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ABSTRACT OF THE DISSERTATION 

 

Identifying and Understanding the Functional Significance  

of Cancer Stem Cells in Prostate and Pancreatic Cancer  

Initiation and Chemoresistance 

 

by 

 

Antreas Agop Hindoyan 

Doctor of Philosophy in Molecular and Medical Pharmacology 

University of California, Los Angeles, 2013 

Professor Hong Wu, Chair 

 

 

 The functional heterogeneity of cancer phenotypes and responses to therapeutics is a 

huge obstacle to clinical cures and an intense area of study. A relatively new hypothesis posits 

the existence of a subpopulation of tumor cells, termed cancer stem cells, which are primarily 

responsible for tumor propagation and resistance to therapy. Identification of such cells may be 

important to develop targeted therapies for more effective cancer treatment. This dissertation 

focuses on the validation and functional study of cancer stem cells associated with human 

prostate and pancreatic cancers.  By leveraging the fact that surgical castration leads to 

enrichment of stem/progenitor cells in the prostate, we idenitifed CD166 as a novel marker for 

prostate stem cells. We show that CD166 can further enrich and refine the established prostate 



iii 
 

stem/progenitor cell and cancer stem cell population in both murine and human systems. While 

genetic deletion of CD166 would not inhibit the development of the prostate gland or the 

formation of prostate cancer in our genetically engineered model systems, this protein may serve 

as an attractive marker for identifying and targeting prostate cancer stem cells. Further attempts 

were made at identifying stem/progenitor populations for prostate and pancreatic cancer through 

various discovery and targeted approaches. We found that Lgr5, a marker of stem cells in the gut 

and skin, is not expressed in prostate and pancreatic epithelial tissue, but only in prostatic stroma. 

Novel surface markers such as CD138 were found to be highly upregulated in pancreatic tumors, 

but specificity for cancer stem cells was lacking. Lastly, we studied the functional role of cancer 

stem cells in gemcitabine therapy resistance in a human pancreatic cancer model. We found that 

the PI3K and ubiquitin-mediated proteosomal degradation pathways can be used to stratify 

gemcitabine treatment response in patient tumors. Inhibition of Skp2 expression and therapeutic 

treatment with PI3K inhibitors proved to be effective sensitiziers to gemcitabine treatment. 

Importantly, cancer stem cell content and function did not mediate gemcitabine relapse. As such, 

our studies reveal the cancer stem cell paradigm may be more complicated and cancer context-

dependent, and must be rigorously functionally proven prior to clinical adoption.  
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Chapter 1: 
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I. Introduction 

 Cancer is the second-leading cause of death in the US, narrowly trailing only myocardial 

infarction in total number of victims (Hoyert 2012). It is estimated that 1.66 million new cases of 

cancer will be diagnosed this year resulting in about 580,000 deaths (American Cancer Society 

2013). This disease is a tremendous burden on our society, which spent an estimated $77 billion 

dollars in direct medical costs and $124 billion on indirect mortality costs such as lost 

productivity in 2008 (American Cancer Society 2013). Prostate and pancreatic cancer represent 

two of the top four deadliest cancers, estimated to result in 29,720 and 38,460 deaths in the US 

this year, respectively (American Cancer Society 2013). It is therefore clear that better treatments 

are needed to curb the devastating toll from this parasitic, deadly disease. 

 One in six men living in the US will develop prostate cancer in their lifetime (Prostate 

Cancer Foundation 2013). Fortunately, the prostate is a hormone-responsive tissue which is 

dependent on Androgen Receptor (AR) signaling for cell survival and growth (Cunha 1985, Yeh 

2002), and as such early stage prostate cancer is currently treated very effectively with anti-

androgen therapy and surgery (Huggins 1941, Bahler 2010). However, over time certain patients 

develop disease recurrence and progress to a stage of castration resistant prostate cancer or 

CRPC (Chen 2008). Several mechanisms of tumor relapse have been suggested, including 

alternative activation of androgen signaling (Niraula 2012), or dependance on other signaling 

pathways such as the PI3K-AKT-mTOR axis (Mulholland 2011). There are currently no 

effective therapies for CRPC, with patients developing multiple metastases to bone and liver, 

eventually succumbing to disease burden (Toren 2013). 

