent an important model 

to investigate the CSC hypothesis in PCa. In the Pten-null mouse PCa model, a 

subpopulation of PCa cells bearing the Lin-Sca-1+CD49fhi (LSC) marker profile possess 

high sphere forming and tumorigenic potentials [141]. CD166 has been recently shown to 
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further enrich for CSCs in the LSChi subpopulations in the Pten null tumors [142]. Of 

note, upregulation of CD166 expression in both castration resistant mouse prostate and 

recurrent human PCa suggests that CD166+ cells might be enriched in castration resistant 

PCSCs [142].   

CSCs in human PCa have also been reported in various studies. Most of the 

studies have either used primary tumor cells in colony forming assays to assess CSC 

properties, or used established PCa cell lines or xenografts in clonogenic assays and 

grafting assays in immune-compromised mice. A serial of studies from the Maitland and 

Collins laboratories have used CD44+α2β1hiCD133+ as markers to enrich for CSCs in 

PCa and have shown that FACS purified CD44+α2β1hiCD133+ PCa cells from primary 

human tumors possess high proliferative capacity in colony-forming assays, as well as 

the ability to differentiate into a luminal phenotype in vitro [143, 144]. However, because 

of the difficulty in establishing xenograft tumors directly from primary human PCa, it is 

not clear whether the cells with colony forming capacities can also initiate tumors 

following xenotransplantation in immunodeficient mice. Other studies have reported the 

isolation of putative PCSCs from established human PCa cell lines or long-term 

maintained xenograft tumors. Our lab first utilized the SP technique to enrich for 

tumorigenic capacity by 500 fold in LAPC9 xenograft tumors [94]. We then reported 

CD44+ PCa cells to be enriched in highly tumorigenic and metastatic progenitor cells 

[145, 146]. The CD44+α2β1+ marker profile can be utilized to further enrich for PCSC in 

the LAPC9 model. Interestingly, holoclones derived from the PC3 PCa cell line seems to 

harbor cells expressing high levels of CD44, α2β1 and β-catenin, and can initiate 

transplantable tumors in vivo [147]. CD44+α2β1hiCD133+ cells were independently 
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reported in the DU145 cell line [148], whereas CD133hi and CXCR4+ cells were 

identified from immortalized human primary tumor-derived prostate epithelial cell lines 

[149]. CD44+CD24- LNCaP cells were shown to possess higher clonogenic and 

tumorigenic capacities and to overexpress ‘stemness’ genes [150]. CD44+CD133+ 

isogenic populations in PC3 and DU145 cells have been shown to be more tumorigenic 

and the Akt inhibitor can eliminate this population [151]. A set of cell surface markers 

were upregulated in sequentially passaged CWR22 cell spheres, and, among them, the 

TRA-1-60/CD151/CD166 marker profile enriched PCSCs [152]. Recently, a unique set 

of gene signatures was uncovered from docetaxel treatment resistant Du145 and 22RV1 

cell lines. These drug resistant subpopulations underexpressed CK19, 18, HLA class I 

(HLA-I) antigen, and differentiation markers, including, PSA, AR, and relied on Notch 

and HH signaling pathways. Notably, lack of HLA-I can identify tumorigenic cells in 

both xenografts and, more strikingly, directly in primary patient PCa [153]. 

MATERIALS AND METHODS 

Cells and Antibodies 

LNCaP and 293FT packaging cells were obtained from ATCC (Manassas, VA) 

and Invitrogen (Carlsbad, CA), respectively. Synthetic androgen R1881 and androgen 

antagonist bicalutamide were purchased from PerkinElmer (cat# NLP005005MG; 

Waltham, MA) and Toronto Research Chemicals (cat#B382000; Ontario, Canada), 

respectively. Antibodies used in the present study included: 

mouse mAb to integrinα2β1 (cat# MAB1998Z, clone BHA2.1; Chemicon, Billerica, MA) 

mouse mAb to β -actin (cat# 69100, clone C4; ICN, MP Biomedicals, Solon, OH) 
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mouse mAb to AR (cat# sc-7305, clone 441; Santa Cruz Biotechnology, Santa Cruz, CA) 

rabbit polyclonal antibody (pAb) to ASCL1 (cat# ab74065; Abcam, Cambridge, MA) 

mouse mAb to Bcl-2 (clone N-19; Santa Cruz Biotech) 

mouse mAb to Bcl-2 (cat# 610538; BD Biosciences, San Jose, CA) 

mouse mAb to BrdU (cat# B2531, clone BU-33; Sigma, St Louis, MO) 

rabbit pAb to active caspase-3 (cat# 557035; BD Biosciences) 

mouse mAb to CD44 (cat# 550932, clone G44-26; BD Biosciences) 

mouse mAb to CD44 (cat# sc-7297; Santa Cruz Biotech.) 

rabbit pAb to CK 5 (cat# PRB-160P; BAbCO, Covance, Princeton, NJ) 

mouse mAb to CK18 (cat# 550511, clone GRE53; BD Biosciences) 

mouse mAb to CK18 (cat# MAB1600, clone DC-10; Chemicon) 

mouse mAb to FGF2 (cat# 05-118, clone bFM-2; Upstate Biotech, Billerica, MA) 

rabbit mAb to GAPDH (cat# sc-25778, clone FL-335; Santa Cruz Biotech) 

rabbit pAb to GFP (cat# Ab290; Abcam) 

rabbit pAb to IGF-1R (cat# 3027; Cell Signaling Technology) 

rabbit pAb to Ki-67 (cat# Ab16667; Abcam) 

rabbit pAb to human Nanog (SC-33759; Santa Cruz Biotech) 

goat pAb to osteopontin or SPP1 (cat#AF1433; R&D Systems, Minneapolis, MN) 

rabbit mAb to Numb (cat# 2761, clone C44B4, Cell Signaling Technology) 

rabbit pAb to Nkx3.1 (cat#78008; Abcam) 

rabbit pAb to PSA (cat# A0562; Dako, Carpinteria, CA) 

mouse mAb to PSA (clone A67-B/E13; Santa Cruz Biotechnology) 

rabbit mAb to H3K4me1 (cat#ab8895) 
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rabbit mAb to H3K4me3 (cat#07-473, Millipore) 

rabbit mAb to H3K27me3 (cat#07-449, Millipore) 

Biotin-conjugated pAb to mouse H-2Kd (SF1-11; BD Biosciences) 

AlexaFlour-conjugated secondary antibodies (Invitrogen) 

APC-conjugated goat anti-mouse IgG (550826; BD Biosciences) 

Immunohistochemical (IHC) Staining and Quantification 

Formalin-fixed paraffin-embedded (FFPE) sections (4 µm) were deparaffinized 

and hydrated in xylene followed by graded alcohols to water. Antigen retrieval was 

performed in 1.0 mM EDTA Buffer (pH 8.0) for 10 min in a microwave oven followed 

by a 20-min cool down. Slides were then incubated with various primary antibodies 

followed by Envision-plus labeled polymer-conjugated horseradish peroxidase and DAB 

monitoring staining development (Dako). Finally, slides were counterstained and 

dehydrated for viewing and imaging. For IHC analysis of PSA+ and PSA-/lo cells in FFPE 

human PCa sections, we first titrated the primary antibody to PSA (A0526, Dako) and 

found that at 1:5 dilutions, the antibody reliably differentiated the PSA+ and PSA-/lo PCa 

cells. We then utilized this antibody concentration to stain FFPE sections prepared from 

ten Gleason 7, ten Gleason 9/10, and three treatment-failed prostate tumors including 

TRPC (treatment-refractory prostate cancer) recently established from a treatment-failed 

patient [154]. In addition, a tissue microarray (TMA) containing twenty recurrent PCa 

samples were made by J.H. We stained at least three consecutive sections from each 

sample for PSA. Twelve fields were chosen from each slide for counting by two 

individuals in a blind fashion and the PSA+ and PSA-/lo PCa cells were averaged out. 



 41 

Immunofluorescence (IF) Microscopy 

To correlate GFP and PSA expression in LNCaP cells, GFP+ and GFP-/lo cells 

were sorted out by FACS and plated on the glass coverslips overnight. Cells were stained 

using a monoclonal antibody to PSA followed by goat anti-mouse IgG conjugated to 

AlexaFluor 594. For PCa cells purified from LAPC4, LAPC9, and HPCa58 „reporter‟ 

tumors, cells were cytospun on the glass slides and stained as above. Coverslips were 

mounted with VECTASHIELD mounting medium containing DAPI (H-1200; Vector 

Laboratories, Burlingame, CA). For Ki-67 staining, LNCaP PSA+ and PSA-/lo cells were 

sorted out via FACS and plated on the glass coverslips for 8 hr. Cells were then incubated 

with the rabbit mAb to Ki-67 (1:1000) for 60 min at room temperature. Following 

thorough washing for 3 times with PBS, the coverslips were incubated for 60 min at room 

temperature with AlexaFluor 594-conjugated goat anti-rabbit IgG (1:1000). Finally, cells 

were stained with DAPI for 10 min at room temperature and slides mounted with 

ProLong® Gold anti-fade reagent (Invitrogen). For AR staining, purified PSA+ and PSA-

/lo cells were plated on polylysine-coated glass coverslips and incubated with mouse mAb 

to AR (1:600) for 2 hr. at room temperature. Following thorough washing, the coverslips 

were incubated for 60 min with AlexaFluor 594-conjugated goat anti-mouse IgG 

(1:1000). Finally, cells were counterstained with DAPI.  

Correlating PSA mRNA Levels with Clinical Features of PCa Patients 

26 Oncomine PCa data sets containing KLK3 mRNA expression data were 

initially examined using the graphical interface at the application website 

www.oncomine.com. Studies were selected for further detailed analysis based on their 
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clinical data content, such as available patient data related to survival, recurrence, 

metastasis, Gleason score, serum PSA levels, and LN status. As the definition of “high” 

Gleason grade varies from study to study based on the patients contained therein, we 

established our definition of “high” Gleason grade as grades 9 and 10, and “low” Gleason 

grade as being tumors of Grade 7 or lower. Studies containing at least 10 high and low 

grade tumors by these definitions were analyzed, and representative results were 

presented in Fig. 2.4 and 2.6. In the case of metastasis, all studies containing samples 

derived from metastatic lesions were considered. For LN status, recurrence, and survival, 

the Nakagawa Prostate 2 study (2008) was used due to its large sample size (>550 

patients) and detailed survival and recurrence data. All conditions considered in relation 

to PSA mRNA levels were also considered with respective serum PSA levels when this 

data was available. Significance of PSA mRNA and serum PSA levels between 

conditions was determined by Student's t-test, and P values less than 0.05 were 

considered statistically significant. Box plot data presentations and statistical analyses 

were generated using program R. 

Xenograft Tumor Processing and Purification of Human PCa Cells 

Detailed procedures have recently been published [155]. Briefly, xenograft 

tumors were harvested and minced into ~1 mm3 pieces, which were rinsed once with PBS, 

digested for 30 min with Accumax (AM105; Innovative Cell Technologies, San Diego, 

CA) at room temperature, and filtered through 40 µm cell strainer. Dead cells and debris 

were separated from live cells on a discontinuous Percoll gradient. Lineage-positive 

mouse cells were depleted using either MACS Lineage Cell Depletion Kit (Miltenyi 
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Biotec) or staining for mouse-specific MHC using PE or Biotin-conjugated monoclonal 

anti-H-2Kd (SF1-11; BD Biosciences). 

Lentiviral Infection of PCa Cells 

Lentivirus was produced in 293FT packaging cells and titers determined using 

GFP positivity in HT1080 cells. PCa cells were infected, generally, at a multiplicity of 

infection (MOI) of 30 and harvested at least 72 h post-infection. 

Establishment of LAPC9 and LAPC4 Reporter Tumors 

Androgen-dependent xenograft tumors LAPC9 and LAPC4 were routinely 

maintained in intact NOD/SCID male mice supplemented with testosterone pellets (TP). 

To establish ‘androgen-dependent’ (AD) reporter tumors, LAPC4 or LAPC9 cells were 

purified from maintenance tumors and infected overnight with the PSAP-EGFP lentiviral 

vector at an MOI of 20-30. Next morning, live cells were harvested and injected in 

Matrigel (1:1) subcutaneously in intact male NOD/SCID mice supplemented with TP. 

After reporter tumors grew up, tumors were harvested, human PCa cells purified out, and 

various numbers of cells were injected subcutaneously in 50% Matrigel in intact male 

mice. This process was repeated every generation (~2 months) and these maintenance 

tumors were considered AD reporter tumors. To establish ‘androgen-independent’ (AI) 

reporter tumors, tumor cells infected as above were successively implanted 

subcutaneously in Matrigel in castrated male or female mice. After ~ 2 years of serial 

passaging, tumors became androgen-independent and used as AI reporter tumors (see Fig. 

2.7J). 
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FACS and Purification of ALDH+CD44+α2β1+ PCa Cells 

PCa cells 48-72 hr after PSAP-GFP infection were dissociated into single-cell 

suspension using trypsin/EDTA and generally 5-10 × 106 cells were used for FACS. For 

the positive population, only the top 10% GFP-bright (i.e., PSA+) cells were purified out 

for functional assays. For the negative population, generally the bottom 2-6% cells (i.e., 

PSA-/lo) were selected. Post-sort analysis was routinely performed to guarantee the purity 

of each population. HPCa cells freshly purified from primary tumors were first infected 

with PSAP-GFP and sorted 3-7 d later. To purify ALDH+CD44+α2β1+ PCa cells from 

xenograft tumors, we incubated PCa cells with FcR blocking agent (Miltenyi Biotec) for 

15 min at 4°C and then stained them with primary antibody to α2β1 (MAB1998Z; 

Chemicon) for 30 min on ice followed by staining with APC-conjugated goat anti-mouse 

IgG (550826; BD Biosciences) for 15 min on ice. Cells were then washed 3 times 

and stained with PE conjugated anti-CD44 antibody (550932, BD Bioscience) and 

biotinylated mouse H2-Kd (553564, BD Pharmingen) for 20 min. After washing with 

PBS, cells were incubated with Alexa Flour 405 conjugated streptavidin (S32351, 

Invitrogen) for 10 min at 4°C. Cells were incubated in solution containing 1% BSA and 

2.5 µg/ml insulin (I-6634, Sigma). Then PCa cells were suspended in ALDEFLUOR 

assay buffer containing ALDH substrate (1 µM per 1 × 106 cells, the ALDEFLUOR kit; 

StemCell Technologies, Vancouver, Canada) and incubated for 40 min at 37°C and 

sorted by FACS. As negative control, we added 50 mM diethylaminobenzaldehyde 

(DEAB) to the cell suspension. 
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Clonal and Sphere-Formation (Clonogenic) Assays 

We performed clonal analysis using purified PSA+ and PSA-/lo PCa cells plated at 

100 cells/well in a six-well culture dish. Clones with ≥50 cells were scored ~2 weeks 

after plating. We performed LAPC9 clonal analysis on mitomycin C (M0530, Sigma) 

treated Swiss 3T3 cells. The results were expressed as cloning efficiency (%). In some 

clonal assays, purified GFP+ and GFP- cells were plated by limiting dilution in 96-well 

plates at single-cell level and clonal development was followed under a fluorescence 

microscope. For clonogenic sphere-formation assays in xenograft, cells were plated at 

5,000-10,000 cells/well in six-well culture dishes coated with a thin layer of 1% 

solidified agar or plated in 6-well ultra-low attachment (ULA) plates. Spheres that arose 

within 1-2 weeks were presented as clonogenicity (%). For serial sphere-formation assays, 

the first-generation spheres were harvested, disaggregated with 0.025% trypsin/EDTA, 

triturated with a 27-G needle, filtered through 40 µm mesh, and replated as above. This 

process was repeated for up to 4-5 generations. For serial clonogenic assays in LNCaP 

cells, purified PSA+ and PSA-/lo LNCaP cells were resuspended in DMEM/F12 

supplemented with B27 (17504-044, Invitrogen) and N2 (17502-048, Invitrogen) and 

mixed (7:4) thoroughly with methylcellulose (04100, Stem Cell Technology) and plated 

in 24-well ULA plates at 2,000 cells/wells. Spheres were scored in ~2 weeks. The first 

generation spheres were then individually picked up with a transfer pipette under a 

dissection microscope and dissociated with 0.05% trypsin/EDTA. All the cells derived 

from individual spheres were mixed with methylcellulose and plated back to one well of 

a 96-well ULA plate. 
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Studies of PSA and Numb Co-Segregation in LNCaP Cells 

Three sets of experiments were performed to investigate whether Numb was 

preferentially segregated to the differentiating GFP+ LNCaP cells. In the first (single 

thymidine block and post-mitosis Numb staining), we first infected LNCaP cells with the 

PSAP-GFP virus (MOI 20; 48 hr) and then synchronized the infected cells by incubating 

cells with 2.5 mM thymidine for 18 h, by which time cells were all arrested in G1 phase 

of the cell cycle (not shown). GFP-/lo cells were sorted by FACS and plated into slide 

flasks at clonal density and cultured overnight in regular serum-containing medium (to 

release cells from thymidine block and induce mitosis). Cells were fixed in 4% 

paraformaldehyde (PFA) containing 5% sucrose (pH 7.2) for 15 min at room temperature 

and then permeated and blocked by incubating slides in 0.1% TritonX-100/PBS/10% goat 

serum for 1 hr at room temperature. Slide flasks were then incubated with a mixture of 

mouse mAb to PSA and rabbit mAb to Numb (1:200, C44B4; Cell Signaling Technology) 

for 60 min. at room temperature. Following thorough washing for 3 times with PBS, the 

slides were incubated for 60 min at room temperature with AlexaFluor 488-conjugated 

goat anti-mouse IgG (1:500) and AlexaFluor 594-conjugated goat antirabbit IgG (1:500) 

antibodies (Invitrogen; Carlsbad, CA). Finally, cells were stained with DAPI (3µM; 

Invitrogen) for 10 min at room temperature and slides mounted with ProLong® Gold 

anti-fade reagent (Invitrogen). The Numb staining was scored in two daughter cells that 

had just undergone mitosis (as assessed by DAPI nuclear morphology). Cells with a clear 

and strong cell cortex Numb were scored as strong whereas those with a weak cytoplasm 

staining were counted as weak. The second set of experiments (thymidine block coupled 

with mitotic shake-off) were performed similarly as above except that after thymidine 
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release in regular medium (without thymidine) for 2-4 hr, cells were then incubated in 

100 µM Nocodazole (M1404; Sigma) for 12 h to induce mitotic arrest. At the end, 

LNCaP cells undergoing mitosis were collected by „mitotic shake-off‟, washed for three 

times with PBS, and plated at low cell densities in slide flasks. One hour later, cells were 

fixed in 4% PFA containing 5% sucrose (pH 7.2) and then proceeded for Numb and PSA 

double staining. In the third set of experiments, we modified the Penco Numb-GFP 

fusion retroviral reporter [156] by replacing GFP with DsRed-DR (which has a short 

half-life; Clontech, Cat. No. 632423) at the BamH I/EcoR I restriction sites. The 

construct was verified by sequencing. Retrovirus was produced by transfecting Phoenix 

cells with the vector and collecting the supernatant after 72 hr. Filtered viral supernatant 

was used to infect bulk LNCaP cells. Numb-DsRed-DR Cells were then infected with 

PSAP-GFP lentivirus and subjected to FACS sorting to purify DsRed+/GFP-/lo cells. 

Sorted cells were plated at clonal density in glass bottom chamber and tracked by a time-

lapse microscope (Nikon Biostation IM; see below). 

Cell Cycle and Cell Death Analyses 

To determine the cell-cycle profiles, PSAP-GFP infected LNCaP cells were 

plated in 3.5 cm culture dish at 30% confluence. Cells were harvested at ~60% 

confluence, fixed in 0.5% PFA for 1 hr at 4°C, and then permeabilized in 70% cold 

ethanol at 4°C for 3 hr. Finally, cells were incubated in propidium iodide (PI) working 

solution (40 g/ml, P4170; Sigma) at 37°C for 30 min and analyzed by FACS. To 

determine whether changes in the PSA-/lo and PSA+ populations after drug treatment were 

due to changes in cell death between the two populations, we performed FACS analysis 
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using the Vybrant Apoptosis Kit (catalog #V23200; Molecular Probes, Invitrogen). 