 Pancreatic Cancer is the most lethal common tumor type in the US, with a median 5-year 

survival of only 5% (American Cancer Society 2013). The most common and malignant form of 
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this disease is Pancreatic Ductal Adenocarcinoma (PDAC), an epithelial tumor thought to arise 

from the exocrine compartment of the pancreas (Pour 2003, Stanger 2006).  Reasons for the high 

lethality of PDAC include its uniquely aggressive biology as well as late diagnosis, due to a lack 

of sensitive testing and obvious symptoms (Morris 2010, Stathis 2010). At the point of diagnosis, 

tumors are mostly locally advanced or metastatic, with only roughly 20% of patients being 

candidates for surgical resection (Conlon 1996). Gemcitabine is the current standard 

chemotherapeutic prescribed, although it only extends survival by a few weeks in metastatic 

patients (Burris 1997). Even with surgical intervention, long-term survival remains poor due to 

disease recurrence. As such, surgery alone remains an inadequate treatment modality. 

 The cellular mechanisms underlying tumor initiation, progression, and therapeutic 

resistance are areas of avid research. Cancer has long been known to be caused by an aberrant 

genome, and many recent DNA sequencing efforts have yielded a lot of information regarding 

specific mutational events which occur in prostate and pancreatic cancer (Jones 2008, Mann 

2011, Grasso 2012, Biankin 2012). Nevertheless, there remains much patient-to-patient 

heterogeneity, and clonal selection of specific mutational drivers may result in differential 

oncogenic phenotypes in a tumor (Greaves 2012). Furthermore, it is becoming increasingly 

appreciated that transformation of the initial mutational clone may occur in different cell types 

within a tissue, and that this cell-of-origin may yield different subtypes of tumors that will have a 

large effect on downstream genetic, epigenetic, and phenotypic characteristics (Visvader 2011). 

Moreover, after tumor initiation, cells within the tumor population seem to exhibit functional 

heterogeneity, with a small subpopulation seemingly responsible for tumor propagation (Fig 1A) 

and resistance (Fig 1B) (Visvader 2008). Pioneering studies in acute myeloid leukemia showed 

that this cancer is organized as a hierarchy of cells, reminiscent to tissue-specific stem cells and 
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Figure 1-1: Cancer Stem Cell Paradigm. (A) 
Cancer Stem Cells (CSC) are a subpopulation of cells 
within a tumor bulk which can initiate and propagate 
the cancer. (B) CSCs are thought to be more resistant 
to chemotherapy than the rest of the tumor cell bulk. 
 

their differentiated progeny, with leukemia stem 

cells on the top that drive the production of 

leukemic cells and the progression of the disease 

(Lapidot 1994). This ‘cancer stem cell’ paradigm 

has been applied to a variety of blood and solid 

tumor malignancies (Mimeault 2007, Visvader 

2008). Therefore, prospective identification and 

validation of cancer stem cell populations may 

shed light on the biology of tumor initiation, provide prognostic value for tumor subtype 

stratification, as well as provide an avenue for targeted therapeutic intervention (Frank 2010, 

Eppert 2011). 

 This dissertation seeks to shed light on two fundamental questions: Is there a cell type 

within a tumor which is responsible for tumor initiation and progression in prostate and/or 

pancreatic cancer? Second, is this identified cancer stem cell preferentially resistant to treatment 

and the cause for disease recurrence and death? To address these questions, we begin in Chapter 

2 with the identification of CD166 as a putative stem/progenitor marker of prostate cells and 

characterize its role in prostate tumorigenesis. In Chapter 3, we seek to identify additional novel 

populations of cancer stem cells in both prostate and pancreas systems using discovery and 

targeted approaches. In Chapter 4, we test the hypothesis that cancer stem cells play a role in 

chemotherapy resistance and tumor relapse in a human model of pancreatic cancer. These results 

have direct implications regarding the mechanisms of tumor progression and resistance, as well 

as for the use of targeted therapies for patient treatment. 
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I. Introduction 

Despite advances in the early detection and management of prostate cancer, castration 

resistant prostate cancer (CRPC) remains the second most common cause of male mortality in 

the United States (Jemal 2010). Mounting evidence suggests that a subpopulation of prostate 

cells can initiate prostate cancer and may be responsible for the castration resistance (Taylor 

2010, Wang 2011, Goldstein 2010, Tang 2007). Therefore, these cancer initiating cells (Visvader 

2011) may serve as promising cellular targets for prostate cancer and identification of this 

subpopulation has become the necessary step toward future effective therapy.  

The origins of prostate cancer initiating cells are controversial (Maitland 2005, Moscatelli 

2010). Normal prostate from human or mouse contains three different types of cells, namely 

luminal secretory, basal and neuroendocrine cells. Since human prostate cancer is characterized 

by loss of basal cells and expansion of luminal cells, several animal models posit that luminal-

specific progenitors are the sources of prostate cancer initiation (Korsten 2009, Wang 2009, 

Kurita 2004).  However, using the tissue regeneration approach, basal cells have proved to be 

more efficient oncogenic targets for both human and mouse prostate cancer initiation (Lawson 

2010, Goldstein 2010). Interestingly, Xin’s group demonstrated that adult murine prostate basal 

and luminal cells are self-sustained lineages that can both serve as oncogenic targets for prostate 

cancer initiation (Choi 2012).  

PTEN plays an important role in human prostate cancer and CRPC development (Sarker 

2009) and is inactivated in 20% of primary and 60% of metastatic lesions (McMenamin 1999). 

The murine Pten prostate cancer model (Pb-Cre+;PtenL/L) recapitulates the disease progression 

seen in humans, including CRPC (Wang 2003, Wang 2006, Mulholland 2009, Mulholland 

2011), and shares many signature genetic changes with human disease (Wang 2003). 
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Importantly, the Pb-Cre+;PtenL/L model provides a unique tool for studying tumor initiating cells 

as the majority of luminal cells and subpopulations of basal cells have Pten deletion (Wang 

2003, Wang 2006). Using this model, we previously demonstrated that Pten deletion causes an 

expansion of basal and transient amplifying subpopulations and subsequent tumor initiation in 

vivo (Wang 2006). We further showed Lin-Sca-1+CD49fhi (LSChi) prostate stem/progenitor cells 

from the Pten null prostate are capable of initiating a cancerous phenotype that mimics the 

primary cancer in the Pten null prostate model (Mulholland 2009). 

Here, we report the identification of a cell surface marker, CD166 or Activated 

Leukocyte Cell Adhesion Molecule (CD166/ALCAM) that is highly upregulated in human and 

murine CRPC samples. CD166 can be used to enrich for stem/progenitor sphere-forming cells 

from both WT and Pten null mutant mouse prostates. In addition, CD166 can separate LSChi 

mouse stem/progenitor cells into CD166hi and CD166lo subpopulations, with the LSChi;CD166hi 

subpopulation having much higher sphere-forming activity. We further demonstrate that CD166 

can be used as an enrichment maker for isolating human prostate sphere-forming cells and 

tubule-forming cells.  

 

II. Results  

 

a. CD166 expression is upregulated in murine castrated prostatic epithelium and can be 

used for enriching stem/progenitor cells.  

Rodent prostate contains stem-like cells that are enriched in the castrated prostate gland 

and can undergo more than 15 cycles of involution-regeneration in response to androgen 

withdrawal and replacement (Tsujimura 2002). We reasoned that castration may also lead to 
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upregulation or enrichment of those stem cell surface molecules that can potentially serve as 

marker for isolating stem/progenitor cells and for targeted drug delivery. We therefore mined 

publically available databases describing gene expression profiles of murine prostates at day 0 

and day 3 post-castration (Wang 2007, Carver 2011). We focused on those genes that fell in the 

gene ontology category of ‘plasma membrane’ and identified CD166/ALCAM as one of only 

two common castration-enriched cell surface molecules (Table S1).  CD166 was significantly 

increased (1-tail t-test <0.015) 3 days after castration as compared to intact mice. While Cxcl12 

is also upregulated, we chose not to focus on this gene as it is a chemokine and not amenable for 

FACS-mediated stem/progenitor cell enrichment. 