Briefly, LNCaP cells infected with the PSAP-GFP reporter construct were plated in 10-

cm cell culture plates at 500,000 cells per plate. Cells were treated with DMSO (vehicle 

control), etoposide (25 µM), paclitaxel (10 nM), charcoal dextran stripped serum (CDSS) 

plus bicalutamide (20 µM) or H2O2 (10 M). Treated cells and controls were analyzed by 

FACS at 2 d and 5 d after the initiation of treatments to assess cell death in the GFP-/lo 

and GFP+ populations. 

Label-Retaining Cell (LRC) Experiments using BrdU Pulse-Chase Strategies 

LNCaP cells were freshly infected with PSAP-GFP virus and pulsed with 10 µM 

BrdU (5’-bromo-2’-deoxyuridine) for 6 d, followed by culturing cells in BrdU-free 

medium (i.e., chase) for 11 d. At the end of the chase period, we used FACS to purify 

GFP-/lo and PSA+ cells. For BrdU immunostaining, sorted cells were plated on polylysine-

coated coverslips and fixed with 4% PFA for 5 min and permeabilized with 1% Triton-

X100. DNA was denatured using 3 M hydrochloric acid in 1% Triton-X100 for 20 min 

and then treated with 0.1 M sodium borate for 15 min. Slides were blocked with 

background sniper (BS996; Biocare Medical, Concord, CA) for 20 min and incubated 

with mouse monoclonal anti-BrdU antibody for 5 h at room temperature, followed by 

incubation with goat antimouse IgG conjugated to Alexafluor 594. To perform the LRC 

experiments in LAPC9 reporter tumors, hormonally intact male NOD/SCID mice bearing 

LAPC9 reporter tumors were injected intraperitoneally with BrdU by following dosage 

calculations: Dose (volume of 20 mM BrdU stock solution) = body weight (in grams) × 

(0.06 mg BrdU/g)/(6.14 mg/ml) = body weight × 0.0098 ml/g. The i.p injections were 
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done every 12 hr for a total of 72 hr [155]. 47 d after the last BrdU injection (i.e., the 

chase), the LAPC9 reporter tumors were harvested and human tumor cells purified out 

(see above). The top 10% GFP+ and bottom 20% GFP-/lo cells were purified by FACS, 

cytospun onto the glass slides, fixed in 4% PFA for 20 min, and permeabilized with 1% 

Triton-X. DNA was denatured using 3 M hydrochloric acid in 1% Triton-X for 20 min 

and then treated with 2 M sodium borate for 15 min. BrdU staining was performed as for 

LNCaP cells (above). The LRCs (i.e., BrdU+ cells) were enumerated under a fluorescence 

microscope. 

LRC Experiments using PKH26 Dye-Retention Assays 

LAPC9 cells were purified out from reporter tumors, washed 3 times with PBS, 

resuspended in solution C (provided by the company) at ~ 107 cells/ml, and stained with 

PKH26 (10 µM; PKH26-GL, Sigma) for 5 min. The staining reaction was terminated by 

adding the same volume of FBS. At the end, cells were washed 3 times with the complete 

medium, after which 2 × 106 PKH26-labeled cells were subcutaneously injected into the 

intact male NOD/SCID mice. Three weeks later, tumors were harvested and LAPC9 cells 

purified out followed by FACS analysis of PKH26-positive and PKH26-negative 

fractions. 

PCR, RT-PCR, and Quantitative RT-PCR (qRT-PCR) 

For PCR, genomic DNA was purified from either clonal cultures or from serially 

transplanted tumors and used in PCR analysis using GFP primers (sense, 5’-

CTCGTGACCACCCTGACC-3’; antisense, 5’-GATGGGGGTGTTCTGCTG-3’) or -

actin primers (sense, 5’-GTCTTCCCCTCCATCGTG-3’; antisense, 5’-
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TCCAAGGCCGCTTTACAC-3’). For RT-PCR analysis of Nkx3.1, we used the forward 

primer 5’-CTCACGTCCTTCCTCATCCAG-3’ (nucleotides 124-144, exon1) and 

reverse primer 5’-GCTGTTATTCACGGAGACCAGG- 3’ (nucleotides 675-697, exon2). 

qRT-PCR was performed using an ABI Prism 7900HT and the TaqMan system (ABI; 

Applied Biosystems, Foster City, CA; http://www.appliedbiosystems.com). The primers 

and probes for Nanog qPCR were the same as previously described [157]. The primers, 

probes, and assay conditions for other molecules were designed by ABI with the 

following information: PSA (Hs03063374_m1; assay number), AR (Hs00907244_m1), 

β-actin (Hs99999903_ml), TWIST2 (Hs00382379_m1), IGF1 (Hs01547656_m1), CD44 

(Hs00153304_m1) 2 integrin (Hs00158148_m1), FGF2 (Hs00960934_m1), NUMBL 

(Hs00191080_m1), SPP1 (Hs00959010_m1), Bcl-2 (Hs00153350_m1), and GAPDH 

(4326317E). The following additional primers were designed using ABI Primer Express 

software with the reference mRNA sequence as the starting point: ASCL1, MT1F, 

UBE2C, and LRIG1. 

Time-Lapse Video microscopy 

Purified GFP+ and GFP-/lo LNCaP cells were plated on glass-bottom dishes, 

placed on the incubator stage of Nikon Biostation Timelapse system, and maintained at 

37ºC, 5% CO2 and >95% humidity in the RPMI medium supplemented with 7% FBS. 

Purified DsRed+/GFP+ and DsRed+/GFP- LAPC9 cells were plated on Swiss 3T3 feeder 

cells in glass-bottom dishes, and maintained in IMDM medium containing 15% FBS. 

Phase and GFP images were collected continuously with a 20× objective lens at a 1 hr 

interval for 1-2 weeks. Data analysis was performed using Nikon NIS-Elements software. 
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cDNA Microarray and Analysis 

Basic procedures have recently been described [158]. Total RNA was extracted 

from pooled purified GFP+ and GFP-/lo LAPC9 or LNCaP cells and microarray 

experiments were performed in triplicates using the 44 K 60-mer "Human Whole 

Genome Oligo Microarray Kit from Agilent (Agilent Technologies, Santa Clara, CA) 

with 500 ng of total RNA. For each array, we have quantified data for 45015 spots, 

among which 1639 are controls. Preprocessing, normalization, and analyses were 

performed identically for LNCaP and LAPC9 samples. The preprocessing procedure for 

the Agilent array included background correction, within-array lowess normalization, and 

between-array global scaling normalization. Subsequent analysis was performed on the 

log-2 transformed ratio of Cy5 to Cy3 signals. Our analysis was implemented in 

statistical software R and the libraries used included limma (for read-in data, density plots, 

box plots, normalization) and marray (for image plots). Fold changes for differentially 

expressed genes were reported. Multiple testing issue was taken into consideration via 

controlling for false discovery rate (FDR) using the Beta-Uniform Mixture (BUM) model. 

Genes were considered differentially expressed if the p-value was less than 0.05 and the 

fold change was greater than 1.4 fold in either direction. These genes were analyzed by 

gene ontology (GO) analysis and placed into categories based on GO analysis and 

exhaustive literature search (i.e., manual curation). Gene categories were considered to be 

enriched in one population or the other (i.e., PSA+ or PSA-/lo) when one population had 2 

or more times as many genes within that category over-expressed than in the other 

population. Lists of genes derived from the categorization and the statistical and fold 

change cut-offs (1.4 F.C. and P <0.05) were imported into Oncomine (Compendia 
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Biosciences, www.oncomine.com) for use in microarray meta-analyses. Both LAPC9 and 

LNCaP microarray data have been deposited in the NCBI GEO database 

(www.ncbi.nlm.nih.gov/geo/query) under the accession number GSE30114.  

Knockdown of ASCL1, NKX3.1 and IGF1R with Inducible shRNAmir-Encoding 

Lentiviral Vectors 

To knock down the above three genes, we employed the tetracycline (tet)-

inducible pTRIPZ shRNAmir lentiviral system (Open Biosystems, Huntsville, AL; 

http://www.openbiosystems.com/RNAi/shRNAmirLibraries/TRIPZlentiviralinduciblesh

R). The pTRIPZ vector harbors a module encoding both RFP (red fluorescence protein) 

and shRNAmir regulated by TRE (tetracycline-responsive element) and another module 

encoding rtTA3 (reverse tetracycline-regulated transactivator) and IRES-Puro regulated 

by the UBC promoter. LNCaP cells were cultured with Tet-free serum (631040; Clontech) 

for 1 week and then infected overnight with the Ascl1-shRNAmir (RHS4696-99633582), 

NKX3.1-shRNAmir (RHS4696-100897847), IGF1R-shRNAmir (RHS4696-99356344) 

or non-silencing (NS) shRNAmir vector (RHS4743). The infected cells were selected 

with 1 µg/ml puromycin (P8833; Sigma) for 1 week and then maintained in medium 

containing 0.25 µg/ml puromycin. To induce shRNA expression, cells were treated with 

1 g/ml doxycyline (D9891; Sigma). The knockdown effects of shRNAs on target 

molecules were determined by Western blotting, IF, or RT-PCR. 

Drug Resistance Assays 

To determine the survivability of GFP-/lo and GFP+ LNCaP cells, we performed 

drug resistance assays using LNCaP cells infected with the PSAP-GFP reporter virus. 
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Briefly, cells were plated in 12-well plates at a density of 5,000 cells/well and allowed to 

recover overnight under normal culture conditions before commencement of drug 

treatments. Cells were treated every 48 hr with DMSO (vehicle control), etoposide (25 

µM), paclitaxel (10 nM), or CDSS medium plus bicalutamide (20 µM). Cells were also 

treated with H2O2 (10 µM) daily, as were the corresponding controls. Cells were counted 

using the counting tool in Adobe Photoshop on d 2, 4, and 7 of treatments in at least 2 

random fields of 3 replicate wells and at least 200 cells per well were scored.  

Tumor experiments and serial tumor transplantation in NOD/SCID mice 

Basic procedures for subcutaneously and orthotopic (i.e., dorsal prostate or DP) 

tumor transplantations have been described [94, 145, 155]. For serial tumor 

transplantation in intact male NOD/SCID mice, GFP+ and GFP-/lo PCa cells were sorted 

out by FACS from the first-generation (1º) tumors originally derived from GFP+ and 

GFP-/lo cells, respectively, and implanted subcutaneously to generate secondary (2º) 

tumors in intact male mice. Sequential tumor transplantation was performed using similar 

strategies by following that GFP+ cells were always purified from tumors originally 

derived from purified GFP+ cells whereas GFP-/lo cells were from tumors derived initially 

from GFP-/lo cells. For tumor experiments in castrated mice, male NOD/SCID mice (6-8 

weeks) were surgically castrated 1-2 weeks prior to tumor cell injection. GFP+ and GFP-

/lo PCa cells were purified out from reporter tumors and injected subcutaneously into the 

castrated mice, which also received subcutaneously injection of bicalutamide (150 mg/kg 

body weight per week) three times/week starting from time of tumor cell inoculation. 
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Experimental ADT and ‘recurrence’ experiments 

For ADT, GFP+ and GFP-/lo LAPC9 cells were purified out from maintenance AD 

reporter tumors and injected subcutaneously in intact male NOD/SCID mice. When 

tumors reached ~60 mm3, the mice were surgically castrated while simultaneously treated 

with bicalutamide as described above. Tumor growth was followed by caliper 

measurement and the volumes of individual tumors were normalized to those on day 0, 

which was the day of castration. For “recurrence” experiments, unsorted LAPC9 cells 

purified from AD reporter tumors were injected subcutaneously in intact male 

NOD/SCID mice. Starting from the fourth week, tumor volumes (mm3) were measured 

using a digital caliper and 2-3 tumors were harvested to determine by FACS the 

percentage of GFP+ cells in the individual tumors on weekly basis. For tumor volumes 

and serum PSA, the values were presented as fold increases over those from the fourth 

week. At the fifth week, animals were randomly divided into the control group (i.e., 

mock-castrated) and the castrate group (surgically castrated and also treated with 

bicalutamide).  

Knockdown of Nanog, CD44, and OPN (SPP1) with shRNA-encoding lentiviral 

vectors 

The GFP-/lo LAPC9 cells were purified from ‘reporter’ tumors and infected 

overnight with the TRC Nanog-shRNA lentiviral vector (Jeter et al., 2009), CD44-

shRNAmir lentiviral vector (RHS4430-99158569; Open Biosystems, Huntsville, AL), 

SPP1-shRNAmir lentiviral vector (RHS4430-99290661; Open Biosystems), or non-

silencing (NS) shRNA lentiviral vector as control, all at MOI of 20. The knockdown 
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effect on target molecules was confirmed by Western blotting analysis. The same number 

of infected cells were then injected subcutaneously in 50% Matrigel in intact male mice. 

After ~50 d, animals were sacrificed, and tumors were harvested, weighed and imaged. 

ChIP assay 

ChIP-Seq protocol was adapted as described [159]. In brief, FACS purified cells 

were fixed in 1% formalin and cross-linked Chromatin was sheared using diagenode 

bioruptor. 3 µg Chromatin from 3×105 cells was used for each ChIP experiment, which 

yielded approximately 5ng of double strain DNA. Antibodies against histone H3K4me1, 

H3K4me3 and H3K27me3 were first incubate with sheared chromatin at 4°C overnight 

and then incubate at 4°C with protein G Dynabeads (Invitrogen) for 2 hours. The ChIP 

DNA fragments were eluted and purified with Qiagen PCR purification kit. Recovered 

double strain DNA was blunt-ended, ligated to the Solexa adaptors, and sequenced with 

the Illumina Genome Analyzer. 

Statistics 

In general, unpaired two-tailed Student’s t-test was used to compare differences in 

cell numbers, % BrdU+ cells, cloning efficiency, tumor weights, and many other 

parameters. Fisher’s Exact Test and χ2 test were used to compare incidence and latency. 

Log-Rank test was employed to analyze the survival curves and ANOVA (F-test) was 

used to compare multiple groups. Proportion trend test was used to assess the trend in 

tumor incidence in serial tumor transplantation assays. In all these analyses, a P < 0.05 

was considered statistically significant. 
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RESULTS 

Discordance of PSA and AR Expression in PCa Cells 

Androgen and AR signaling play important roles in differentiation and survival of 

normal prostate luminal epithelial as well as malignant luminal-like PCa cells. By 

blocking androgen synthesis or AR signaling, ADT, as the mainstay treatment for 

advanced PCa, achieves short-term efficacy but eventually the CRPC will occur. Many 

mechanisms, mostly centered on altered AR functions in androgen deficient conditions, 

have been proposed for CRPC development [160]. PSA, one of the AR target genes, is 

widely used as a clinical read-out of AR signaling to evaluate therapeutic efficacy and 

assess the tumor recurrence.  

However, numerous studies have shown that the expression of both AR and PSA 

is heterogeneous in PCa [161-164]. To examine AR and PSA expression in PCa, we first 

performed a PSA&AR double immunostaining analysis in 12 untreated primary PCa 

samples as well as one hormonal refractory tumor (Fig. 2.3A and Table 2.1). In all 

hormone naïve primary tumor glands, most of the tumor cells showed AR expression, but 

heterogeneity of AR staining was observed (Fig. 3A and B). PSA expression was 

detected in most of the AR-positive tumor cells, but AR-positive region displayed 

heterogeneous PSA staining, with some AR positive cells completely lacking PSA signal 

(Fig. 2.3A). Interestingly, some tumor areas without AR expression displayed PSA 

immunostaining. Areas lacking both AR and PSA expression were also found in all 

tumor samples (Fig. 2.3A). The discordant expression patterns between PSA and AR 

suggest that the majority of prostate tumors contain AR+/PSA+, AR+/PSA-, AR-/PSA+,  
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Figure 2.3. AR & PSA staining in untreated PCa and CRPC 

A. Representative microphotographs of AR & PSA double staining in 4 untreated 
PCa (see Table 1 for patient information), one treatment failed CRPC3 (provided by J.H.). 
In untreated PCa, the majority of cells stained positive for both AR and PSA with a small 
fraction of cells expressing undectable AR and/or PSA. However, the treatment failed 
CRPC3 largely lost PSA staining although stained strongly positive for AR in some cells. 

B. Cells in each untreated PCa were quantified for the expression of both AR and 
PSA (AR+PSA+), AR only (AR+PSA-), PSA alone (AR-PSA+), and neither protein (AR-

PSA-). The results were expressed as percentage of total (mean ± S.D). 
C. AR and PSA staining in a Tissue Microarray (TMA) (made by J.H). AR and PSA 

staining in benign prostate (BN), untreated PCa (PCa) and in 6 representative CRPCs. 
BN1 and PCa have strong PSA staining but relatively weaker AR staining, while the 6 
CRPC samples generally lacked PSA-positive cells but stained extremely heterogeneous 
for AR. 
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Figure 2.4. AR & PSA mRNA levels in Tumors at Different Stages  

A. Modified graphical output from the Oncomine database showing that AR mRNA 
does not consistently correlate with PSA mRNA expression in the same patient. Overall, 
PSA mRNA decreased in high Gleason score tumors vs. low grade tumors (Gleason 
scores 9 and 10 vs. 7 and below) in the published PCa gene expression study by Setlur et 
al (2008) (indicated in pink above the heatmaps).  

B-C. Analysis of tumor PSA, TMPRSS2, as well as tumor AR mRNAs levels in 
association with Gleason grade Gleason scores. Sample numbers (n), and P values are 
indicated.  

D.  Reduced PSA mRNA levels in hormone-refractory PCa and discordant PSA and 
AR mRNA expression in the Best et al data set. 

E-F. Reduced PSA/TMPRSS mRNA levels in metastasis and discordant PSA and AR 
mRNA expression in the Setlur and Varambally et al data sets.  
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Table 2.1. Human Primary PCa Samples 

Patient Age Gleason Experiment 

HPCa11 69 7 (4+3) IHC 
HPCa12 59 7 (4+3) IHC, IF 
HPCa14 68 7 (4+3) IHC, IF 
HPCa16 58 7 (3+4) IHC 
HPCa18 68 9(4+5) IHC, IF 
HPCa19 61 9 (4+5) IHC, IF 
HPCa20 63 7 (4+3) IHC 
HPCa21 60 10 (5+5) IHC 
HPCa22 63 7 (3+4) IHC 
HPCa27 47 8 (4+4) IF 
HPCa30 63 9 (5+4) IHC 
HPCa31 63 7 (3+4) IHC, IF 
HPCa33 58 7 (3+4) IHC, IF 
HPCa34 58 7 (4+3) IHC 
HPCa36 65 9 (4+5) IHC, IF 
HPCa37 59 9 (4+5) IHC, IF 
HPCa38 68 7 (3+4) IF 
HPCa70 60 7 (3+4) IHC 
HPCa83 69 7 (3+4) IHC 
HPCa84 66 7 (4+3) IHC 
HPCa87 57 9 (4+5) IHC 

HPCa101 71 9 (4+5) IHC 
HPCa114 59 9 (5+4) IHC 

Primary tumor samples were obtained with the patients’ consent and the Gleason grade 
was determined by a board-certified pathologist. FFPE sections (5 µm) were used in 
AR/PSA IF or PSA IHC staining. 
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and AR-/PSA- PCa cells and the abundance of each population varied across tumor 

samples (Fig. 2.3B). Of note, the CRPC sample showed increased discordance between 

AR and PSA expression due to loss of PSA in most regions. Of note, in the recurrent 

CRPC, most tumor cells completely lacked PSA and AR expression although a 

significant portion of PCa cells stained strongly for AR (Fig. 2.3A). Consistent with IF 

results, IHC using serial sections of recurrent PCa samples revealed increasing 

heterogeneity of AR expression in treatment failed tumors although most of the recurrent 

samples lost PSA expression (Fig. 2.3C). Despite that the AR expression pattern 

appeared unpredictable in hormonal refractory tumors, the abundance of AR-negative 

tumor cells dramatically increased, compared to that in the hormone naïve PCa (Fig. 

2.3C).  

In full agreement with the discordant expression pattern of PSA and AR proteins 

revealed by immunochemistry, we also observed discordant AR and PSA mRNA 

expression in multiple Oncomine data sets (Fig. 2.4A-F). TMPRSS2, whose transcription 

is regulated by AR, showed overall similar changes at the mRNA level to PSA (i.e., 

KLK3) mRNA levels but was also discordant with AR mRNA levels (Fig. 2.4B-F). The 

disconnected relationship between AR and the conventional ‘AR-regulated’ genes such 

as PSA and TMPRSS2 might have important clinical implications. 

Increased PSA-/lo Cells and Reduced PSA mRNA in High-Grade Primary Tumors 

and Recurrent PCa 

We then carried out a semi-quantitative IHC analysis focusing exclusively on 

PSA expression in cohorts of untreated Gleason 7 (GS7, n = 10), Gleason 9 or 10 
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(GS9/10, n = 10), and treatment-failed (n = 23) PCa samples (Fig. 2.5 A-C; Table 2.1). 

We found that in GS7 tumors, although most tumor glands stained strongly for PSA, 

there existed poorly differentiated areas that contained many PSA-/lo cells (Fig. 2.5A). In 

contrast, in GS9/10 tumors, the main histological pattern was poorly differentiated or 

undifferentiated tumor mass in which most tumor cells were PSA-/lo with PSA-positive 

foci only occasionally present (Fig. 2.5B). In 23 recurrent PCa samples (mainly CRPC), 

some tumors resembled untreated GS9/10 tumors with respect to PSA expression patterns 

but most tumors completely lacked PSA+ PCa cells (Fig. 2.5C and D). Some patients 

(e.g., CRPC18) were not treated with hormonal ablation but with radiation and 

cryotherapy but they also lacked PSA+ cells (Fig. 2.5D). Quantification in the three types 

of samples revealed significantly increased numbers of PSA-/lo PCa cells in untreated 

GS9/10 and treatment-failed PCa compared to untreated GS7 tumors (Fig. 2.5F). 

Consistent with the IHC results, analysis of multiple microarray data sets in Oncomine 

revealed that tumor PSA mRNA levels were significantly decreased in high-grade 

primary tumors and in recurrent and metastatic PCa (Fig. 2.6A-C). Strikingly, meta-

analysis of tumor PSA expression revealed that low levels of PSA mRNA correlated with 

reduced BCR-free and overall patient survival (Fig. 2.6E). Together, our IHC and mRNA 

meta-analysis results suggest that advanced/recurrent PCa have lower PSA mRNA and 

more undifferentiated PSA-/lo cells.  

A Lentiviral Reporter System that Separates PSA-/lo PCa Cells from PSA+ Cells 

These clinical observations raise a fundamental question: could PSA-/lo PCa cells 

be intrinsically distinct from PSA+ cells and thus play differential roles in tumor 
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Figure 2.5. PSA Staining in Untreated PCa and CRPC 

A. Representative microphotographs (scale bars, 10 µm) of PSA staining in 4 
Gleason 7 untreated PCa (i.e., HPCa 14, 33, 70, and 84; Table 2.1). In these tumors, 
differentiated (Differ.) areas with glandular structures stained strongly positive for PSA, 
whereas in poorly differentiated or undifferentiated areas, PSA expression became 
heterogeneous with many tumor cells completely lacking PSA staining (e.g., HPCa70). 

B. Representative microphotographs (scale bars, 10 µm) of PSA staining in 4 Gleason 
9/10 untreated PCa. These tumors mostly contained undifferentiated (Undiffer.) regions 
where the majority of tumor cells were negative for PSA staining. 

C. Representative microphotographs (scale bars, 10 µm) of PSA staining in 3 CRPC 
that failed treatments (castrations with or without radiation). All 3 CRPC presented as 
undifferentiated tumors that largely lacked PSA-positive cells. 

D-E. PSA staining in a TMA (made by J.H). (D) HE and PSA staining in 5 
representative CRPC. The 5 CRPC samples, including CRPC18 who was treated with 
radiation plus cryotherapy but not with hormonal castration, all lacked PSA-positive cells. 
CRPC4, 6 and 8, PCa patients were treated with castration and eventually failed after 
months to years.  CRPC18 patient failed radiation and cryotherapy; CRPC19 patient 
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with advanced PCa was treated with Lupron for 2 weeks; CRPC20 patient received 4 
months of Lupron treatment plus 2 months of Casodex.E. (E) HE and PSA staining in 
benign prostate (BN1) and untreated PCa (PCa1).  

F. Abundance of PSA-/lo tumor cells in untreated low-grade (GS7) and high-grade 
(GS9/10) tumors or in treatment-failed (Tx) PCa. See Table 1 for relevant information. 
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Figure 2.6. Decreased Tumor PSA mRNA Levels Correlate with Tumor Grade, 

Recurrence, and Metastasis 

A. Three independent PCa mRNA data sets from Oncomine showing decreased PSA 
mRNA expression in high Gleason tumors vs. low grade tumors (Gleason 9 and 10 vs. 7 
and below) (indicated in pink above the heatmaps). Gleason scores, sample numbers (n), 
and P values are indicated.  

B. Reduced tumor PSA mRNA levels correlate with metastasis. Shown are PSA 
mRNA levels in primary tumors and metastases from 3 data sets.  

C. The PSA mRNA levels were significantly reduced in metastases compared to 
primary tumors (P = 0.008) across the 10 data sets that contained informative metastasis 
data. All graphical representations and statistical analyses were generated in software R. 

D. Analysis of tumor PSA mRNA in association with combined Gleason grade, 
lymph node status, recurrence defined by rising PSA and/or positive CT or bone scan at 3 
years post diagnosis, and survival at 3 years post diagnosis. The patient data downloaded 
from Oncomine from the previously published study by Nakagawa et al (2008) 

E. Meta-analysis showing lower tumor PSA mRNAs correlating with reduced BCR-
free or overall patient survival. Data were based on the Nakagawa study. 
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maintenance and progression to CRPC? To separate PSA-/lo from PSA+ PCa cells and 

study their biological and tumorigenic properties, we employed the PSAP-GFP 

lentivector, in which the PSA promoter (PSAP) drives enhanced green fluorescence 

protein (eGFP) expression [165] (Fig. 2.7A). The PSAP was originally isolated from a 

PCa patient with high serum PSA and was demonstrated to be highly specific and 

sensitive for PSA-positive PCa cells [165]. Therefore, PSA-negative PCa and non-

prostate cells did not show GFP expression upon infection with the PSAP-EGFP vector at 

an MOI of 30 [165]. We also generated two modified PSAP-GFP vectors by 

incorporating Psv40-neo or Pcmv-DsRed cassettes (Fig. 2.7A). Using the PSAP-GFP 

vector, we infected LNCaP cells at an MOI of 30 (Fig. 2.7B), at which virtually all cells 

were infected as evidenced by PCR detection of the GFP sequence in the genomic DNA 

of randomly picked clones (Fig. 2.7D). We then used FACS to purify out the top 10% 

GFP-bright (GFP+ for short) and bottom 2-6% GFP-negative/GFP-dim (i.e., GFP-/lo) 

LNCaP cells (Fig. 2.7C). LNCaP cells routinely cultured in RPMI-7% FBS contained 2.7 

± 1.8% (0.3-6.0%; n = 15) GFP-/lo cells. When LNCaP cells were infected with PSAP-

GFP-Psv40-neo (Fig. 2.7A) followed by G418 selection for several weeks, we observed 

2.7 ± 1.7 % (n = 7) GFP-/lo cells. Semi-quantitative (Fig. 2.7E) and real-time RT-PCR 

(qPCR; Fig. 2.7F) analysis revealed lower PSA mRNA levels in the GFP-/lo LNCaP cells 

compared to the corresponding GFP+ cells. Also, most purified GFP+ LNCaP cells 

stained strongly positive for PSA protein whereas GFP-/lo cells were weak or negative for 

PSA (Fig. 2.7G). GFP-/lo LNCaP cells also expressed lower levels of AR mRNA (Fig. 

2.7C and 2.7D) compared to GFP+ cells. AR staining revealed that >80% of GFP+ 

LNCaP cells expressed high levels of nuclear AR whereas <30% of GFP-/lo LNCaP 
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Figure 2.7. A Endogenous PSA Expression Reporting Lentiviral System 

A. Three lentivector reporters utilized in the present study. Above, the PSAP-GFP 
lentivector. LTR, long-terminal repeat; SD, splice donor; GA. gag gene; RRE, Rev 
responsive element; eGFP, enhanced green fluorescence protein. Below, the two 
modified vectors in which either Psv40-neo or Pcmv-DsRed cassette was incorporated. 

B. Schematic of PSA+ and PSA-/lo cell sorting. 
C. An example of PSAP-GFP vector infected LNCaP cells FACS profile. In the 

example shown, top 10% of the GFP+ cells and bottom ~6% GFP-/lo cells were sorted out. 
In most functional assays, we sorted the top 10% GFP+ and bottom 2-5% GFP-/lo cells. 

D. Genomic PCR of GFP sequence in clonally derived LNCaP cells. β-actin, control 
for DNA; PSAP-GFP vector, positive control for GFP. Shown are results from 3 GFP+ 
and 9 GFP-/lo (1-3, type I; 4-6, type II; 7-9, type III; see Fig. 2.11B and C for clone types) 
clones. 

E. Semi-quantitative RT-PCR analysis of PSA and AR mRNAs in two batches (1 
and 2) of purified GFP+ and GFP-/lo LNCaP cells. Total RNA was isolated and used in 
RT-PCR analysis with GAPDH as control. 

F. qPCR analysis of PSA and AR mRNA in GFP+ and GFP-/lo LNCaP cells (n = 3; 
all error bars in all figures represent the mean ± SD).*p = 0.005; #p = 0.047. 

G. Representative microphotographs (scale bar represents 20 µm) of PSA staining in 
GFP+ and GFP-/lo LNCaP cells (n = 4) 
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H-I. GFP-/lo LNCaP cells express lower levels of nuclear AR. (H) Representative 
images (scale bar represents 20 µm). (I) Cells that expressed high (ARhi), low (ARlow), 
and no (ARneg) nuclear AR were counted, and the results were expressed as percentage of 
total (mean ± S.D; §p = 6.97E09; *p = 0.05; #p = 0.008).  

J. Experimental scheme for establishing LAPC9 and LAPC4 PSAP-GFP reporter 
tumors. We refer to the reporter tumors maintained long-term in intact male mice as 
‘androgen-dependent’ or AD tumors whereas those in castrated male mice or female mice 
as ‘androgen-independent’ or AI tumors. 

I. PSA staining in FACS sorted GFP+ and GFP-/lo LAPC9 cells from AD reporter 
tumors. Note that all GFP+ LAPC9 cells were also positive for PSA. Images are 
representative of two experiments (scale bar, 30 µm). 
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cells expressed detectable AR (Fig. 2.7H and 2.7I). These results, taken together, indicate 

that the PSAP-GFP lentiviral system faithfully reports the endogenous PSA expression in 

LNCaP cells. In many forgoing experiments we refer to GFP+ and GFP-/lo cells as PSA+ 

and PSA-/lo cells, respectively. 

To characterize the biological properties of PSA+ and PSA-/lo PCa cells in vivo, 

we also used PSAP-GFP or the modified lentivectors to establish LAPC9 (and LAPC4) 

‘‘reporter’’ tumors (Fig. 2.7J). The LAPC4 and LAPC9 xenograft models contain both 

differentiated and undifferentiated PCa cells and, as such, are very useful in elucidating 

the cellular heterogeneity of PCa. Immunostaining using LAPC4 and LAPC9 cells 

purified from the reporter tumors revealed that most GFP+ cells stained strongly for PSA, 

whereas GFP-/lo tumor cells were generally negative or weak for PSA (Fig. 2.7K). 

Therefore, like the LNCaP system, GFP expression reports the endogenous PSA 

accurately in our xenograft models. 

PSA-/lo PCa Cells Preferentially Express SC related Genes, Anti-Stress Genes, and 

Under-Express Genes Associated with Cell-Cycle Progression and Mitosis  

Whole-genome transcriptome profiling in purified PSA-/lo and PSA+ LNCaP cells 

revealed distinct gene expression patterns in the two isogenic subpopulations. A total of 

726 probes representing 561 unique genes were significantly overexpressed whereas 557 

probes representing 403 unique genes were under-expressed (F.C ≥1.4, P <0.05) in PSA-

/lo LNCaP cells (Fig. 2.8A). A combination of Gene Ontology (GO) analysis and 

literature-based curation put many of these differentially expressed genes into distinct 

functional categories (Fig. 2.8B and C). For example, ~4% and 5% of the genes 
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preferentially expressed in the PSA-/lo LNCaP cells were involved in fatty 

synthesis/metabolism and RNA binding/processing, respectively (Fig. 2.8B). Strikingly, 

as many as 10% of genes overexpressed in PSA-/lo LNCaP cells were involved in anti-

stress responses, which included detoxification (e.g., metallothioneins, GSTT2), hypoxia-

responsive (HIF1α, THBS1, PLAU, APLN), p53-responsive (e.g, ZBTB7A or Pokemon, 

PSME3), and DNA-damage sensing/repair (e.g., MSH6, XPA, REV1, POLD3) genes 

(Fig. 2.8C; Table S2). The PSA-/lo LNCaP cells also overexpressed Bcl-2 and under-

expressed many proapoptotic genes (Fig. 2.8C and E). The PSA-/lo LNCaP cells also 

preferentially expressed many SC and development associated genes such as ASCL1, 

CTED2, GATA6, IGF-1R, KLF5, LRIG1, NKX3.1, RUNX2, and TBX15 (Fig. 2.8C). 

Whole-genome gene expression profiling revealed that ~200 genes were over-

expressed whereas ~300 genes were under-expressed (F.C ≥1.4) in PSA-/lo LAPC9 cells, 

which fall into distinct functional categories (Fig. 2.8D; Table 2.2). Consistent with the 

gene expression profile discovered in PSA-/lo LNCaP cells, most prominently, ~27% of 

genes (>50) overexpressed in PSA-/lo LAPC9 cells were associated with SCs and 

development, which included SPP1 (osteopontin or OPN), FGFs, ALDH1A1, c-KIT, 

Bcl-2, IGF-1, CD44, and Nanog (Table 2.2). The overexpression of some of these 

molecules was confirmed by qrtPCR (Fig 2.8F) analysis and the functional importance 

for some genes was validated in tumor transplantation assays (see below). Many of the 

upregulated genes including Bcl-2, IGF-1, IGFBP3, REG4, and Nanog have been 

implicated in resistance to androgen deprivation [157]. Intriguingly, the PSA-/lo LAPC9 

cells overexpressed about 20 neural/glial-related genes, raising a possibility that PSA-/lo 

cells might be related to neuroendocrine PCa cells. Unlike PSA-/lo cells, the PSA+ LAPC9 
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Figure 2.8. Distinct Gene Expression Profiles of PSA+ and PSA-/lo PCa cells 

A. Volcano plot of cDNA microarray analysis in purified PSA-/lo and PSA+ LNCaP 
cells. The levels in PSA+ cells were set at 1. The results were representative of a dozen of 
the genes analyzed. 

B. Distinct gene expression profiles of PSA-/lo and PSA+ LNCaP cells. Shown are pie 
charts of gene categories (percentage indicated) overexpressed (top) and underexpressed 
(bottom) in PSA-/lo cells. 

C. Heat map presentation of gene categories overexpressed in PSA-/lo or PSA+ LNCaP 
cells. a) Stress response, b) SCs and development, c) cell cycle, d) 
centrosome/kinetochore and e) epigenetic regulators. The scale bar depicts relative 
expression levels (log scale) derived from raw values of each gene divided by its 
respective SD across all six samples and centered at 0. 

D. Distinct gene expression profiles of PSA-/lo and PSA+ LAPC9 cells. Shown are pie 
charts of gene categories (percentage indicated) overexpressed (left) and underexpressed 
(right) in PSA-/lo cells. 

E. QPCR analysis of 4 overexpressed genes in the freshly purified PSA+ and PSA-/lo 
LNCaP cells. 

F. QPCR analysis of the molecules indicated in purified PSA+ and PSA-/lo PCa cells. 
Presented are relative levels (arbitrary unit) normalized to corresponding GAPDH mRNA 
levels.
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Table 2.2. Differential Gene Expression Patterns in PSA-/lo
 vs. PSA+ LAPC9 Cells 

 
 PSA-/lo Cells PSA+ Cells 

SC & Developmental 
molecules/markers 

SPP1, TWIST2, Nanog, Bcl-2, 
SOX12&17, CDX2, PAX1, FOXGIB, 
GATA4, ALDH1A1, KIT, REG4, 
CD44, integrins α2 & β3 

TBX11, PLXND1,A3,B3,netrin, 
SLIT2, FOXA2, FOXJ, CDKN2A 

HOX gens HOXA4, HOXB2,4,8, HLXB9 HOXA10, HOXB 6,7,9 
FGF signaling FGF2,5,7,11,12 FGFR3, SPRY4 
Wnt signaling WNT9B WNT9A, WNT5B 

DACT1, DVL1, FZD5, SFRP1 
Notch signaling ASCL1 NOTCH4, HES1 
TGFβ/BMP signaling TGFBRI,  

BMPR1B 
INHBC 

TGFBIII 
BMP1,6 
INHA 

Ephrin/EPH receptor EFNB3, EPHB2 EFNA3, EPHB4 
Asymmetric cell 
division 

 NUMBL, AURKB 

Intermediate metabolism  ~100 genes 
Transcription/nuclear 
Factors 

Zinc-finger proteins  

Differentiation related ~20 neural/glial-related genes 
(e.g. NEUROD2, PLXNA2, DRD5, 
GABRB3, NLGN1, SYT6/9, SYNJ2, 
GFAP, NEGR1, HTR4, MAG, etc) 

STEAP, TGM2, KLK3, PSMA 

Signal transduction IGF1/IGFBP3 
PIAS4, PRKCA, TEC 
TP53/MDM2/BRCA2 
G-protein signaling molecules 
EDN3/EDNR 

IGF2/IGFBP6 
PIAS3, AKT1/AKTS1 
STK31, LCK,ABL1, MAPKs 
G-protein signaling molecules 
CDK2, GAK, cyclin L2,F,J 
 

Cytokines/inflammation 
and immune-related 

Adiponectin, 
CCL2,CCR2, CXCL5,11 
IL4, IL1F7, IL32 

Osteoprotegrin 
CXCL1,2,3/CCR5,10 
IL6,7,8,15,23A/IL 13RA2 

Proteases/ECM-related MMP2,19 Tissue factor pathway& 
Plasminogen activator 
MMP14,15,16 23B 
Col, laminin, Fn, fibrinogen 

Cell Survival/death BCL2 BCL2L1, BNIPL,CASP8 
This Table represents a summary of the LAPC9 microarray data. Of interest, the two populations of 
LAPC9 cells often exhibit contrasting gene expression patterns. For example, PSA-/lo cells express 
multiple FGFs whereas PSA+ cells express the receptor FGFR3. In contrast, PSA-/lo LAPC9 cells express 
BMPR1B whereas PSA+ LAPC9 cells express ligands BMP1 and 6. On the other hand, the PSA-/lo LAPC9 
cells express IGF1/IGFBP3, PIAS4, WNT9B, INHBC, and EFNB 3 whereas PSA+ LAPC9 cells express 
IGF2/IGFBP6, PIAS3, WNT9A, INHA, and EFNA3, respectively.
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cells overexpressed inhibitors of Wnt (e.g., DACT1 and SFRP1), FGF (sprouty proteins), 

and angiogenesis (netrin 4) signaling pathways although they did overexpress some 

development-related genes such as Wnt signaling and HOX (Table 2.2) genes. The 

major class of genes upregulated in PSA+ LAPC9 cells (26%) were involved in 

intermediated metabolism (Fig. 2.8D; Table S3). Interestingly, NumbL, the mammalian 

homolog of Numb, was overexpressed in PSA+ cells (Table 2.2). PSA+ LAPC9 cells also 

preferentially expressed many differentiation genes and a large repertoire (~100) of 

genes involved in intermediate metabolism (Table 2.2). 