CD166 is a type I transmembrane protein of the Ig superfamily that mediates cell-cell 

interactions via heterophilic (CD166-CD6) and/or homophilic (CD166-CD166) mechanisms 

(Swart 2002, van Kempen 2001). We found that in the intact mice, CD166 is preferentially 

expressed in the stem/progenitor-enriched proximal region (Tsujimura 2002) but low in the 

stem/progenitor-poor distal region of the WT prostate (Figure 1A upper panels). CD166 protein 

levels are also up-regulated immediately following castration (Figure 1A lower panels; 

comparing day 0 and day 3 post- castration).  

Prostate stem/progenitor cells are characterized by their ability to form spheres in vitro 

(Lawson 2007). We performed the sphere-forming assay using sorted CD166hi and CD166lo cells 

and found that CD166hi cells have significantly higher sphere-forming activity compared to 

CD166lo cells (Figure 1B, left). Since we had previously developed the LSChi enrichment scheme 

(Lawson 2007), which yields 10-fold enrichment of WT sphere-forming cells, we tested whether 

CD166 can be used for further enriching sphere-forming activity. We gated LSChi cells 

according to their CD166 expression and found that LSChi;CD166hi cells have 5-fold higher  
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sphere-forming activity as compared to their LSChi;CD166lo counterpart (Figure 1B, right). 

Therefore, CD166 can be used as a marker to further enrich sphere forming cells within the WT 

prostate. Serial passaging of the spheres generated from LSChi;CD166hi cells demonstrated that 

this enhanced sphere-forming activity could be maintained in vitro through at least three 

passages (Figure S1A). In contrast, less spheres were generated from LSChi;CD166lo cells (P0-

P2) and cannot undergo continuous passage due to the limited cell number.   We observed no 

significant difference in the sphere size distribution between LSChi;CD166hi  generated spheres 

Figure 2-1: CD166 expression is upregulated in castrated prostate epithelium and CD166 can be used to 
enrich stem/progenitor cells in WT mice prostate.  (A) Top: Comparison of p63 (red) and CD166 (green) co-IF 
staining between prostate proximal region and distal region. Bottom: IHC for CD166 expression from intact vs. 
castrated mouse prostate. Scale bar: 50 μm.  (B) Lin-;CD166hi, Lin-;CD166lo, LSChi;CD166hi, and LSChi;CD166lo 
cells were isolated by FACS from 8- to 12-week-old mice. Graph shows the percentage of sphere-forming cells, 
based on the spheres from each population per 2500 cells plated after 8 days of growth. Data shown as mean +/− 
STD (**, p < 0.001, n=3). (C) Fold change of LSChi;CD166hi content based on intact WT from FACS analysis (*, 
p <0.05, n=3).  
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and LSChi;CD166lo generated spheres (Figure S1B and S1C).  Similar to the LSChi subpopulation 

(Lawson 2007), castration also leads to significant enhancement of the LSChi;CD166hi sub-

population (Figure 1C).   

 

b. CD166hi human prostate cells have higher sphere forming and regeneration potential.  

Certain cell surface markers, such as Sca-1, are only expressed in the mouse and 

therefore cannot be used for isolation of human stem/progenitor cells.  CD166, on the other hand, 

is expressed in various human organs and upregulated in human cancers, including prostate 

cancer (Ofori-Acquah 2008). To determine whether CD166 can be used for enriching human 

prostate stem/progenitors, we first examined its expression and found that CD166 is highly 

expressed in the developing human fetal prostate epithelium (Figure 2A, left panel) and focally 

expressed in the benign adult prostate, which overlaps with a subset of TROP2 and CD49f – 

positive cells (Figure 2, middle and right panels).   