PSA-/lo PCa Cells Are Quiescent, and Are Resistant to Chemotherapeutics and 

Prooxidants 

The PSA-/lo LNCaP cells under-expressed dozens of cell cycle, mitosis 

(centrosome and kinetochore), and translation related genes (Fig. 2.8C), suggesting that 

PSA-/lo PCa cells may be more quiescent than the PSA+ cells. Several lines of evidence 

supported this suggestion. First, cell-cycle analysis revealed a smaller percentage of 

PSA-/lo LNCaP cells in S and G2/M phases (Fig. 2.9A and 2.9B). Second, BrdU label-

retaining experiments demonstrated that many more PSA-/lo LNCaP cells retained the 

BrdU label upon an 11-d chase (Fig. 2.9C). Similar to PSA-/lo LNCaP cells, the PSA-/lo 

LAPC9 cells in the tumors were quiescent as assessed by in vivo PKH26 dye-retaining 

[29] (Fig. 2.9D) and BrdU pulsing-chasing (Fig. 2.9E) assays. 

Differential expression of anti-stress and apoptosis associated genes suggests that 

the PSA-/lo cells would be more resistant not only to androgen deprivation but also to 

other stresses (Fig. 2.8B and C). Indeed, when LNCaP cells infected with PSAP-GFP 
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Figure 2.9. PSA-/lo PCa Cells, Are Quiescent, and Resistant to Chemotherapeutics, and 

Prooxidants 

A-B. PSA-/lo LNCaP cells are slow cycling. Cell-cycle analysis in purified PSA-/lo 
versus PSA+ LNCaP cells. Shown are the mean percentages of cells in different phases 
of the cell cycle (n = 2). 

C. PSA-/lo LNCaP cells are quiescent. Shown is the percent BrdU label of retaining 
cells (LRCs) in purified PSA-/lo versus PSA+ LNCaP cells (mean ± SD; n = 3). *p < 
0.0001. 

D. LAPC9 cells are slow-cycling in vivo. Flow cytometry analysis of PKH26 label 
retention in LAPC9 PSAP-GFP tumors after 3 weeks of chasing in vivo. Shown are the 
FACS profiles of PKH26+ cells in PSA-/lo and PSA+ subpopulations of LAPC9 cells. 

E. PSA-/lo LAPC9 cells were quiescent, as analyzed by in vivo LRC assays. *p < 
0.0001. 

F. Apoptosis assessed by the Vybrant apoptosis assays. The % apopotsis represents 
the mean ± S.D (n=3) and P values determined by Student’s t-test. 

G. PSA-/lo LNCaP cells are resistant to androgen deprivation (i.e., CDSS plus 
bicalutamide), as well as chemotherapeutics and hydrogen peroxide. Shown are %PSA-

/lo cells in PSAP-GFP-infected LNCaP cells treated with the conditions indicated for 2, 4, 



 74 

and 7 days (d). Differences between all individual treatments and DMSO are statistically 
significant (p < 0.01; mean ± SD; n = 4). 

H-I. PSA-/lo LNCaP cells are resistant to chemotherapeutics and hydrogen peroxide 
treatment. (H) Shown are reprehensive images (scale bars, 100µm) of the purified PSA-

/lo or PSA+ cells that survived the treated with the conditions indicated (I) the cell 
number was assessed by MTT assay. Differences between PSA-/lo or PSA+ cells are 
statistically significant (p < 0.01; mean ± SD; n = 3). 
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were treated with CDSS plus bicalutamide (an anti-androgen), etoposide, paclitaxel 

(taxol), or H2O2, Vybrant Apoptosis Assay indicated that these treatments preferentially 

induced apoptosis in PSA+ LNCaP cells (Fig. 2.9F) and the PSA-/lo cells expanded with 

concomitant decreases in PSA+ cells. At the end of taxol and H2O2 treatment, 

significantly more PSA- LNCaP cells survived (Fig. 2.9H and I). Together, the 

observations that PSA-/lo LNCaP cells are quiescent and resist stress stimulations suggest 

that the population may be enriched in SCs, which are generally slow-cycling and 

refractory to stresses [166]. 

PSA-/lo PCa Cells Possess Long-Term Clonogenic Capacity 

The PSA-/lo LNCaP cells preferentially express SC and development related 

genes (Fig. 2.8C; Table S2), are quiescent and resist stress stimulations, suggesting that 

this populations might enrich cancer cells with SC properties. In support of the notion 

that the PSA-/lo subpopulation enriches CSCs, the PSA-/lo LNCaP cells, in serum-free 

medium, possessed a higher capacity to establish anchorage-independent prostaspheres 

(Fig. 2.10A), which harbor SC-like cells. Importantly, the PSA-/lo cell-derived spheres 

were much larger (Fig. 2.10A, insets) and generated significantly more secondary 

spheres than the PSA+ cell-originated spheres (Fig. 2.10B), indicating that PSA-/lo cells 

possess high self-renewal capacity. As indicated by microarray, some SC and 

development associated genes, such as ASCL1, IGF-1R, NKX3.1, were upregulated in 

the PSA-/lo LNCaP cells (Fig. 2.8C). To determine whether these genes are causally 

involved in regulating the SC properties of the PSA-/lo LNCaP cells, we employed the 

tetracycline inducible pTRIPZ lentiviral shRNAmir system to knock down ASCL1 [167], 
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Figure 2.10 PSA-/lo PCa Cells Possess Long-Term Clonogenicity Capacity 

A. Shown is the sphere-forming efficiency (%; *p < 0.0001) 10 days after plating. 
Insets show spheres generated from PSA+ (left) and PSA-/lo cells. 

B. Individual 1o spheres in (A) were picked, dissociated, and used in 2o sphere 
assays. 

C. Knocking down of ASCL1, IGF-1R, or NKX3.1 in PSA-/lo LNCaP cells reduced 
sphere formation. Bars represent mean ± SD (n= 3). 

D. Purified PSA+ and PSA-/lo LAPC9 cells were seeded at 10,000 cells/well in 
anchorage-independent conditions in IMDM supplemented with 15% FBS. Primary 
spheres were formed at ~3 weeks after plating. During subsequent serial passaging, the 
PSA+ cells lost sphere-forming capacity from the second generation whereas the PSA-/lo 
LAPC9 cells gradually increased in the sphere-forming capacity. Scale bar, 40 µm. 

E. PSA+ and PSA-/lo LAPC4 cells were purified from maintenance reporter tumors 
and cultured (10,000 cells/well in triplicate wells) in anchorage-independent conditions 
in IMDM - 15% FBS. 24 d later, spheres were enumerated (bar graph) and photographed 
(insets). Notice that the PSA-/lo LAPC4 cells developed more (*P < 0.01) and larger 
spheres than the corresponding PSA+ (left) LAPC4 cells. 
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NKX3.1 [26], and IGF-1R [168]. Knocking down all three molecules dramatically 

reduced sphere-forming capacity of the PSA-/lo LNCaP cells (Fig. 2.10C) suggesting that 

at least some of the ʻstemnessʼ genes over-expressed in the PSA-/lo LNCaP cells are 

functionally important. 

We also purified PSA+ and PSA-/lo LAPC9 cells and carried out sphere-formation 

assays in regular culture medium (IMDM-15% FBS). Consistent with the clonogenic 

capacity observed in PSA-/lo LNCaP cells, the PSA-/lo cells initiated spheres that 

gradually enlarged and expanded and could be passaged for at least 4 generations 

whereas PSA+ cell-initiated spheres aborted by the second generation despite that PSA+ 

cells formed slightly more primary spheres (Fig. 2.10D), suggesting that PSA-/lo LAPC9 

cells possess high sphere-propagating capacity. Similarly, purified PSA-/lo LAPC4 cells 

founded more and larger spheres in regular serum containing medium (Fig. 2.10E).   

PSA-/lo PCa Cells Can Undergo Asymmetric Cell Division (ACD) and Recapitulate 

the Heterogeneity of the Parental Population 

The preceding experiments indicate that the PSA-/lo LNCaP cells possess SC-

associated gene expression and many known SC traits such as quiescence, stress 

resistance, and high clonal/clonogenic capacities. To further explore the cell-intrinsic 

differences in the two populations of PCa cells, we purified out PSA+ and PSA-/lo 

LNCaP cells and followed their development in bulk or clonal cultures. LNCaP cells 

maintained in RPMI-7% FBS contained ~1.4% of GFP-/lo cells with the bulk being GFP+. 

When highly purified cells were cultured continuously for ~3 weeks, all GFP+ LNCaP 

cells remained GFP+ (Fig. 2.11Aa) whereas GFP-/lo cultures became heterogeneous  
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Figure 2.11. PSA-/lo PCa Cells Recapitulate the Heterogeneity of Parental Population 

A. GFP+ and GFP-/lo LNCaP cells were sorted out by FACS (primary sort; A) and 
both populations were continuously cultured for 20 days, followed by secondary 
analysis and sorting. 17 d later, all GFP+ LNCaP cells still remained GFP+. 

B-C. GFP+ and GFP-/lo LNCaP cells were sorted out by FACS. Both populations 
were plated, by limiting dilution, at 1 cell/well in 96-well plate. Wells containing one 
live cell were cultured in RPMI-7% FBS medium for 2 weeks. Shown are representative 
images (scale bar, 20 µm) of clones developed from purified GFP+ (B) or GFP-/lo (C) 
LNCaP cells. Note that all cells in the GFP+ cell-derived clone are GFP+ (B) whereas 
GFP-/lo LNCaP cells developed into 3 distinct types of clones: type I containing all GFP+ 
cells, type II containing GFP+ and GFP- cells, and type III containing all GFP- cells (C). 

D-F. GFP+ and GFP-/lo cells were plated at 1 cell/well in 96-well plate. The wells 
containing one live cell were cultured in RPMI-7% FBS medium for up to 2 weeks with 
fresh medium added every 4 d. Quantification of % GFP+ and GFP-/lo cells in the clones 
developed from single GFP+ and GFP-/lo LNCaP cells at d 2 (D) or 8 (E) after plating. A 
total of 80-120 clones were quantified for each time point and each type of clones. ~80% 
of the cells in the GFP- cell-derived clones were GFP- at d 2 (D) but the % declined to 
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~15% by d 8 with a corresponding increase in the % of GFP+ cells (E). (F) 
Quantification of clonal types 2 weeks after plating single GFP+ and GFP-/lo LNCaP 
cells. About 100 clones each were quantified.  

G. GFP+ (top 20%) and GFP-/lo (bottom ~15%) LAPC9 cells were purified by FACS 
from a PSAP-GFP/Pcmv-DsRed reporter tumor and injected subcutaneously in intact 
male mice. Two months later, tumors were harvested and GFP profiling in each tumor 
was determined by FACS. 
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containing 1.8% GFP-/lo cells and ~75% GFP-bright cells (Fig. 2.11Ac). Secondary 

GFP+ LNCaP cultures continued to remain all GFP+ after an additional 17-day culture 

(Fig. 2.11Ad) whereas the GFP-/lo cultures continued to regenerate both GFP- and GFP+ 

cells (Fig. 2.11Ab). We then carried out clonal development assays [94, 145] and found 

that cells in the clones derived from single GFP+ LNCaP cells remained 100% GFP+ at 

two weeks (Fig. 2.11B) and up to 1 month after plating. In contrast, single GFP-/lo 

LNCaP cells developed into 3 distinct types of clones: type I with all cells being GFP+, 

type II containing both GFP+ and GFP-/lo cells, and type III containing all GFP-/lo cells 

(Fig. 2.11C). Quantitative analysis demonstrated that by 2 weeks, 70-80% of all clones 

derived from single GFP-/lo LNCaP cells were type I and ~20% were type II whereas the 

rest were type III (Fig. 2.11D-F). Type I clones were most likely derived from the cells 

that, at the time of flow sorting, had already committed to “differentiation”. Type III 

clones might all be PSA-/lo cells that, like PSA+ LNCaP cells, underwent symmetric self-

renewal generating exclusively PSA-/lo cells as PCR analysis of genomic DNA in 9 PSA-

/lo clones all revealed GFP (Fig. 2.7D). Regardless, the emergence of type II clones 

indicated that ~20% PSA-/lo LNCaP cells appeared to be able to undergo ACD 

regenerating PSA-/lo cells as well as giving rise to PSA+ cells. Likewise, most tumor 

cells in the PSA+ LAPC9 cell-derived tumors passaged in male mice were GFP+/PSA+ 

whereas tumors derived from the PSA-/lo cells contained both GFP+/PSA+ and GFP-

/PSA- cells. Importantly, FACS analysis demonstrated that tumors derived from the 

GFP+ LAPC9 cells contained mostly GFP+ cells whereas tumors derived from PSA-/lo 

LAPC9 cells contained ~20% GFP-/lo cells with the majority of cells GFP+ (Fig. 2.11G). 
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These analyses indicate that the GFP-/lo PCa cells can undergo self-renewal and recreate 

the cellular heterogeneity in vivo. 

We used time-lapse video microscopy to further study the clonal development of 

PSA+ vs. PSA-/lo PCa cells. In agreement with our ʻstaticʼ clonal analysis (above), live 

imaging of single GFP+ cells showed that the PSA+ LNCaP cells only underwent 

symmetric division giving rise to clones that contained all PSA+ cells (Fig. 2.12A). By 

contrast, single GFP- cells generated clones of type I (Fig. 2.12B), II (Fig. 2.12C), and 

III (Fig. 2.12D). Approximately 15% of the GFP- LNCaP cells underwent ACD during 

the first cell division with one daughter cell becoming GFP+ (Fig. 2.12E). Analysis of 

the end-point clones derived from single GFP- cells showed that 21% and 11% clones 

were of type II and III, respectively (Fig. 2.12F). The above clonal development assays 

and time-lapse imaging indicate that 15-20% of the PSA-/lo LNCaP cells can undergo 

ACD. We plated the purified PSA-/lo (i.e., DsRed+/GFP-) LAPC9 cells, infected with the 

PSAP-GFP/Pcmv-DsRed lentiviral vector (Fig. 2.12K), on fibroblast feeder, and tracked 

their developmental fates. We observed that although most PSA-/lo LAPC9 cells 

underwent symmetric cell division (Fig. 2.12K, top), ~5% cells underwent ACD 

generating PSA+ LAPC9 cells (i.e., DsRed+/GFP+, (yellow; Fig. 2.12K). The PSA-/lo 

LNCaP and LAPC9 cells could generate both PSA-/lo and PSA+ by ACD whereas PSA+ 

cells mainly underwent symmetric divisions giving rise to only GFP+ cells.  

Since intrinsic ACD is the cardinal feature of SCs [169], to further explore the 

mechanism involved in asymmetric PCa cell division, we assess whether ACD-

generated PSA+/PSA-/lo daughter cells also differentially segregated the cell fate 
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Figure 2.12. PSA-/lo PCa Cells Can Undergo Intrinsic ACD 

A-D. Single PSA+ (A) and PSA-/lo (C-D) LNCaP cells were tracked under a time-
lapse video microscope. Images in (A) show symmetric cell division from a GFP+ 
LNCaP cell (representative of 52 movies), and images in (C)-(D) represent type I, type 
II, and type III clones, respectively, derived from single GFP- cells (from 292 movies; 
see Movie S1 for examples). Scale bar represents 20 µm. 

E. Quantification of cell division mode in GFP- cells during the first cell division (n 
= 97 movies). 

F. Quantification of the type of clones derived from GFP- cells at the end of 
recording (n = 113 movies). 

G. Two representative GFP- LNCaP cells asymmetrically segregated Numb into one 
daughter cell during the first cell division (scale bar represents 20 µm). 

H. Quantification of Numb segregation during divisions of GFP- LNCaP cells in the 
single thymidine block and post-mitosis Numb staining experiment. 

I. Two representative images of asymmetric distribution of Numb during mitosis of 
LNCaP GFP- cells assessed in the mitotic shake-off experiments (Scale bar, 20 µm). 

J. Asymmetric segregation of Numb during ACD of PSA-/lo LNCaP cells and 
following differentiation of one daughter cell assessed by time-lapse video microscopy. 
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Shown are images of a PSA- (i.e., DsRed+/GFP-) LNCaP cell undergoing ACD by 
asymmetrically segregating Numb into one daughter cell, which subsequently acquired 
GFP (PSA) positivity. 
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determinant Numb, a Notch antagonist preferentially segregated into the differentiated 

daughter cells during asymmetric divisions of neuroblasts, hematopoietic progenitors, 

skin and muscle SCs [169]. After the single-thymidine synchronization and release, we 

observed that in 242 GFP- LNCaP cells that had just undergone mitosis, 15% of the cells 

preferentially segregated Numb to the daughter cell that also expressed more PSA (Fig. 

2.12G). In such cells, Numb staining showed typical cortical concentration (Fig. 2.12G), 

consistent with its well-established roles in regulating cell polarity and ACD. Using the 

“mitotic shake-off”, we harvested mitotic cells and observed similar asymmetric 

segregation of Numb in one daughter cell during mitosis in GFP- LNCaP cells (Fig. 

2.12I). Finally, we co-infected LNCaP cells with PSAP-GFP lentivector with a Numb-

DsRed fusion retroviral reporter. As shown in Fig. 2.13J, the DsRed+/GFP- LNCaP 

underwent ACD at 6 h when Numb was expressed in only one daughter cell. From 24 h, 

the Numb+ daughter cell also started to express GFP (i.e., PSA; Fig. 2.12J). These 

observations (Fig 2.12G-J) indicate that a subset of PSA-/lo LNCaP cells can undergo 

authentic ACD by segregating Numb into the differentiated PSA+ daughter cells. 

PSA-/lo PCa Cells Possess Long-Term Tumor-Propagating Capacity in Hormonally 

Intact Male Mice 

Next, we determined whether the PSA-/lo and PSA+ PCa cells possessed different 

tumorigenic potential by carrying out limiting-dilution tumor assays (LDAs) and serial 

transplantations, and by monitoring tumor latency, incidence, growth rate, and/or 

endpoint weight. We first implanted 10,000 each of PSA-/lo and PSA+ LAPC9 cells 

purified from the subcutaneous PSAP-GFP reporter tumors in hormonally intact male 
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NOD/SCID mice. Somewhat surprisingly, the PSA+ LAPC9 cells readily regenerated 

primary (1°) tumors that were about twice as large as those derived from the PSA-/lo cells 

(Fig. 2.13 A and 2.13B). When we infected LAPC9 cells with PSAP-GFP/Pcmv-DsRed 

lentivector (Fig. 2.7A) and purified out PSA+ (i.e., GFP+/DsRed+) and PSA-/lo (i.e., GFP- 

/DsRed+) cells for LDAs, the former demonstrated higher tumor-regenerating capacity 

(Table 2.3). Similarly, when PSA+ and PSA-/lo LAPC9 cells were implanted 

orthotopically in the dorsal prostate (DP), PSA+ cells initiated more (Table 2.3) and 

larger tumors. The PSA+ LNCaP cells implanted in male NOD/SCID mice 

supplemented with exogenous testosterone also initiated larger tumors than 

corresponding PSA-/lo cells (Table 2.3). These findings, together, suggest that 

ʻdifferentiatedʼ PSA+ PCa cells, surprisingly, are quite tumorigenic in androgen-

proficient hosts. Nevertheless, when PSA+ and PSA-/lo LAPC9 cell-derived tumors were 

serially passaged in intact male mice, remarkably, PSA-/lo cells maintained relatively 

constant tumorigenicity whereas PSA+ cells displayed decreasing tumorigenicity (Fig. 

2.14A and 2.14B). By the second generation, tumor weights between the two groups 

became almost equal and starting from the third generation, PSA+ cells generated tumors 

2-3 times smaller than PSA-/lo cell-derived tumors (Fig. 2.14A). Tumor growth rates also 

showed contrasting patterns, although the 1º PSA+ LAPC9 tumors grew faster than PSA-

/lo tumors, starting from the third generation, the PSA-/lo tumors grew much faster. 

Importantly, although initially there was no significant difference in tumor incidence 

between the PSA+ and PSA-/lo groups, by the 5th generation tumor incidence was lower 

for PSA+ cells, and, by the 6th generation, tumor incidence was significantly lower (p = 
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Figure 2.13. PSA-/lo PCa Cells Possess Long-Term Tumor Propagating Capacity 

A-B. Tumor weights (A; mean ± S.D, *p < 0.05, **p < 0.01) and incidence (B; *p = 
0.045, #p = 0.006) of PSA+ and PSA-/lo LAPC9 cells serially transplanted in male 
NOD/SCID mice are indicated.  

C. PSA+ and PSA-/lo LAPC4 cells were purified from reporter tumors and 10,000 
cells each were implanted subcutaneously in intact male NOD/SCID mice. The 1° 
tumors were harvested at 130 days and utilized to purify PSA+ and PSA-/lo cells for 2° 
transplantation. The 3° and 4° transplantation experiments were similarly performed. For 
each generation, tumor incidence (%; *P = 0.025 and **P = 0.02, when compared to the 
corresponding PSA+ groups), time (days) of harvest, tumor weights (mean S.D), and P-
values (Student t-test) are indicated. 

D-E. Knockdown of OPN or CD44 inhibits tumor regeneration in PSA-/lo LAPC9 
cells. PSA-/lo LAPC9 cells infected with control shRNA (ctrl-sh), or CD44 or OPN 
shRNAs were implanted subcutaneously in male NOD/SCID mice. Bars represent tumor 
weights (mean ± SD). Nanog knockdown inhibits tumor regeneration. Shown are tumor 
weights and incidence. luc-sh, luciferase-shRNA; nanog-sh, Nanog-shRNA. 

F. The percentage of triple marker-positive LAPC9 cells in three types of tumors, i.e., 
“intact” tumors maintained in hormonally intact male mice, “castrated” tumors 
maintained in castrated animals, and the 1o tumors derived from the triple marker-
positive cells.
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Table 2.3. Tumor-initiating Frequency (TIF) of PSA+ and PSA-/lo PCa Cells in NOD/SCID Mice 
 

Cells 
  Cell dose    

TIF (95% interval)* 
 

P value* 
105 104 103 102 10 1 

1LNCaP         
PSA+ (male)  2/4 (1.0 g)       
PSA-/lo (male)  3/5 (0.3 g)       
PSA+ (castr.)     0/6       
PSA-/lo (castr.)  2/6 (1.3 g)       
PSA+ (female)  1/6 (0.5 g) 1/6 (0.1 g)    1/30,110 (1/7,199 - 125,944)  
PSA-/lo (female)  4/5 (1.4 g) 5/7 (0.7 g)    1/2,674 (1/986 - 7,250) 0.0005 

2LAPC9         
aPSA+ (male)  2/2 5/6 4/10 4/10 1/8 1/204 (1/88 - 473)   
aPSA-/lo (male)  1/2 4/6 4/10 2/10 0/8 1/552 (1/243 - 1,254)  0.0335 
bPSA+ (male)/DP 1/1 3/4 3/7    1/4,156 (1/1,518 - 11,382)  
bPSA- /lo (male)/DP 1/1 1/4 1/7    1/20,187 (1/5,125 - 79,523)  0.0399 
aPSA+ (castr.)   2/4 3/10 1/10 0/8 1/615 (1/238 - 1,589)   
aPSA-/lo (castr.)   2/4 2/10 2/9 1/8 1/196 (1/77 - 499)  0.075 
bPSA+ (castr.)  6/6 6/6    1/1 (1/1 - 1,071)  
bPSA-/lo (castr.)  7/7 5/6    1/559 (1/206 - 1,515)  0.224 
bPSA+ (female)  6/6 4/6 5/8   1/425 (1/180 - 1,006)  
bPSA-/lo (female)  6/8 5/6 6/8   1/235 (1/92 - 605)  0.254 
cALDHhiCD44+α2β1+ (castr.) 10   6/8 4/6 3/8 2/8 0/8 1/448 (1/193 - 1,043)   
cALDHloCD44-α2β1- (castr.) 10  1/2 0/6 0/6 0/8 0/8 1/21,298 (1/3,126 - 145,130)  648 e-150 
cALDHhiCD44+α2β1+ (castr.) 20   7/8 5/8 0/8 0/8 1/283 (1/125 - 645)   
cALDHloCD44-α2β1- (castr.) 20  2/3 0/8 0/8   1/13,802 (1/3,366 - 53,421) 2.23 e-09 

3LAPC4          
PSA+ (male) 30   6/10 4/8    1/6,895 (1/3,374 - 14,088)  
PSA-/lo (male) 30  10/10 8/8    1/1 (1/1 - 860) 9.65 e-08 

1PSA+ and PSA-/lo LNCaP cells were purified out and implanted subcutaneously in 50% Matrigel in 3 types of NOD/SCID mice, i.e., intact male mice supplemented with 
testosterone pellets, surgically castrated (castr.) male mice also treated with bicalutamide, or female mice. All tumors were harvested 3 - 4.5 months after implantation.  

2For experiments in a, LAPC9 cells acutely purified from xenograft tumors were infected with PSAP-GFP/Pcmv-DsRed (MOI 20; 24h). Purified PSA+ (i.e., GFP+DsReD+) and 
PSA-/lo (GFP-DsRed+) cells at the indicated numbers were injected subcutaneously into the intact or castrated male mice. For experiments in b, PSA+ and PSA-/lo LAPC9 cells were 
purified out from reporter tumors. Cells at the indicated numbers were implanted subcutaneously or orthotopically in 50% Matrigel. In c, the triple marker-positive and -negative 
LAPC9 cells were purified from the xenograft tumors long-term maintained in castrated NOD/SCID mice and injected at the indicated cell doses. Tumors were harvested ~2 
months post-implantation. Then triple marker-positive and - negative cells were purified from the two tumors derived from 10 marker-positive cell injections and used in 
secondary transplantations, which were harvested 73 days later.  

3Shown were the tumor LDAs performed with the third-generation LAPC4 reporter tumors (see Fig. 2.13C).  
*TIF and statistical differences (P values) were determined using the Limdil function of the Statmod package (http://bioinf.wehi.edu.au/software/elda/index.html)
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0.006) for PSA+ cells (Fig. 2.14B). Comparing tumor incidence across PSA+ generations 

revealed that the 6th generation tumor incidence was much lower than that in the earlier 

(i.e., 1º-4º) generations (P = 0.007; proportion trend test). These observations indicate 

that PSA-/lo, but not PSA+, LAPC9 cells are endowed with long-term tumor-propagating 

capacity in androgen-proficient male hosts. Interestingly, the differential tumorigenic 

potential between the PSA+ and PSA-/lo LAPC9 cells mimicked their differences in 

establishing serially passageable anchorage-independent spheres in serum-containing 

media (Fig. 2.10D).  

We also carried out serial tumor transplantations using purified PSA+ and PSA-/lo 

LAPC4 cells. As in the LAPC9 system, the 1º PSA+ LAPC4 tumors were slightly larger 

than those derived from PSA-/lo cells (Fig. 2.13C). However, as these tumors were 

passaged, later-generation PSA+ LAPC4 cells regenerated significantly smaller tumors 

than the corresponding PSA-/lo or early-generation PSA+ cells (Fig. 2.13C). Slightly 

different from LAPC9, PSA-/lo LAPC4 cells demonstrated higher tumor incidence than 

PSA+ cells across all generations (Fig. 2.13C; Table 2.3). 

PSA-/lo PCa Cells are More Resistant to Castration and Harbor CRPC-Regenerating 

Subpopulations that Can Be Further Enriched by the ALDH+CD44+α2β1+ Profile 

Purified PSA-/lo LNCaP cells displayed higher holoclone forming capacity [147] 

and survival in androgen-deprived conditions, i.e., using CDSS with or without 

bicalutamide (Fig. 2.14A and B). Consistently, when PSA+ and PSA-/lo LAPC9 cells were 

cultured in medium containing CDSS, PSA-/lo cells formed much more and larger spheres 

than PSA+ cells (Fig. 2.14C). Purified PSA-/lo LAPC4 cells also formed more and larger 
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Figure 2.14. PSA-/lo PCa Cells Resist Androgen Deprivation 

A. Sorted PSA+ and PSA-/lo LNCaP cells were plated at clonal density and treated 
with bicalutamide. At the end, holoclones were scored. Shown are the bar graph (mean ± 
S.D; n = 3; **P <0.001) and representative images (inset). 

B. LNCaP PSA-/lo and PSA+ were purified out by FACS, plated at 1000 cells/well in 
triplicate wells in a 96-well plate and cultured in RPMI-7% CDSS for 10 days. Cell 
number in each well was assessed by WST-1 assay (mean ± S.D; n = 3; *P <0.001). 
Insets are representative images of PSA-/lo and PSA+ cells by the end of ADT treatment 
(Scale bar, 100 µm). 

C. Sphere-formation assays were performed as in B but cells were maintained in an 
ultra-low attachment plate in 15% CDSS for ~3 weeks. Shown are representative images 
(scale bar, 50 µm) of a sphere derived from PSA+ and PSA-/lo LAPC9 cells, respectively. 
Note that the PSA+ LAPC9 cell derived spheres were much smaller and showed a 
degenerate phenotype with a hollow core. In contrast, the PSA-/lo LAPC9 cell-derived 
spheres resembled ES cell colonies containing highly compacted cells. 

D. PSA+ and PSA-/lo LAPC4 cells were purified from maintenance reporter tumors 
and cultured (10,000 cells/well in triplicate wells) in anchorage-independent conditions in 
IMDM-15% CDSS plus 20 µM bicalutamide. 24 d later, spheres were enumerated and 
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photographed. Notice that PSA-/lo LAPC4 cells developed more (*p < 0.01) and larger 
spheres than the corresponding PSA+ LAPC4 cells. 

E-G. PSA+ and PSA-/lo LAPC9 cells were acutely purified out and implanted 
subcutaneously in castrated male NOD/SCID mice treated with bicalutamide. (E) Tumor 
volumes measured in animals with 1,000 cell injections starting from 6.5 weeks 
postimplantation (mean ± SD; *p < 0.05; tumors harvested at 66 days for 1,000 cells and 
60 days for 10,000 cells). Shown in (F) are incidence and weight. (G) Purified PSA+ and 
PSA- LAPC9 cells were implanted subcutaneously in female NOD/SCID mice. Tumors 
were harvested at 78 days (for 100 cells), 66 days (for 1,000 cells) or 53 days (for 10,000 
cells) post implantation. 

H-I. Purified PSA+/PSA-/lo LAPC9 cells (10,000 each) were injected subcutaneously 
in intact male mice. When tumors became palpable, mice were castrated and treated with 
bicalutamide (time 0). Tumors were measured at the indicated time points, and results are 
presented as fold increase in tumor growth over time 0 (F; *p < 0.05; **p < 0.01; ***p < 
0.001). Shown in (I) are tumor weights (mean ± SD; *p < 0.05) from one group of 
animals at the end of the experiment (Table2.3). (H) ‘‘Recurrence’’ experiments.  

J. Triple marker-positive and -negative LAPC9 cells were purified from AI tumors 
and reimplanted, at the cell doses indicated, in fully castrated NOD/SCID mice. 
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floating spheres with bicalutamide treatment (Fig. 2.14D). These results are consistent 

with PSA-/lo PCa cells expressing less AR (Fig. 2.7C, D, and H) and suggest PSA-/lo PCa 

cells are resistant to androgen deprivation. 

We then implanted purified PSA+ and PSA-/lo LAPC9 cells in castrated male 

NOD/SCID mice that were also treated with bicalutamide (50 mg/kg body weight; 3 

times/week), a condition we termed “full castration”. We found that the PSA-/lo LAPC9 

cells developed much larger tumors that grew significantly faster than corresponding 

PSA+ cells (Fig. 2.14E and F). In female NOD/SCID mice, which are also often used as 

surrogate androgen-deficient hosts, PSA-/lo LAPC9 cells similarly initiated larger tumors 

than PSA+ cells (Fig. 2.14G). Consistently, purified PSA-/lo LNCaP cells also regenerated 

larger and/or more tumors than the corresponding PSA+ cells in fully castrated male or 

female NOD/SCID mice (Table 2.3). These results suggest that the PSA-/lo PCa cells are 

more tumorigenic than PSA+ cells in androgen-deficient recipient animals. 

To determine what molecules might be involved in determining the 

tumorigenicity of PSA-/lo PCa cells, we again resorted to our microarray data, which 

identified increased expression of Nanog, CD44, and OPN, among many others (Table 

2.2). Overexpression of Nanog, CD44, and OPN was also confirmed by qPCR in 

independently purified PSA-/lo LAPC9 and other PCa cells (Fig. 2.8F). We therefore 

infected PSA-/lo LAPC9 cells with lentivectors encoding shRNA for Nanog [157], OPN, 

or CD44 [170]. As shown in Fig. 2.13D and E, knockdown of OPN or CD44 inhibited 

tumor-regenerating potential of PSA-/lo LAPC9 cells in castrated hosts, consistent with 

our recent demonstrations that knocking down CD44 inhibited tumor regeneration and 

metastasis in 4 PCa models [170]. Knockdown of Nanog also inhibited tumor 
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regeneration of PSA-/lo cells in fully castrated mice, supporting our recent findings that 

correlated Nanog expression with promoting CSC properties and PCa cell resistance to 

androgen deprivation [157]. 

We further carried out an ADT experiment [171], mimicking the clinical therapy, 

to determine whether the PSA-/lo PCa cell-derived tumors resist androgen ablation in vivo. 

We purified PSA+ and PSA-/lo LAPC9 cells and injected them in intact male mice. When 

tumors became palpable, mice were castrated and also treated with bicalutamide. As 

shown in Fig. 2.14H, PSA-/lo cell-derived tumors grew much better in androgen-depleted 

hosts than PSA+ cell-derived tumors. At the end of experiments, PSA-/lo cell-derived 

tumors were also significantly larger than tumors originated from PSA+ cells (Fig. 2.14I). 

Interestingly, the PSA-/lo LAPC9 cells, despite generating larger and faster-

growing tumors than PSA+ cells in androgen-deficient hosts (Fig. 2.14E-G), did not 

display significantly higher tumor-initiating frequency whether we utilized PSAP-GFP or 

PSAP-GFP/Pcmv-DsRed lentivectors to purify PSA+ and PSA-/lo cells (Table 2.3). We 

reasoned that the PSA-/lo cell population was still heterogeneous with tumorigenic cells 

that could initiate CRPC likely representing a minority. cDNA microarray analysis 

revealed the overexpression of ALDH1A1, integrin α2, and CD44 in PSA-/lo LAPC9 cells 

(Table 2.2). ALDH1A1 is the major mediator of the ALDHfluor phenotype and ALDH+ 

cell populations have been shown to harbor cancer SCs (CSCs) in a variety of human 

tumors whereas the CD44+ PCa cells contain tumor-initiating cells [145] that can be 

further enriched by the CD44+α2β1+ phenotype [146]. Consequently, we purified 

ALDH+CD44+α2β1+ and corresponding ALDH-CD44-α2β1- LAPC9 cells from the 

xenograft tumors maintained in castrated male NOD/SCID mice in which ~90% of tumor 
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cells were PSA-/lo and performed serial LDAs in fully castrated mice. Remarkably, the 

ALDH+CD44+α2β1+ cells, in a cell dose-dependent manner, initiated tumor regeneration 

with as few as 10 cells generating 2 tumors out of 8 injections (Fig. 2.14J; Table 2.3). In 

contrast, the ALDH-CD44-α2β1- cells only regenerated 1 tumor (out of a total of 22 

injections) at the highest cell number (Fig. 2.14J), which likely resulted from cell 

impurity. Similar differences in tumorigenicity were observed between the two 

populations in the 2º transplantations (Table 2.3). Importantly, the abundance of 

ALDH+CD44+α2β1+ cells was higher in tumors maintained in castrated hosts than in 

those in intact male mice, which was maintained during serial transplantations (Fig. 

2.13F), indicating the self-renewal of these cells in vivo. Combined, these results suggest 

that the ALDH+CD44+α2β1+ phenotype in the PSA-/lo population further enriches CRPC 

cells. 

Systemic Androgen Levels Regulate the Relative Abundance of PSA+ and PSA-/lo 

PCa Cells in Tumors 

Finally, we explored how androgen might regulate and androgen deprivation 

would dynamically affect the relative abundance of PSA-/lo vs. PSA+ cells. LAPC9 

tumors continuously maintained in male mice (i.e., the ʻADʼ tumors; Fig. 2.16A) 

contained 20.9% ± 10.3% (n = 10) PSA-/lo cells with the majority being PSA+ cells (Fig. 

2.15A and C). When bulk LAPC9 cells from these AD tumors were transferred to 

androgen-deficient hosts (i.e., either castrate male or female mice) for ~2 months, PSA+ 

cells declined significantly whereas PSA-/lo cells increased by ~50% (Fig. 2.15A and C). 

When LAPC9 tumors were maintained in androgen-deficient hosts for ~2 years (i.e., the 
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Figure 2.15. Systemic Androgen Levels Regulate the Relative Abundance of PSA+ and 

PSA-/lo PCa Cells in Tumors 

A-B. (A) The majority of PCa cells in LAPC9 reporter tumors maintained in intact 
male NOD/SCID mice expressed nuclear AR, PSA, and GFP (the left panel; note less 
sensitive PSA staining than corresponding GFP staining). When LAPC9 tumors in male 
mice were transferred to castrated mice, AR became excluded from nucleus (which was 
expected due to lack of the ligand), PSA staining was reduced, and % GFP+ cells 
significantly decreased (C). (B) Tumor cells in the LAPC9 reporter tumors maintained in 
castrated male mice showed dramatically reduced numbers of AR+ and PSA+, and GFP+ 
cells (the left panel; note that in these tumors GFP sequence could be readily detected by 
PCR analysis of genomic DNA; not shown); however, when the LAPC9 tumors in 
castrated mice were transferred back to intact male mice, many tumor cells again 
displayed nuclear AR staining as well as PSA/GFP positivity (C). 

C. LAPC9 tumor cells were purified from a maintenance reporter tumor maintained 
in intact male NOD/SCID mice. The bulk tumor cells contained ~72% GFP+ LAPC9 
cells as assessed by FACS (i.e., at 0 month). Then 100,000 unsorted LAPC9 cells were 
injected subcutaneously in intact male mice, castrated male mice, or female mice (n = 4 
for each), respectively. Two months after tumor cell implantation, tumors were harvested 
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and the % of GFP+ cells in each tumor was determined by FACS. *p<0.05 and **p<0.01, 
when compared to the tumors in male mice. 

D-E. Bulk LAPC9 cells purified from maintenance tumors in male (D) or castrated (E) 
mice were injected (200,000 cells/injection) subcutaneously in three different types of 
hosts. Tumor weights (mean ± S.D) were presented. *p<0.05; **p<0.01. 
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ʻAIʼ tumors; Fig. 2.15A), PSA-/lo cells increased to 89.3% ± 9.8% (n = 12) (Fig. 2.16B). 

When unsorted LAPC9 cells from such AI tumors were put back in intact male mice, 

PSA+ LAPC9 cells in the tumors again increased (Fig. 2.15B). These results indicate that 

systemic androgen levels dynamically regulate the abundance of PSA+ vs. PSA-/lo cells in 

prostate tumors. 