We then evaluated whether CD166 could be used as a marker for enriching human 

stem/progenitor cells. Benign regions of prostate tissue were collected from multiple patients 

who underwent radical prostatectomy and dissociated to single cells. Consistent with our 

previous studies (Ofori-Acquah 2008, Goldstein 2010), the percentages of CD166+ cells vary 

from patient to patient (data not shown). However, the majority of sphere forming activity was 

identified in the CD166hi population (Figure 2B), similar to our findings with murine prostate 

cells. Data are shown from 6 representative patients. 

To evaluate whether CD166 can enrich human prostate tissue regeneration capacity in 

vivo, benign human prostate cells were dissociated and sorted according to cell surface CD166 

expression levels. Equal number of viable CD166hi and CD166lo cells (2x105) was implanted 
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subcutaneously into NOD-SCID/IL2rγ null mice, in combination with 2x105 rUGSM inductive 

mesenchymal cells. After 8-16 weeks, grafts were harvested, fixed and embedded in paraffin for  

 

 

 

Figure 2-2: CD166hi human prostate cells have higher sphere forming capacity in vitro and more graft 
outgrowth in vivo. (A) IHC staining of CD166 on human fetal prostate tissue and patient prostate cancer 
tissues. Scale bar: 50 µm. (B) Total dissociated prostate cells, CD166hi and CD166lo populations were isolated 
by FACS from 6 patient samples. Graph shows the percentage of sphere-forming cells, based on the spheres 
from each population per 5,000 cells plated after 7 days of culture.  Data shown as mean +/− STD (**, p < 
0.001). (C) CD166hi, and CD166lo populations were isolated by FACS from 3 patient samples. CD166hi and 
CD166lo cells (2x105) were implanted subcutaneously into NOD-SCID/IL2rγ null mice, in combination with 
2x105 rUGSM inductive mesenchymal cells. Grafts were harvested, fixed and analyzed after 8-16 weeks. Left, 
graph shows that CD166hi human prostate cells can form more tubules in graft regeneration assay compared to 
CD166lo human prostate cells. Right, H&E staining of representive graft. Scale bar: 100 µm. (D) Left, FACS 
plots show gates drawn for sorting of LTC (TROP2hi;CD49fhi) CD166hi and LTC;CD166lo subpopulations from 
one patient. Right, representative graph shows that LTC;CD166hi human prostate cells can form more tubules in 
graft regeneration assay compared to LTC;CD166lo human prostate cells. 
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quantification and analyses.  CD166hi cells have more tissue regeneration capacity as evidenced 

by increased number of tubule-like epithelial structures found in the grafts, which is rarely seen 

in the CD166lo grafts (Figure 2C). Further analyses showed that the tubule-like structures 

initiated by CD166hi cells contain CK5 and p63 expressing basal cells, CK8 luminal cells and 

AR positive cells (Figure S2).  

Combination of markers TROP2 and CD49f can separate lineage-negative human 

prostate epithelial cells into various subpopulations, with TROP2hi;CD49fhi (Lin-ThiChi or LTC) 

cells possessing the highest sphere forming capability in vitro (Goldstein 2008). Additionally, 

LTC cells can develop cancer-like phenotype in vivo following oncogenic transformation 

(Goldstein 2010).  We tested whether CD166 can further segregate this LTC population. FACS 

analysis of benign human prostate cells indicated that more than 50% of LTC stem/progenitor 

cells also express the CD166 surface marker (Figure 2D, left and middle panel). Furthermore, we 

examined if differences in regeneration potential exist between these two subpopulations. Sorted 

LTC;CD166hi and LTC;CD166lo cells were injected subcutaneously into NOD-SCID/IL2rγ null 

mice with 2x105 rUGSM cells and analyzed 8-16 weeks later. Our in vivo data suggest that 

LTC;CD166hi cells can induce more tubule-like structures, whereas LTC;CD166lo cells have less 

regeneration capacity (Figure 2D, right panel). 

 

c. CD166 can be used to enrich tumor sphere-forming cells in the Pten null prostate cancer 

model.  

To examine whether CD166 can enrich tumor initiating cells after castration, we 

compared the percentage of CD166hi subpopulation between intact and castrated Pten mutant 

mice and observed the expansion of CD166hi subpopulation after castration (Figure 3A). Next, 
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we compared the sphere formation capabilities of LSChi;CD166hi, LSChi;CD166lo, 

LSClo;CD166hi, and LSClo;CD166lo subpopulations at the pre-cancer PIN (6 weeks) and cancer 

stages (11 weeks). We found that the LSChi;CD166hi subpopulation has much higher sphere-

forming ability, and nearly all sphere-forming activity in the cancer stage resides in the 

LSChi;CD166hi  subpopulation (Figure 3B). Consistent with our previous observation that Pten 

mutant spheres are larger than WT control spheres (Mulholland 2009), both LSChi;CD166hi and 

LSChi;CD166lo subpopulations form large prostate spheres (Figure S3). Our previous study 

suggested that Pten deletion promotes the expansion of LSChi prostate stem/progenitor cells 

(Wang 2006, Mulholland 2009). Within the LSChi population, we observed selective expansion 

of LSChi;CD166hi cells.  Pten mutant mice have more than a 3-fold increase in the percentage of 

LSChi;CD166hi subpopulation, compared to WT littermates (Figure 3C).  

To further study the LSChi;CD166hi subpopulation, we isolated RNA from 

LSChi;CD166hi, LSChi;CD166lo subpopulations and the cell fraction depleted of LSC cells (non-

LSChi) and compared their gene expressions by RT-PCR analysis. LSChi;CD166hi subpopulation 

expresses similar levels of basal cell markers Ck5 and p63 as the LSChi;CD166lo subpopulation 

(Figure 3D, left panel).  However, LSChi;CD166hi subpopulation expresses much higher level of 

luminal marker Ck8 and Trop2, a new epithelial surface marker we recently identified for 

enriching stem cell activities in both murine and human prostates (Goldstein 2008, Goldstein 

2010)  (Figure 3D, right panel). Further examination of several other epithelial cell stem cells 

markers (Richardson 2004, Leong 2008, Wang 2009, Burger 2009, Liu 2011) showed that 

LSChi;CD166hi cells have significantly higher CD44 and Nkx3.1 expression compared to 

LSChi;CD166lo cells. Although compared to non-LSC population, LSChi;CD166hi  cells express 
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less Nkx3.1. No significant differences were found in CD117, and CD133 expressions between 

these two populations (Figure 3D, right panel).  

 

 

 

 

 

 

Figure 2-3: CD166 can be used to enrich tumor initiating cells in Pten mutant prostate. (A) FACS blots 
show increased Lin-CD166hi population after castration of Pten mutant mice compared to intact Pten mutant 
mice. (B) Four subpopulations (LSChiCD166hi, LSChiCD166lo, LSCloCD166hi, LSCloCD166lo) were isolated 
from Pten mutant prostate from either 6 weeks or 11 weeks old mice. Graph shows the percentage of sphere-
forming cells. Data from several experiments were pooled. Data shown as mean +/− STD (*, p <0.05, n=3). 
(C) Left: bar graph shows fold change of Pten mutant LSChiCD166hi content compared to WT; right, FACS 
blots show the expansion of LSChi CD166hi cells within LSC population on Pten mutant compared to WT. (D) 
RNA was isolated from non-LSC, LSChiCD166hi, and LSChiCD166lo fractions in duplicate experiments. RNA 
was synthesized into cDNA and subjected to qRT-PCR. Graph shows fold-enrichment over the non-LSC cells 
for each gene. Gadph was used as the reference gene (*, p <0.05; **, p <0.01; n.s., not significant). 
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d. CD166 expression is upregulated in human castration resistant prostate cancer.  