When unsorted LAPC9 cells from the AD tumors, in which 70-90% cells were 

PSA+, were implanted in different hosts, they initiated much larger tumors in male mice 

than in castrated male or female mice (Fig. 2.156D). In contrast, when bulk LAPC9 cells  

from the AI tumors, in which ~90% cells were PSA-/lo, were implanted in different hosts, 

they initiated larger tumors in androgen-deficient hosts (Fig. 2.15E). These results 

indicate that the relative abundance of PSA+ versus PSA-/lo cells greatly influences tumor 

growth rate in hosts with different levels of androgen. 

PSA-/lo and PSA+ PCa Cells Possess Distinct Epigenetic Landscapes 

Genomic DNA is wrapped around an octamer of histones and further organized 

into higher-order chromatin, configurations of which provide additional regulatory cues 

when DNA interacts with transcription factors (TFs), RNA polymerase, and other 

regulators [172]. Particularly, the N-terminal tail of the core histones can be subjected to 

post-translational modifications such as methylation and acetylation that can change the 

structure of chromatin, and, in turn, influence the interaction between DNA and 

transcription machinery. These epigenetic modulations, mechanisms alternating gene 

expression without changes in the underlying DNA sequence, play an important role in 

creating diverse phenotypes of cells in multicellular organisms, in which all the cells with 
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distinct fates and functions arise from the same genetic background. Especially during 

differentiation from SCs stepwise to terminally differentiated cells, epigenetic 

modifications enable precise regulation in gene expression. Elucidating the genome wide 

epigenetic landscape, therefore, represents an effective approach of studying the behavior 

of a cell population [173].  

The PSA-/lo LNCaP cells, compared to PSA+ cells, overexpressed some (e.g., EED, 

HDAC4, PHF8) whereas underexpressed other (e.g., DNMT3B, PHF19) chromatin 

modifiers/epigenetic regulators (Fig. 2.8C; Table 2.3), indicating that epigenetic 

regulations might be involved in the differentiation from PSA-/lo cells to PSA+ cells. To 

better understand the molecular mechanisms involved in differing PSA-/lo PCa cells from 

PSA+ PCa cells, we attempted to perform whole genome chromatin immunoprecipitation 

(ChIP) followed by high-throughput sequencing (ChIP-seq) on several established 

chromatin markers including active marker H3 lysine4 monomethylations (H3K4me1) 

marking distal enhancer, H3 lysine4 trimethylation (H3K4me3) associated with the 

promoters of active genes, as well as the repression marker H3 lysine27 trimethylation 

(H3K27me3) occupying the gene body of silenced genes. 

Typically, ChIP and sequencing steps require large amounts of starting materials, 

millions or tens of millions of cells. Because of the low abundance of PSA-/lo PCa cells, it 

is impossible to purify millions of cells for the conventional ChIP procedure. Thus, we 

first optimized our ChIP protocol for limited numbers of cells. We identified reproducible 

sonication conditions for shearing small amounts of cross-linked chromatin using a 

water-bath sonicator. We also optimized the immunoprecipitation volumes, titrated 

antibody concentration and beads, and shortened incubation times to minimize 
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background due to non-specific binding. This optimized ChIP protocol enabled us to 

enrich for histone H3K4me3 in a ChIP performed with 300,000 FACS sorted cells, as 

validated by qPCR quantifying short amplicons corresponding to H3K4me3 positive and 

negative loci (Fig. 2.16A). We then deep sequenced the H3K4me1, H3K4me3 and 

H3K27me3 ChIP products obtained with 300,000 FACS sorted LNCaP cells. Visual 

analysis of the ChIP-Seq tracks generated from 300,000 cells suggested good 

concordance to a conventional ChIP-Seq map generated from ~20 million bulk LNCaP 

cells (Fig. 2.16B and C).  

We then profiled H3K4me1, H3K4me3 and H3K27me3 whole genome landscape 

using purified PSA-/lo and PSA+ LNCaP cells. Average H3K4me3 and H3K27me3 

distribution within gene bodies and their 5’ and 3’ 5 kb extended regions revealed that 

PSA-/lo cells overall had lower H3K4me3 occurrence in proximal promoter regions, 

whereas H3K27me3 modification decreased within gene bodies in PSA+ population (Fig. 

2.17A and B). To avoid potential systematic variation between samples caused by library 

construction and sequencing preparation, we re-normalized ChIP-seq data using quantile 

method [174, 175]. The global H3K4me3 occupancy analysis showed that up to 90% 

H3K4me3 peaks overlapped between the PSA+ and PSA-/lo isogenic population (Fig. 

2.17C). A total of 854 H3K4me3 enriched loci were found specifically in PSA-/lo LNCaP 

cells whereas 406 unique H3K4me3 peaks preferentially associated with the PSA+ 

population (Fig. 2.17D). Consistent with previous functional analysis indicating that the 

PSA+ PCa cells population enriches differentiated cells, genes in PSA+ cells associating 

with H3K4me3 occupied promoter are enriched for functions related to cell metabolism 

and AR signaling, whereas the genes specific in PSA-/lo cells are involved in development 
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Figure 2.16. Validation of Low Cell Number ChIP-Seq Protocol 

A. qPCR data for H3K4me3 ChIP libraries from indicated cell numbers. Bar graph 
shows relative enrichments at three gene promoters with H3K4me3 in bulk LNCaP cells. 
Data are normalized against adjacent gene body region which should not be occupied by 
H3K4me3 (mean ± SD, n=2). 

B. H3K4me3 H3K4me1 and H3K27me3 tracks in bulk LNCaP cells. Profiles are 
compared across a 100 kb region. Note that BRK1 locus is utilized to validate ChIP 
libraries (A). Visual analysis of the ChIP-Seq track generated from 300K cells suggested 
good concordance to a standard ChIP-Seq map generated from 20 million cells. 
Overall comparison between ChIP-seq track using 300K cells and the one from 
conventional ChIP protocol.   
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Figure 2.17. PSA-/lo and PSA+ PCa Cells Possess Distinct Epigenetic Landscapes  

A-B. The average signal intensity of H3K4me3 (A) and H3K27me3 (B) over genes and 
5K flanking regions.  
C. Comparison of H3K4me3 occurrence in PSA+ and PSA-/lo LNCaP cells. The 
differential H3K4me3 peaks have fold change ≥1.5. 
D. Percentage of H3K4me3 peaks associated with promoter regions (blue) and intergenic 
regions (red) in PSA+ and PSA-/lo LNCaP cells. 
E-G. H3K4me3 signal tracks are shown for the KLK3 (E), NRXN1 (F) and intergenic 
(G) loci in the indicated cell types.  
H-I. Comparison of H3K4me1 (H) and H3K27me3 (I) enriched loci in PSA+ and PSA-/lo 
LNCaP cells. The differential H3K4me1and H3K27me3 peaks have fold change ≥1.5. 
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(e.g. SOX11, DACH1, SPATA6, FGF2, FOXD3, NRXN1, BRSK1,CD24, CXCL12, 

ETV4) (Fig. 2.17B and F). Interestingly, a significant portion (61%) of H3K4me3 

enriched loci specific to PSA-/lo cells were in intergenic regions rather than the promoters 

of known genes (Fig. 2.17 D and G), suggesting that PSA-/lo specific H3K4me3 

occupancy may potentially be involved in lncRNA transcriptions. Compared to 

H3K4me3, H3K4me1 and H3K27me3 profiles were more diverse between the two 

subpopulations. As shown in Venn diagram summary, ~51% of the H3K27me3 marked 

regions in PSA-/lo cells were found with H3K27me3 occurrence in PSA+ cells and ~42% 

of H3K4me1 occupied loci in PSA-/lo cells also associated with H3K4me1 in the PSA+ 

population (Fig. 2.17H and I). 

Previous global epigenetic mapping of H3K4me3 and H3K27me3 in normal SCs 

and T cells demonstrated that genes carrying H3K4me3 modifications were 90% in 

common between SCs and T cells whereas H3K27me3 modification patterns showed a 

lack of obvious overlap between the two cell types [176-178]. The epigenetic profiles of 

PSA-/lo and PSA+ LNCaP cells were fully consistent with this notion in which H3K4me3 

distribution was more identical between the two isogenic populations whereas H3K4me1 

and H3K27me3 tend to be more cell type specific (Fig. 2.17C, G and H). Widespread 

H3K4me3 occupancy may represent a mechanism for the cells to poise genomic regions 

to be recognized by transcription apparatus, although it may not be indicative or 

predictive of transcriptional activity by itself [177]. Additional regulation by H3K4me1 

and H3K27me3 marks at the same loci provides more dynamic and precise control on the 

transcription of individual genes. 
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DISCUSSION 

PSA–/lo PCa Cells, Tumor PSA mRNA, and Serum PSA: Relevance to PCa 

PSA is normally expressed and secreted by prostate luminal cells and represents 

one of the best-characterized organ specific differentiation markers. Early studies have 

shown that PSA protein expression in PCa positively correlates with its degree of 

differentiation and that both untreated PCa and CRPC contain PSA+ and PSA-/lo cancer 

cells. Our own analysis of approximately 45 patient tumors confirms the two populations 

of PCa cells and, importantly, demonstrates that the PSA-/lo PCa cells are enriched in 

high-grade, treatment-failed or metastatic tumors [179]. Strikingly, lower tumor PSA 

mRNA levels positively correlate with worse clinical outcomes, including high tumor 

grade, LN positivity, metastasis, recurrence, and reduced patient survival. The association 

of PSA-/lo PCa cells and tumor PSA mRNA/protein with poor clinical features is opposite 

to the positive correlation between serum PSA and the same clinical parameters. Elevated 

serum PSA levels in advanced PCa may be due to increased access of PCa cells to 

bloodstream and/or related to increased tumor mass in which PSA-/lo PCa cells can 

differentiate into PSA+ cells.  

PSA-/lo PCa Cells and AR 

 PSA had been thought to be strictly regulated by AR. In clinical samples, 

however, AR and PSA protein expression is often discordant and heterogeneous, with 

some PCa cells showing little expression of either molecule [161, 180]. Discordant AR 

and PSA expression is also reflected at the mRNA levels in individual primary, hormone-

refractory, and recurrent tumors, as well as in metastases (Fig. 2.3 and 2.4). The 
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discordant expression patterns of PSA and AR suggest that PSA expression can be 

regulated in an AR independent manner [181] and that AR can regulate a distinct set of 

genes under certain conditions [182]. Thus, based on AR/PSA expression, PCa cells can 

be fractionated into four subpopulations, including, AR+/PSA+, AR+/PSA-, AR-/PSA+, 

and AR-/PSA- cells. 

The PSA+ PCa cells isolated based on our reporter systems mostly show strong 

nuclear AR, whereas PSA-/lo population contains both AR- and AR+ cells. Consequently, 

PSA+ cells mostly resemble AR+/PSA+ cells, whereas PSA-/lo cells contain both 

AR+/PSA- and AR-/PSA- PCa cells. AR expression is sometimes upregulated in advanced 

and recurrent tumors, which we surmise could be related to the expansion of 

AR+/PSA- PCa cells. However, it should also be noted that conventional AR signaling is 

attenuated in some advanced and metastatic PCa [179, 183] and AR is significantly 

reduced in hormone-refractory metastases [184], suggesting that the AR-/PSA- population 

contributes to disease progression as well. Future work that permits fractionation of 

AR+/PSA- and AR-/PSA- cells should allow us to directly address this contention.  

Distinct Biological Properties and Gene Expression Profiles of PSA–/lo PCa Cells 

PSA-/lo PCa cells possess high clonogenic capacity, survive better in androgen-

deficient conditions, and are more resistant to not only androgen deprivation but also 

chemotherapeutic drugs. PSA-/lo PCa cells are quiescent, which could partly explain their 

resistance to various stresses. Importantly, a fraction of PSA-/lo cells can undergo 

authentic ACD. In contrast, PSA+ cells undergo mainly symmetric divisions. The distinct 

division patterns between PSA+ and PSA-/lo cells overall are mirrored in the respective 
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tumors they regenerate-although the PSA+ cell-derived tumors contain mostly PSA+ cells, 

the PSA-/lo cell originated tumors contain both PSA-/lo and PSA+ cells. 

It is presently unclear how PSA-/lo and PSA+ cells, both of which are maintained 

under identical conditions, embark on different developmental fates. Nevertheless, the 

distinct division modes of PSA-/lo and PSA+ cells reinforce their intrinsic biological 

differences. Significantly, the PSA+ differentiated daughter cell derived from asymmetric 

division of a PSA-/lo PCa cell also preferentially ‘‘inherits’’ Numb. It is interesting that 

asymmetric segregation of Numb precedes that of PSA (Fig. 2.12J), raising the 

possibility that Notch or HH signaling may regulate self-renewal of PSA-/lo PCa cells.  

PSA-/lo LNCaP and LAPC9 cells preferentially express dozens of genes associated 

with development and SC functions, which are functionally important, as demonstrated 

for ASCL-1, IGF-1, and NKX3.1 in LNCaP cells and Nanog, CD44, and OPN in LAPC9 

cells. The PSA-/lo LNCaP and LAPC9 cells commonly overexpress hundreds of genes 

(e.g., BCL2, IGF1, SOX15, BMPR1B, TGFBR1, etc.) involved in SC, development, 

stress responses. The PSA-/lo LNCaP and LAPC9 cells do have ‘‘unique’’ gene signatures. 

PSA-/lo LNCaP cells prominently underexpress genes associated with cell-cycle 

progression and mitosis. In contrast, the PSA-/lo LAPC9 cells underexpress genes 

associated with intermediate metabolism. The observations that PSA-/lo LNCaP cells 

underexpress cell-cycle and mitosis associated genes and that PSA-/lo LAPC9 cells 

underexpress metabolism-associated genes are consistent with the PSA-/lo PCa cells being 

more quiescent. Intriguingly, PSA-/lo and PSA+ LAPC9 cells frequently exhibit reciprocal 

gene expression patterns (Table 2.2), suggesting that the two populations of PCa cells 
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may crosstalk and reciprocally regulate each other in a ‘‘paracrine’’ fashion, as hinted by 

emerging data in other tumor systems [185].  

Distinct Tumor-Propagating Properties of PSA-/lo Cells: Evidence for a Tumorigenic 

Pool that Harbors Distinct Subsets of PCa Cells 

Serial tumor transplantation experiments in NOD/SCID mice reveal that, although 

the tumor-propagating capacities of PSA-/lo PCa cells are maintained across the 

generations in hormonally intact male mice, the tumor-regenerating ability of the 

corresponding PSA+ PCa cells gradually declines, suggesting that PSA-/lo cells possess a 

long-term tumor-propagating capacity. The PSA-/lo cell-regenerated tumors recreate the 

original tumor heterogeneity containing both PSA-/lo and PSA+ cells. 

That PSA+ cells serially transplanted in androgen-proficient hosts manifest 

diminishing tumorigenic potential strongly suggests that these cells intrinsically possess 

more limited self-renewal ability compared to PSA-/lo PCa cells. The unexpected 

observations that PSA+ cells, at the first generation, often demonstrate higher tumorigenic 

potential than the isogenic PSA-/lo cells caution us to be careful when using tumor 

regeneration as a yardstick of measuring CSC properties. Preferably, serial 

transplantation assays should be performed; otherwise, misleading or even 

opposing/contradictory conclusions may be reached. When transplanted in androgen-

deficient hosts, PSA-/lo PCa cells initiate much larger and faster-growing tumors than 

isogenic PSA+ cells. Taken together, the biological, molecular, and tumorigenic 

properties of PSA-/lo cells presented herein, coupled with earlier reports on several 

prostate CSC populations [143-145, 152, 153], suggest that the PSA-/lo cell population 



 106 

may represent a tumorigenic pool that harbors several subsets of stem-like cancer cells. 

First, CD133+ α2β1hiCD44+ primary PCa cells [143], Lin-CD44+ or TRA-1-

60+/CD151+/CD166+ PCa cells in xenografts [145] [152] all seem to express low levels 

of AR and to lack PSA, suggesting that these PCa cell subsets may overlap with each 

other and are all harbored in PSA-/lo population. Second, unbiased whole-genome 

transcriptome analysis reveals preferential expression of CD44, integrinα2, and 

ALDH1A1 in PSA-/lo LAPC9 cells. Third, the prospectively purified ALDH+CD44+α2bβ+ 

subpopulation in PSA-/lo cells greatly enriches for more tumorigenic, castration-resistant 

PCa cells. Future work will further elucidate the interrelationship between various subsets 

of tumorigenic cells and characterize PSA-/lo PCa cells with respect to their relationship 

with luminal and basal cells.  

PSA-/lo PCa Cells May Represent an Important Source of CRPC Cells.  

First, PSA-/lo cells, in vitro, survive androgen deprivation, resist drug/stress 

treatments, and robustly formed holoclones and self-renewing spheres. Second, when 

both PSA+ and PSA-/lo cells are implanted in male mice that are subsequently subjected to 

ADT, the PSA-/lo cell-derived tumors are refractory to castration and continue to develop. 

Third, androgen deprivation greatly enriches the PSA-/lo cells, which could initiate robust 

tumor development in castrated hosts. These findings closely resemble the AI progression 

observed in patients and mirror the observed reduction in PSA-producing cells in patient 

tumors upon androgen depletion [186]. 

We have provided prospective evidence that PSA-/lo PCa cells, which preexist in 

the tumors, are molecularly and functionally distinct from their differentiated 
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counterparts. We have shown that under normal (i.e., androgen-proficient) conditions, 

undifferentiated PSA-/lo cells harbor self-renewing CSCs and likely represent one 

important source of CRPC cells. Future work will address whether, under other 

conditions such as persistent castrations, PSA+ PCa cells may manifest increased 

plasticity by undergoing dedifferentiation, as shown by emerging data in other tumors 

[185]. Altogether, our results suggest that novel therapeutics targeting PSA-/lo cells should 

be developed and used in conjunction with ADT in order to eradicate all PCa cells and 

prevent recurrence.
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Table 2.4. Biological and Tumorigenic Properties PSA-/lo PCa Cells in vitro and in vivo 

Cells/Modelsa  In vitro assaysb          Tumor assays in intact or castr. animalsc 
LNCaP  Resist androgen deprivation (Figure 2.14A and B)   Similar tumorigenicity (to PSA+ cells) in intact male mice (Table 2.3) 

   High holoclone capacity in androgen-deprived      High tumorigenicity in castrated male or female mice (Table 2.3)  
                   conditions (Figure 2.14A) 
                  Survive drug treatment (Figure 2.9 E-I) 

   Quiescent (Figure 2.9A-C ) 

   High prostaspheres forming capacity in anchorage  
                   independent conditions(Figure 2.10A-C) 

                   Give rise to PSA+ cells (Figure 2.11 and 2.12) 

   Undergo ACD (Figure 2.12 C, G, I, J ) 

                   ChIP-qPCR; ChIP-seq (Figure 2.16 and 2.17) 

 

LAPC9  Possoss long term clonogenicity  (Figure 2.10D)      Lower tumorigenicity (than PSA+ cells) in intact male mice (Table2.3) 

   Resist androgen ablation (Figure 2.14C)       Long term tumorigenicity in intact male mice (Figure 2.13A and B) 

 Slow cycling (Figure 2.9D and E)             Higher tumorigenicity in cast. male or female mice (Table 2.3; Figure 2.14E-J) 

   Undergo Asymmetric cell division (Figure 2.12K)    Tumorigenicity enriched by ALDH+CD44+α2β1+ (Table 2.3; Figure 2.14J) 

 

LAPC4  Resist androgen ablation (Figure 2.14D)             Higher tumorigenicity (than PSA+ cells) in intact male mice (Table 2.3) 

                  Long term tumorigenicity in intact male mice (Figure 2.13C) 

a LNCaP cells are long-term cultured cells. LAPC9 and LAPC4 are long-term xenografts.  
b In vitro assays include cell proliferation, (drug) survival, clonal, clonogenic, quiescence and other assays (see Methods). 
c PCa cells were implanted either in hormonally intact NOD/SCID or NOD/SCID-γ (for LNCaP) mice, often supplemented with testosterone pellets or in surgically 

castrated NOD/SCID mice that also received i.p injections of bicalutamide



 109 

Chapter III: Futher Dissecting the Tumorigenic Heterogeneity of 

Human Prostate Cancer Cells 

INTRODUCTION 

Most tumors contain various kinds of cancer cells [1]. Genetic mutations, 

epigenetic changes and the microenvironment might contribute to the phenotypic 

diversity and functional heterogeneity of tumor cells. Two models, the clonal evolution 

theory and the CSC model, have been postulated to explain tumor cell heterogeneity 

[185]. The clonal evolution model predicts that a tumor is biologically homogeneous 

and the behavior of cancer cells is influenced by intrinsic genetic differences across 

subclones in a tumor and each subclone contains homogeneous cancer cells. CSC model 

predicts that tumor development resembles normal organogenesis during which SCs 

maintain normal tissue hierarchies. In this model, the “CSCs” are biologically distinct, 

in that they maintain themselves by self-renewal and also differentiate to generate 

progeny that lack SC properties [3]. CSCs are likely to express anti-apoptotic and drug-

resistance genes making them resistant to most anti-cancer therapeutics. Residual CSCs 

would thus remain to return as a more resistant tumor. Therefore, to completely 

eradicate a tumor, it is imperative that CSCs be identified and specifically targeted. 

Evidence in support of the CSC model was first provided by the discovery of LSCs in 

AML. By now, CSCs have been reported in many solid tumors [63-66, 68]. 

Different approaches have been developed to separate and enrich CSC 

subpopulations, such as cell surface marker, SP technology, ALDH activity. However, 
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depending upon the approach or marker employed, various CSC populations have been 

identified even within the same tumor or cell line. The first descriptions of CSC by 

Bonnet and Dick identified a subpopulation of CD34+CD38- human AML cells that 

were multipotent, relatively quiescent and able to reconstitute human AML in 

immunodeficient mice [62]. However, in more a immunodeficient host, further studies 

have reported that the LSC phenotypes are heterogeneous and LSC can also be 

CD34+CD38+ or even CD34- [101, 102]. Goardon et al further demonstrated that two 

hierarchically organized LSCs coexist in AML samples [103]. Furthermore, AML cells 

with CD34+CD38- phenotypes are functionally diverse, and only a small fraction of 

those cells possesses a long-term self-renewal capacity [100]. These studies indicate the 

phenotypic heterogeneity and functional diversity of AML CSCs. Heterogeneity of 

CSCs has also been reported in solid cancers. Al-Hal et al initially reported that 

CD44+CD24- populations enriches breast CSCs [63]. However, in estrogen receptor (ER) 

negative breast tumors, Meyer and colleagues showed that both CD44+CD24- and 

CD44+CD24+ cell populations are tumorigenic [104]. ALDH activity has also been used 

to enrich for breast CSC subpopulations. These sets of markers identify overlapping but 

nonidentical cell subpopulations, and cells bearing two phenotypes seem to be more 

tumorigenic in breast carcinoma cells [96]. Similarly, in human colon cancer, the first 

two pioneering studies on colon CSC employed CD133 to identify the CSC fraction in 

human colon tumors [65, 66]. Later, Dalerba et al showed that CD44+ cells represented a 

more tumorigenic subfraction of CD133+ colon CSCs, and employed CD44 and the 

epithelial surface antigen EpCAM for the isolation of colon cancer CSCs. Additionally, 
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further subfractionation of the CD44+EpCAM+ cell population by using CD166 

increased the success rate of tumor xenografts [64]. ALDH has also been proposed as a 

promising new marker for human colonic CSCs. However, ALDH+ colon cancer cells 

are still heterogeneous and further isolation of cancer cells using a second marker (CD44 

or CD133 serially) can increase enrichment [97]. Using a marker independent strategy, 

Dieter and colleagues discovered three different types of colorectal cancer initiating cells 

in the same tumor [105]. In glioblastoma, CD133 was initially connected to a freaction 

of cells with robust tumorigenic capacity in immunocompromised mice [68]. However, 

CSCs of glioblastoma are not exclusively enriched in the CD133+ populations. In PTEN 

deficient glioblastoma, a series of phenotypically distinct self-renewing cells was 

observed in both the CD133+ and CD133- fractions [106]. These cells were arranged in a 

linear hierarchy and generated tumors with different growth kinetics. Glioblastoma 

CSCs were also enriched in SSEA-1 [107, 108] or α6-integrin expressing cell 

populations [109]. Similarly, in pancreatic cancer, both CD44+CD24+ESA+ and CD133+ 

were reported to define tumorigenic populations [67, 110].  

It has long been appreciated that PCa is extremely heterogeneous, containing 

various kinds of cancer cells [161]. The cellular basis for PCa cell heterogeneity remains 

largely unknown. ADT represents the mainstay for advanced PCa patients. 

Unfortunately, virtually all PCa patients fail ADT and develop so-called androgen-

independent or castration-resistant PCa. Understanding PCa cell heterogeneity is of clear 

clinical importance as it likely underlies differential PCa cell response to ADT and other 

therapeutics and helps explain PCa recurrence and metastasis.  



 112 

Previous work from our lab has generated important clues to understanding the 

cellular heterogeneity of PCa. Specifically, we have demonstrated that PCa, like most 

other human tumors, is also organized as a tumorigenic hierarchy with a fraction of cells 

able to recapitulate the heterogeneity of PCa cells and preferentially enriches 

tumorigenic and castration-resistant PCa cells. We first employed the side population 

technique to isolate prostate tumor-initiating cells, revealing a ~500 fold enrichment of 

tumorigenicity in SP cells in tumor initiation limiting-dilution assays (LDAs) in 

NOD/SCID mice [94]. Similarly, LDAs revealed that highly purified CD44+ cells were 

enriched in tumorigenic PCa stem/progenitor cells by ~30 fold [145]. We then 

demonstrated that the CD44+α2β1+ PCa cell population possesses even higher 

tumorigenic potential [146]. Phenotypic characterizations indicate that most SP (~98%) 

and α2β1+ (~70%) and all ABCG2+ PCa cells are CD44+, indicated that the CD44+ PCa 

cell population is also heterogeneous. Recently, using a PSA promoter (PASP) driven 

EGFP lentiviral reporter, we have provided definitive evidence that the undifferentiated 

(PSA-/lo) PCa cell population harbors long-term tumor-propagating CSCs that 

preferentially express SC-associated genes, are quiescent, and can give rise to PSA+ PCa 

cells by asymmetric or symmetric cell division [187]. Of clinical significance, PSA-/lo 

PCa cells can initiate robust tumor regeneration in fully castrated hosts, survive 

androgen deprivation, and mediate tumor recurrence [187]. However, the relationship 

among different subpopulations in PCa is largely unclear. 

MATERIALS AND METHODS 

Cells, Reagents and Animals.  
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Du145 and PC3 prostate cancer cell lines were obtained from ATCC and 

cultured in RPMI containing 7% heat-inactivated FBS. Xenograft human prostate 

tumors, LAPC-4 and LAPC-9, were obtained from Dr. C. Sawyers and maintained as 

xenografts in male NOD/SCID mice [145, 146]. Du145 xenograft tumors were 

established using early-passage cells and maintained in NOD/SCID mice [94, 145, 146]. 

NOD/SCID mice were obtained from Jackson Laboratories (Bar Harbor, ME) or bred in 

our own animal facility and maintained in standard conditions according to the 

institutional guidelines. Antibodies used include: α2β1 (mAb; Chemicon), CD44 (mAb; 

BD Pharmingen), ABCG2 (mAb, Chemicon), and mAb to mouse H-2Kd (clone SF1-1.1; 

BD Biosciences), the mouse monoclonal PE-conjugated anti-CD44 antibody, the APC-

conjugated anti-mouse secondary antibody, and isotype control antibody (BD 

PharMingen). FITC, PE, APC, or AlexaFluor-conjugated secondary antibody (Life 

Technologies).  

FACS 

Dissociated PCa cells were incubated with FcR blocking agent (Miltenyi Biotec) 

for 15 min at 4°C and then stained with primary antibodies: α2β1 (MAB1998Z; 

Chemicon) for 30 minutes on ice, followed by staining with APC conjugated goat anti-

mouse IgG (550826; BD Biosciences) for 15 min on ice. Cells were then washed 3 times 

and stained with PE conjugated CD44 (550932, BD Bioscience) for 20 min. Cells were 

stained in PBS supplied with 1% BSA in addition to 5 µg/ml insulin (I-6634, Sigma).   

For ALDHFLOUR assay, dissociated PCa cells were suspended in 

ALDHFLUOR assay buffer containing ALDH substrate (1 µM per 1 × 106 cells, the 
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ALDHFLUOR kit; Stem Cell Technologies) and incubated 40 min at 37°C and sorted 

by FACS. As negative control, cell suspensions were further treated with 50 mM 

diethylaminobenzaldehyde (DEAB).   

 
Clonal Analysis and Sphere Forming Assays  

 
In vitro colony-forming and clonogenic assays were performed as described 

previously [94, 145-147]. Briefly, tumor cells were plated at clonal density (i.e. 100-500 

cells per well) in a 6-well tissue culture dish. Holoclones with >50 cells were counted at 

the end of 1 week. For sphere forming assays, cells were plated at 10,000 cells/well in 6-

well ultra-low attachment plates. The number of spheres or spheroids (i.e., colonies) that 

arose within 4 weeks was presented as “clonogenicity”. Triplicate samples were run for 

each cell type and at least two individuals scored the clones and spheres separately in a 

blind fashion.  

Gene Expression Super array 

Total RNA was extracted from pooled purified LAPC9, or Du145 isogenic cells. 

Using the Human Stem Cell RT² Profiler™ PCR Array (PAHS-405Z, Qiagen), the 

expression profiles of 84 genes related to SC were examined, including stem-cell 

specific markers, genes in signaling pathways important for SC self-renewal. 

 
Xenograft Tumor Processing and in vivo Tumorigenicity Experiments 

 
Basic procedures have been described previously [145, 146]. In brief, xenograft 

prostate tumors (Du145, PC3, LAPC4, and LAPC9) were minced into ~1 mm3 pieces in 

IMDM supplemented with 15% FBS. Tumor tissues were incubated with 1 × Accumax 
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(1,200 – 2,000 U/ml proteolytic activity containing collagenase and DNase; Innovative 

Cell Technologies, Inc, San Diego, CA) at 20 ml/g tissue for 30 min at room 

temperature under rotating conditions. A single cell suspension was obtained by filtering 

the supernatant through a 70 µm cell strainer and the cell suspension was then gently 

loaded onto a layer of Histopaque-1077 gradient and centrifuged at 400 g for 30 min at 

room temperature. Red blood cells, dead cells, and debris were removed from the 

bottom of the tube and live nucleated epithelial cells collected at the interface. The 

dissociated human epithelial tumor cells were used in various experiments.  

For tumor experiments, cells were injected in 40 ul of solution consisting of 50% 

each medium and Matrigel, either subcutaneously or into the dorsal prostate (DP) of 

NOD/SCID mice (~8 weeks old). In some experiments, testosterone pellets about 0.2 cm 

in diameter were implanted dorsally under the skin of male NOD/SCID mice. Primary 

tumor sizes were measured with a caliper on a weekly basis. Tumorigenicity was 

measured mainly by tumor incidence (i.e., the number of tumors/number of injections) 

and latency (i.e., time from injection to detection of palpable tumors). For the double-

sort experiments, all tumor-bearing animals were terminated at the same time when 

tumor burden became obvious for any one animal in one group. Animals were sacrificed, 

primary tumors dissected out, and tumor weights were determined. Animals with no sign 

of tumor burden were also examined upon necroscopy to confirm that there was no 

tumor development.  
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RESULTS 

ALDH+ PCa cells Possess High Clonogenic and Tumorigenic Capabilities 

PSA-/lo PCa cells overexpressed ALDH1A1 (Fig. 2.8D; Table 2.1), the major 

ALDH isoform that mediates the Aldefluor phenotype that is widely ultilized to enrich 

for normal SCs and CSCs [95-98]. We first examined whether ALDH enzyme activity, 

assessed using the ALDHFLUOR assay, could enrich tumorigenic PCa cells in our 

experimental models. In the commonly used PCa cell lines Du145, PC3, as well as in the 

LAPC4 and LAPC9 xenograft tumors, flow cytometry analysis indicated that all PCa 

models tested contained a fraction of ALDH+ cells. LAPC9 and LAPC4 xenograft, 

Du145 and PC3 cultures contained, on average, 11%, 16.9%, 2.6% and 40.8% ALDH+ 

cells, respectively (Fig. 3.1A; Table 3.1). To determine whether the ALDH+ PCa cells 

are biologically distinct from the corresponding ALDH- PCa cells, we used FACS to 

purify these two populations from Du145 PCa cells or LAPC9 xenograft tumor cells and 

assessed the functional differences by in vitro clonal assays. When purified ALDH+ and 

ALDH- Du145 cells were compared for their ability to establish holoclones [147], the 

ALDH+ fraction showed significantly higher clonal-forming efficiency and formed 

larger honoclones (Fig. 3.1B) compared with the isogenic ALDH- subpopulation. 

Additionally, when purified ALDH+ LAPC9 cells were plated in ultra-low attachment 

dishes to test clonogenic capacity, they showed a much higher anchorage-independent 

capacity than the isogenic negative population (Fig. 3.1C).  
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Figure 3.1. ALDH+ PCa cells Possess Higher Clonogenic and Tumorigenic Capabilities 

A. Endogenous ALDH activity was measured by the ALDHFLOUR assays and 
analyzed by flow cytometry. Tumor cells purified from LAPC9 and LAPC4 xenograft or 
from Du145 and PC3 cultures were incubated in ALDHFLUOR assay buffer containing 
ALDH substrate and analysed by FACS. Cells treated with DEAB were used as negative 
control (shown in the inset). 

B. Du145 cells were sorted by FACS for ALDH+ and ALDH- cells (99% purity), and 
plated at clonal density (100 per well in a six-well dish) in triplicate. Seven days after 
plating, holoclones were counted and results were presented as percent cloning 
efficiency. Columns, mean from three independent experiments; bars, SE. C, 
representative images of clonal analyses. 

C. ALDH+ and ALDH- LAPC9 cells were purified and cultured anchorage-
independent conditions in IMDM-15% FBS. 24 d later, spheres were counted (D) and 
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photographed. Insets were representative images of spheres derived from ALDH+ and 
ALDH- LAPC9 cells, respectively. 

D. ALDH+ and ALDH- LAPC9 cells were purified and subcutaneously implanted in 
NOD/SCID mice at the cell doses indicated. Tumor incidence and tumor weights (mean 
S.D) of different groups were indicated. 

 E. Purified ALDH+ and ALDH- Du145 xenograft tumor cells were subcutaneously 
injected in intact male mice. Shown are tumor weights (mean ± S.D) and incidence of 1st 
and 2nd generation tumors derived from ALDH+ and ALDH- LAPC9 cells.
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Table 3.1. CSC markers in human prostate tumor cell lines and samples 

 
Markers 

Cell Type 

LNCaP Du145 PC3 LAPC4 LAPC9 TRPC HPCa101 HPCa123 HPCa124 HPCa126 HPCa128 

SP UD UD UD n/a 0.07% n/a n/a n/a n/a n/a n/a 
ALDH 3.7% 2.6% 40.8% 16.9% 11.2% 9.1% 1.5% 11.5% 7.2% 4.4% 3.6% 
ABCG2 1.9% 0.8% 2.0% n/a 1.2% n/a n/a n/a n/a n/a n/a 
CD44 UD 72.9% 100% 0.8% 76.5% UD 91.5% 17.3% 81.4% UD 2.4% 
α2β1 UD 74.6% 100% 0.4% 13.5% 4.9% 4.1% 55.5% 50.4% UD 8.3% 
CD44α2β1 UD 60.7% 100% UD 13.3% UD 3.9% 15.5% 49.7% UD UD 

Site Lymph 
node Brain Bone Lymph 

node Bone Primary 
CRPC 

Primary 
untreated 

Primary 
untreated 

Primary 
untreated 

Primary 
untreated 

Primary 
untreated 

TP53 W M N M W       
Pten N W N W N       

Abbreviations: UD, undetectable; N/A, not applicable; W, wide type; N, null; M, mutate
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To further investigate the tumorigenicity of the ALDH+ PCa cells, ALDH+ and 

ALDH- subpopulations from PCa cell lines or xenograft tumors were isolated by FACS 

and were transplanted subcutaneously in immunodeficient NOD/SCID mice at different 

cell doses using limiting dilutions. For LAPC9 xenograft tumors, the ALDH+ population 

was able to regenerate tumors at very low implantation doses, compared to the isogenic 

ALDH- cells (Table 3.2). As shown in Fig. 3.1D, the regenerated tumor size correlated 

with the number of ALDH+ cells injected, which were generally much larger than the 

tumors derived from ALDH- cells. We then carried out similar experiments using 

isogenic cells purified from cultured Du145 cells. Purified ALDH+ Du145 cells 

possessed a higher tumorigenic capacity than the corresponding ALDH- Du145 cells in 

that the former had higher tumor initiating frequency and overall formed larger tumors. 

In addition, when ALDH+ and ALDH+ cell derived tumors were serially passaged for the 

secondary generations, ALDH+ cells maintained a relatively higher tumorigenic capacity 

(Table 3.2; Fig. 3.1E).  