 Having found that CD166 can be used to enrich for human LTC cells and mouse tumor in 

itiating cells, we then examined the relationship between CD166 expression and human prostate 

cancer progression. In clinically annotated data of 218 prostate tumors (Taylor 2010), CD166 

gene expression significantly correlates with increased prostate cancer aggressiveness, as 

indicated by Gleason score, with highest expression in metastasis samples (Figure 4A). We 

further surveyed CD166 expression on human prostate cancer tissue microarrays, which consist 

of 14 castration resistant (CRPC) metastasis samples and 98 hormone naïve primary cancer  

Figure 2-4: Gene expression profiling and tissue microarray (TMA) demonstrates that increased CD166 
expression is correlated with high Gleason score and human castration resistant prostate cancer. (A) 
CD166 gene expression from 147 human prostate tumors was analyzed by comparing different Gleason score 
groups to normal/benign (NL/BN) prostate. (B) Representative IHC staining of CD166 expression from 
human prostate TMA. Top: hormone naïve primary prostate cancer; Low: castration resistant prostate cancer 
showing highly intensive immunostaining. Scale bar: 100 µm (left); 10 µm (right). (C) Data from 112 samples 
were calculated and statistical analysis of CD166 expression of human TMA conducted. NHT: neoadjuvant 
hormone therapy; CRPC: castrate resistant prostate cancer.  Column, mean CD166 staining in NHT and CR 
tissues. Samples were graded from 0 to +3 representing the range from no staining to heavy staining by visual 
scoring. Error bar: standard error. Immunoreactivity of CD166 is significantly higher in CRPC group 
compared with untreated group (p < 0.021) or NHT with different treatment times (p < 0.0001). 
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samples from patients receiving either neoadjuvant hormone treatment (NHT) for various 

periods or receiving no treatment. CD166 is significantly enhanced in CRPC samples (Figure 4B 

for representative images). Compared to the predominant membrane localization of CD166 in 

hormone naïve primary cancer samples, we observed intense cytoplasmic localization of CD166 

in CRPC bone metastasis samples (Figure 4B, high magnification).  CD166 expression levels 

were scored and p values are computed by Mann-Whitney test. CD166 protein expression level 

is significantly higher in CRPC samples as compared with primary cancers with (p<0.0001) or 

without (p<0.02) NHT (Figure 4C). These data suggest that CD166 is a castration-enriched 

marker for both murine and human prostate cancer. 

 

e. Loss of CD166 does not interfere with WT prostate development and prostate sphere 

formation.  

While expressed in a wide variety of tissues, CD166 is usually restricted to subsets of 

cells involved in dynamic growth and/or migration, including neural development, branching 

organ development, hematopoiesis and immune response (Ofori-Acquah 2008). To test whether 

CD166 plays an intrinsic role in regulating prostate stem/progenitor cells, we analyzed CD166 

knockout mice (CD166-/-). Genetic deletion of CD166 gene was achieved by replacing its first 

exon with a cDNA encoding EGFP (Weiner 2004). CD166 null mice are phenotypically normal 

and fertile (Weiner 2004). We examined the prostate at 8 and 20 weeks of age and found no 

difference in gross anatomy and histology among WT (data not shown), CD166+/- and CD166-/- 

mouse prostates (Figure 5A).  
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To further examine whether loss of CD166 has any effect on prostate stem/progenitor 

cells, we compared sphere formation activities of CD166+/- and CD166-/- prostate epithelium and 

found there is no significant difference (Figure 5B). In addition, spheres generated from CD166-/- 

prostate have similar size distribution compare to those from CD166+/- prostate epithelium (data 

not shown).  Similarly, FACS analysis demonstrated that loss of CD166 does not affect LSChi 

content of prostates isolated from the CD166-/- mice (Figure 5C), suggesting that CD166 does 

not play an essential role in normal prostate gland development or prostate stem/progenitor 

number and function. 

 

f. Genetic deletion of CD166 does not block prostate cancer progression.   