Phenotypic Diversity of PCSCs 

Using different enrichment strategies based on our previous studies [94, 145, 

146], we also carried out limiting dilution assays (LDA) by subcutaneously injecting 

various numbers of FACS purified PCa cells into NOD/SCID mice to test the 

enrichment for CSCs by different markers. As shown in Table 3.1 and 3.2, the SP cells 

of LAPC9 xenograft cells could generate a tumor with as few as 100 cells. In contrast, 

no tumor generation was observed with as many as 150,000 non-SP LAPC9 cells, 

though 300,000 non-SP cells did generate a tumor, most likely caused by contamination 
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(Table 3.2). The SP LAPC9 tumor cells were more than 500 times more tumorigenic 

than the non SP LAPC9 cells. We also employed ABCG2 as a marker. However, when 

ABCG2+ and ABCG2- populations of LAPC9 cells were injected into NOD/SCID mice, 

we did not observe any major difference in tumorigenic potential between the two 

populations, although the ABCG2+ LAPC9 population had a slightly higher tumor 

initiating frequency (TIF) (Table 3.2). However, ABCG2+ Du145 populations were 

more tumorigenic than corresponding ABCG2- populations (Table 3.2). CD44 in our 

experiments was the most robust marker of PCa CSCs. Purified CD44+ LAPC9 and 

Du145 cells both showed higher tumorigenicity than the corresponding CD44- cells 

(Table 3.2). Compared to the CD44- isogenic fraction, CD44+ subpopulations were 

enriched for tumorigenic cells by 66 and 6 fold, respectively, in the Du145 and LAPC9 

models. As we reported before, the α2β1+ cells were not more tumorigenic compared to 

the same number of α2β1- cells in both Du145 and LAPC9 systems. Orthotopic (i.e. 

dorsal prostate; D.P.) implantation experiments with Du145 cells showed that the α2β1- 

population seemed to be slightly enriched in tumorigenic cell (Table 3.2). In agreement 

with these observations, when we combined CD44 and α2β1, we found that 

CD44+α2β1+ LAPC9 cells were very similar to CD44+α2β1- subpopulations in terms of 

tumorigenic potential. However, we did find that the CD44+α2β1+ fraction was much 

more tumorigenic than the CD44-α2β1- population (Table 3.2), which might indicated a 

continuous differentiation pattern in the LAPC9 xenograft model. Lastly, the evidence 

from ALDH shown above indicated that based on intrinsic ALDH activities, PCa 

stem/progenitor cells were enriched in the ALDH+ cell population (Table 3.2; Fig. 3.1D
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Table 3.2. TIF of PCa Cell Lines and Xenograft Implanted in NOD/SCID Mice 

Cells were purified and implanted subcutaneously in 50% Matrigel in NOD/SCID mice. Tumors were harvested in 2-4 months. 
1 Data based on Patrawala, L., et al.. Cancer Res, 2005 
2 Data based on Patrawala, L., et al.. Cancer Res, 2007 
3 Data based on Qin, J., et al.. Cell Stem Cell, 2012 
*TIF and P values were determined using the Limdil function of the Statmod package (http://bioinf.wehi.edu.au/software/elda/index.html)

Phenotype 
Cell dose 

TIF (95% interval)* P value* (fold diff.) 
105 104 103 102 10 1 

LAPC9           
1SP   3/4 2/8   1/554 (1/205-1/1,497)   
1Non-SP 1/1 

(3x105) 0/1     1/216,403 (1/30,607-
1/1,530,060)                  3.85e-17 (×530) 

ABCG2+   5/8 2/8 1/12  1/719 (1/330-1/1567)   
ABCG2-  5/5 4/8 2/8   1/1085 (1/465-1/2533)                        0.458 (×1.5) 
CD44+  4/4 10/10 10/11 1/4  1/137 (1/60-1/311)   
CD44-  4/4 5/6 0/8   1/752 (1/308 - 1,839)  0.00124 (×6) 
2α2β1+  5/6 3/6 0/6   1/3,759 (1/1,528-1/9,244)   
2α2β1- 4/6 5/8 6/8 3/6   1/4,694 (1/2,166-1/10,169) 0.674 
ALDH+   7/8 5/8 3/8  1/193 (1/79-1/472)   

ALDH- 2/2 
(5x104) 2/6 1/8 1/8   1/13,607 (1/5,296-1/34,962) <0.00001 (×91) 

CD44+α2β1+   6/6 6/6 2/2 4/12 1/8 1/21 (1/9-1/49)   
CD44+α2β1-  8/8 10/10 7/8 2/8  1/44 (1/20-1/96)     0.207 
CD44-α2β1+   6/8 9/10 4/8 1/8  1/2,040 (1/927-1/4,490) <0.00001 
CD44-α2β1-  1/6 2/5 0/8   1/19,791 (1/5,892-1/66,479)       <0.00001 (×942) 

3PSA+  2/2 5/6 4/10 4/10 1/8 1/204 (1/88 - 473)    
3PSA-/lo  1/2 4/6 4/10 2/10 0/8 1/552 (1/243 - 1,254)  0.0335  
         
LAPC4           
CD44+  3/3 5/6 4/6   1/301 (1/115-1/786)   
CD44-  7/7 13/14 2/14   1/433 (1/240-1/779)                                        0.478 (×1.4) 
            
Du145           
ABCG2+ 

(cells)   2/6 3/8   1/1,100 (1/415-1/2,915)   

ABCG2- 

(cells)  2/6 2/6 1/6   1/10,897 (1/4060-1/29,246) <0.00001 (×10) 

ABCG2+  
(xenograft)   1/2 2/6   1/623 (1/165-1/2,347)   

ABCG2-  
(xenograft)  1/4 2/6 2/6   1/7,891 (1/2,686-1/23,183) <0.00001 (×13) 

CD44+   5/8 5/8   1/530 (1/245-1/1,146)   
CD44-  3/8 0/6 1/8   1/17,584 (1/6,395-1/48,350) <0.00001 (×33) 

ALDH+ (1o)   3/4 1/4   1/615 (1/205-1/1,842)   
ALDH- (1o)  1/4 0/4 0/4   1/39,188 (1/5,558-1/276,314) <0.00001 (×64) 

ALDH+ (2o)   6/6 6/6   1/1 (1/1-1/108)   

ALDH- (2o)  3/4 
(5x103) 0/4 0/4   1/6,025 (1/1,995-1/18,195)      <0.00001 (×6,025) 

            
PC3           
ALDH+  10/10 4/7 5/8   1/552 (1/245-1/1,245)   
ALDH-  10/11 7/12 2/6   1/2,003 (1/944-1/4,250)                                          0.00869 (×4) 
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and E). LAPC4 xenografts seem to be an exception. As we showed before, when 

purified CD44+ and CD44- LAPC4 cells were compared for their tumorigenicities, we 

did not observe any difference in terms of tumorigenic capacity (Table 3.2).  

The PSA-/lo PCa Cell Subpopulation Overlaps with Several Subsets of Tumorigenic 

PCa Cells 

The gene expression profile of PSA-/lo PCa cells revealed that PSA-/lo PCa cells 

over-expressed multiple well-known CSC markers, including CD44 [145], integrin α2 

[146], c-KIT and ALDH1A1 [95-98], suggesting that PSA-/lo subpopulations might 

contain several overlapping subsets of tumorigenic PCa cells. The overexpression of 

some of these molecules was first confirmed by qPCR (Fig 3.2A) analysis and Western 

blot (Fig. 3.2B). We further carried out IHC studies for the three markers in serial 

passaged xenograft tumors originally derived from purified PSA-/lo or PSA+ LAPC9 AD 

cells (See Fig. 2.13A and B). We observed that by the third generation, when the PSA+ 

LAPC9 cells began to show reduced tumorigenicity (Fig. 2.13A and B), the marker-

positive cells appeared to be completely eliminated in PSA+ LAPC9 tumors (Fig. 3.2C) 

whereas the LAPC9 tumors derived from purified PSA-/lo cells retained high levels of 

CD44, α2β1, and ALDH1A1 (Fig. 3.2C). These observations are consistent with the 

possibility that the CD44+, ALDH1A1+, and integrin α2β1+ cells appeared to be enriched 

in the PSA-/lo PCa cell population, correlating with the long-term tumor-propagating 

activity. We next performed double IF staining of PSA and the markers ALDH1A1, 

CD44, or integrin α2β1 in 5 untreated primary HPCa specimens. Results indicated that 

the marker-positive cells seemed to be generally enriched in the PSA-/lo subpopulation. 
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Figure 3.2. PSA-/lo Subpopulation Overlaps with Several Subsets of Tumorigenic PCa 

Cells  

A. QPCR analysis of CD44 in purified PSA+ and PSA-/lo PCa cells. Presented are 
relative levels normalized to corresponding GAPDH mRNA levels.  

B. Western blotting analysis of the molecules indicated in purified PSA+ and PSA-/lo 
LAPC9 cells. 

C. Tumor sections from the 3rd generation LAPC9 tumors derived from PSA-/lo or 
PSA+ cells and serially passaged in intact male NOD/SCID mice were stained for α2β1, 
CD44, or ALDH1A1 as indicated (×400). 

D. Representative IF images (×400) illustrating expression patterns of ALDH1A1, 
a2b1, or CD44 versus PSA in the HPCa samples. 

E. QPCR analysis of CD44, AR, and PSA mRNAs in CD44+ and CD44- HPCa cells 
freshly purified from untreated primary tumors. The results are expressed as relative 
levels in CD44- HPCa cells to those in the matched CD44+ HPCa cells. *p<0.05; 
#p<0.01.   
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Nearly 50% of PSA-/lo PCa cells were α2β1+ whereas only 4% of PSA+ PCa cells were 

α2β1+ (Fig. 3.2C). Immunostaining for ALDH1A1 in HPCa128 revealed that ~80% 

PSA-/lo PCa cells were ALDH1A1+ whereas 8% of PSA+ PCa cells were ALDH1A1+ 

(Fig. 3.2D). 54% PSA-/lo PCa cells were CD44+ whereas only ~5% of PSA+ PCa cells 

were CD44+. Finally, we purified CD44+ and CD44- HPCa cells from multiple untreated 

patient tumors [170] and analyzed the mRNA levels of PSA and AR. Consistent with 

our previous observations, the CD44- HPCa cells in 10 of the 12 samples expressed 

significantly higher levels of PSA mRNA than the corresponding CD44+ HPCa cells 

(Fig. 3.2E). Of note, only 6 of the 10 tumors displayed concomitantly higher levels of 

AR mRNA in the CD44- HPCa cells (Fig. 3.1E). In fact, 3 HPCa samples (HPCa62, 74, 

and 78) exhibited opposite AR and PSA mRNA expression patterns (Fig. 3.2E), which 

again substantiated our earlier point that discordant expression of PSA and AR can also 

occur at the mRNA levels. These passaged xenograft tumors originally derived from 

purified PSA-/lo or PSA+ LAPC9 AD cells (See Fig. 2.13A and B). We observed that by 

the third generation, when the PSA+ LAPC9 cells results indicated that the PSA-/lo 

subpopulation is still heterogeneous harboring multiple CSC subpopulations. 

CD44, α2β1, and ALDH Identify Overlapping but Not Identical Subpopulations 

Tumorigenic assays suggested that SP, ABCG2, CD44, α2β1, and ALDH assay 

could identify CSCs in PCa. We then characterized individual CSC marker profiles in 5 

human PCa cell lines and 6 primary human prostate tumors samples (Table 3.1). SP 

could only be found in 1 out of 4 PCa cell lines, although ABCG2, the major mediator 
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of the SP phenotype [92], was expressed in all the tested PCa cell lines. ALDH+ 

populations, ranging from 1.5% to 40.8%, was detected in all PCa cell lines and primary 

samples. CD44 and α2β1 expression was detected in 4 of 6 primary tumors, and CD44+ 

and α2β1+ subpopulations were largely overlapping in different samples. However, 

ALDH activity didn’t correlate with CD44 and α2β1 expression in the same tumor 

(Table 3.1). Next, we carried out FACS analysis in attempt to elucidate the relationship 

between the ALDH+ population and the CD44+α2β1+ fraction. Flow cytometry analysis 

of the xenograft tumors showed that these two phenotypes, ALDHhi and CD44+α2β1+, 

identified an overlapping cell fraction, representing 4.3%, 0.1%, and 0.3% in LAPC9, 

LAPC4, and Du145, respectively (Fig. 3.3). In both LAPC9 and LAPC4 xenograft 

tumors, there was a significant overlap between the ALDH+ and CD44+α2β1+ 

populations, i.e., ~45.8% of the CD44+α2β1+ LAPC9 cells were also ALDH+ and 

~49.3% CD44+α2β1+ LAPC4 cells were ALDH+ (Fig. 3.3A and C). Moreover, 

compared with the ALDH- population, the ALDH+ population largely enriched for 

CD44+α2β1+ cells. However, that was not the case in Du145 cells. CD44+α2β1+ and 

ALDH+ identified almost two distinct subpopulations in Du145. Only 7.4% 

CD44+α2β1+ Du145 cells exhibited ALDH activity (Fig. 3.3B). These results suggest 

that CD44, α2β1, and ALDH mark overlapping but not identical isogenic populations. 

Gene Expression Profiles in PCa Cell Subpopulations Bear Different CSC Markers 

To further explore the potential molecular mechanisms of distinct biological 

behavior between different populations, we purified cells expressing CD44 or/and α2β1, 
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Figure 3.3. CD44, α2β1, and ALDH Identify Overlapping but Not Identical 

Subpopulations 

A-C. Cells were immunostained with CD44-PE/α2β1-APC antibodies and antibodies 
for mouse H-2Kd labeled Alexa Fluor405 and were subsequently stained with 
ALDEFLUOR. Cells were first gated based on viability and H-2Kd- markers. The 
percentages shown represent the abundance of the cell subpopulations in the total LAPC9 
(A), Du145 (B) and LAPC4 (C) cell population and the overlap between the 
ALDEFLUOR phenotype and the CD44+α2β1+ population. 
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and their isogenic marker negative populations. qRT-PCR super array was employed to 

analyze the mRNA levels of a common set of SC related genes which includes reported 

stemness genes (OCT-4 and SOX-2), SC markers (CD133, CD44, c-KIT/CD117, 

ALDH1 and ABCG- 2/BCRP), and molecules previously implicated in apoptosis 

resistance of PCa cells (IGFBP5, CXCR4 and Bcl-2). The super array results revealed 

distinct gene expression profiles between the CSC marker-positive and negative LAPC9 

cells (Fig. 3.5A). A number of genes known to play a role in SC biology were co-

upregulated in the marker positive populations (Fig. 3.3A and C), including BMP1, 

CXCL12, DLL1, DLL3, IGF1, NOTCH1 and Wnt1. Other genes encode proteins that 

have putative or uncharacterized roles in SC function, such as HDAC2. Remarkably, 

compared to CD44-α2β1- subpopulations, the above mentioned genes in CD44+α2β1+ 

cells were elevated by ~ 100 fold, providing further evidence that combining CD44 and 

α2β1 can significantly enrich for PCSCs. Similarly, compared with corresponding 

maker-negative fractions, in Du145 CD44+ or α2β1+ cells, the mRNA levels of around 

ten SC related genes were elevated, including ALDH2, BMP2, CD44, CDC2, FGF1, 

IGF1, PPARD, PPARG, TUBB3 (Fig. 3.3B and D). Take together, the gene expression 

results further support the conclusions that marker-positive PCa cells possess SC 

properties, and by comparing several different CSC populations isolated using different 

markers, a unique gene expression signature is found among different fractions. 

DISCUSSION 

We showed here a thorough comparison among different approaches to enrich 

PCSCs. By analyzing the clongenic and tumorigenic capacity of ALDH+/- subpopulations 
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Figure 3.4. Gene expression profiles in PCa cell subpopulation 

A-B. Expression of genes 84 SC-related genes in indicated marker-positive and 
corresponding marker-negative LAPC9 (A) and Du145 (B), assessed by qRT-PCR assay. 
The scale bar depicts relative expression levels (log scale) presenting relative levels 
normalized to average expression levels of 5 internal controls (including B2M, HPRT1, 
RPL13A, GAPDH and ACTB) and centered at 0. 
C-D. Heat map presenting the genes that were co-overexpressed across different CSC 
populations in LAPC9 (C) and Du145 (D) cells. 
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in several PCa cell lines and xenograft-derived cells, we demonstrated that ALDH activity 

could be utilized as a marker to enrich for PCSCs in LAPC9, Du145 and PC3. ALDH+ 

cells are able to initiate and propagate tumors over several generations and tumors 

derived from ALDH+ PCa cells can recapitulate parental tumor cell composition. Our 

previous work, as well as the tumor experiment described here, show that CD44 and 

α2β1 could also define a hierarchical organization in tumorigenic capacity in LAPC9 and 

Du145. However, CD44+α2β1+ and ALDH+ are independent variables. In the LAPC9 

xenograft, FACS analysis showed that CD44+α2β1+ and ALDH+ identify two largely 

overlapping subpopulations. ~50% ALDHhi cells are also CD44+α2β1+ and the ALDH+ 

cells are enriched in the CD44+α2β1+ fraction (Fig. 2A). In full agreement with this, the 

gene expression profile showed that ALDH1A1 was upregulated in the CD44α2β1 

subpopulation (Fig. 3.5A). The CD44+α2β1+ LAPC9 cells are likely a heterogeneous 

population with a minor subset of cells being more primitive, which is shared by the 

ALDH+ population. However, in Du145 cells, only a relatively small fraction of cells are 

ALDH+. Although there is a small overlap between CD44+α2β1+ and ALDH+ 

populations, the overall tumorigenic capacity of CD44+α2β1+ populations cannot be 

explained by the ~7% ALDH+CD44+α2β1+ subset within the CD44+α2β1+ subpopulation 

(Fig. 3.4A). In Du145 cells, ALDHhi and CD44+α2β1+ might define distinct CSC 

populations. These results together suggest the diverse phenotype and heterogeneity of 

CSCs in PCa. CSC differentiation is a continuum, and different markers may well 

identify stem/progenitor cells at distinct differentiation stages with different self-renewal 

and differentiation potential in hierarchically organized tumors (Fig. 3.5). As indicated in  
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Figure 3.6. A model on hierarchical organization of PCa stem/progenitor subpopulations. 

(adapted from Hangwen Li et al., Methods Mol Biol., 2009; 568:85-138)  
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breast, colon and ovarian cancer, a combinatory strategy was utilized to further enrich 

CSCs, for example, ALDHhiCD44+CD24lo in breast cancer [96], ALDHhiCD133+ in 

colon cancer [97], and recently ALDHhiCD133+ in ovarian cancer [98]. 

Strikingly, in the LAPC4 xenograft model, the CD44+ PCa cell population does 

not enrich cells with high tumorigenic capacity, suggesting that genetic diversity among 

tumors might change the CSC marker profile, and therefore individual markers may only 

apply to tumors bearing similar genetic backgrounds. For example, Piccirillo and 

colleagues reported two types of CSCs within the same human gliablastoma. Cytogenetic 

and molecular analysis suggested that the two types of CSCs bear distinct genetic 

mutations [188]. Recently, genetic diversity in LSC has also been reported [58, 59]. 

Although the pioneering works in both leukemnia and solid tumor CSCs proposed to use 

the same marker(s) to identify CSC fractions across multiple patient samples or cell lines, 

recently, more and more studies have found that individual cell origin and genomic 

background should be taken into account when a CSC marker is evaluated. For example, 

in murine lung cancer models, Sca1+ can enrich for lung cancer CSCs in Kras initiated 

tumors with P53 deficiency but not in Kras tumors, and in mutant EGFR initiated lung 

tumors, tumor-propagating cells were enriched in the Sca1- fraction [189]. Chen et al. 

showed that in PTEN depleted gliablastoma, the self-renewal and tumor propagating cells 

were not strictly found in CD133+ subpopulations and CD133- gliablastoma cells could 

also self-renew and give rise to CD133+ cells [106]. Mazzoleni and colleagues found that 

EGFR amplification in gliablastoma and EGFRpos gliablastoma cells, independent of co-

expression of the glioma CSC marker CD133, are more tumorigenic [190]. In estrogen 
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receptor (ER) negative breast tumors, CD44+CD49f+CD133/2+, instead of putative 

CD44+CD24-, could enrich for high tumorigenic cancer cells [104]. Thus, applying one 

specific marker profile to the tumors at different stages (i.e. primary tumor v.s. metastatic 

tumor) or from different patients might be misleading. 
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Glossary 

AML  Acute Myelogenous Leukemia 

AR  Androgen Receptor 

AD  Androgen Dependent 

ADT  Androgen Deprivation Therapy 

ACD  Asymmetric Cell Division 

AI  Androgen Independent 

ALDH  Aldehyde Dehydrogenase 

BLP  B-lymphoid Progenitors 

CK  Cytokeratin 

CML  Chronic Myelogenous Leukemia 

CRPC  Castration-Resistant Prostate Cancer 

CSC  Cancer Stem Cell 

EMT  Epithelial-to-Mesenchymal Transition 

ER  Estrogen Receptor 

FACS  Fluorescence-Activated Cell Sorting 

FFPE  Formalin-fixed paraffin-embedded 

GBM  Gliablastoma Multiforme 

GMP  Granulocyte-Monocyte Progenitor 

HSC  Hematopoietic Stem Cell 

IFE  Interfollicular Epidermal 

KLK  Kallikrein Proteinase 

LMP  Lymphoid-Myeloid Progenitor 
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LSC  Leukemic Stem Cell 

MLL  Mixed Lineage Leukemia 

MOI  Multiplicity of Infection 

PCa  Prostate Cancer 

PCSC  Prostate Cancer Stem Cell 

PI  Propidium Iodide 

PSA  Prostate Specific Antigen 

SC  Stem Cell 

SCC  Squamous Cell Carcinoma 

SCLC  Small Cell Lung Cancer 

SP  Side Population 

SSEA-1 Stage-Specific Embryonic Antigen 

SVZ  Subventricular Zone 

TMA  Tissue Microarray 

TP  Testosterone Pellet 

TR  Tissue Recombination 

UGM  Ebryonic Urogenital Mesenchyme 

ULA  Ultra Low Attachment 
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