It has been postulated that CD166 functions as a cell surface sensor for cell density and 

controls the transition between local cell proliferation and tissue invasion during melanoma  

Figure 2-5:  Loss of CD166 does not block WT prostate development and stem/progenitor cell function. 
(A) Top: The gross anatomy of the prostate of WT and CD166-/- mice at 8 weeks of age, scale bar: 2mm.  
Bottom: HE staining of DLP section from WT and CD166 -/- mice at 8 weeks of age, scale bar: 200µm. (B) 
Comparison of sphere formation from total unsorted prostate cells (5000 per 12-well) between CD166+/- and 
CD166-/- prostates. Data represented as mean +/− STD (p > 0.05, n=3).   (C) Comparison of LSChi content 
between CD166+/- and CD166-/- prostates at 8-12 weeks age (p > 0.05, n=5).  
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progression (van Kempen 2000). To examine whether CD166 plays an essential role in prostate 

cancer development, especially in the tumor initiating cells, we crossed CD166-/- mice with the 

Pten conditional knockout mice (Wang 2003). Histopathologic analysis indicated that loss of 

CD166 did not significantly change the kinetics of prostate cancer development in Pten null 

model and all Pb-Cre+;PtenL/L;CD166-/- mice developed adenocarcinoma around 9 weeks of age 

(Figure 6A and data not shown). We observed similar levels of Ki67+ cells between Pb-

Cre+,PtenL/L,CD166+/+    and  Pb-Cre+;PtenL/L;CD166-/- prostates (Figure 6A). SMA staining also 

demonstrated that loss of CD166 does not block prostate cancer cells from local invasion (Figure 

6A, right panels).  

We then compared the sphere formation between Pb-Cre+;PtenL/L;CD166+/- and Pb-

Cre+;PtenL/L;CD166-/- prostates and found that loss of CD166 does not interfere with sphere- 

forming activity of Pten null epithelium (Figure 6B). Moreover, CD166-/- prostates have similar 

LSChi content as compared to CD166+/- Pten null prostates (Figure 6C). Since PI3K/AKT 

pathway activation is a driving force for cell proliferation and prostate cancer progression in Pb-

Cre+;PtenL/L prostate cancer (Wang 2003, Mulholland 2011), we then examined whether there is 

any alteration of AKT activation after genetic deletion of CD166. Western blot analysis 

demonstrated that Pb-Cre+;PtenL/L;CD166-/- prostate has no CD166 expression, but has similar 

P-AKT levels compared to Pb-Cre+;PtenL/L;CD166+/+ and Pb-Cre+;PtenL/L;CD166+/-  prostate 

(Figure 6D). We further confirmed that there is no negative selection against Pten-/-;CD166-/- 

cells since equal intensity of knockin-GFP protein can be detected in all cohorts except 

CD166+/+ mice.  
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Figure 2-6: Loss of CD166 does not block prostate tumor progression and tumor initiating cell function in 
Pb-Cre+;PtenL/L;CD166-/- mice. (A) Evaluation of CD166 deletion on prostate cancer progression (HE staining, 
scale bar: 200 µm), cell proliferation (Ki67 staining, scale bar: 100 µm), and prostate tumor invasion (SMA 
staining, scale bar: 100 µm) by comparing age matched Pb-Cre+, PtenL/L, CD166+/+ and Pb-Cre+, PtenL/L, 
CD166-/- prostate tissue at 20 weeks of age. (B) Comparison of sphere formation from total unsorted prostate 
cells (5000 per 12-well) between Pb-Cre+, PtenL/L, CD166+/- and Pb-Cre+, PtenL/L, CD166-/- prostate (9 weeks of 
age). (C) A representative FACS blot shows LSC content between Pb-Cre+, PtenL/L, CD166+/- and Pb-Cre+, 
PtenL/L, CD166-/-.  (D) Examination of protein levels of CD166, P-AKT and GFP among different prostate tissue 
with indicated genotype by Western blotting.  GADPH is included as an equal loading control.  
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Since we see significant overexpression of CD166 in human CRPC samples, we next 

investigated whether CD166 would influence the development of CRPC in the Pten null prostate 

cancer model. Pb-Cre+;PtenL/L;CD166+/-  and Pb-Cre+;PtenL/L;CD166-/- males were castrated at 

12 weeks and prostates were isolated 8 weeks later.  As shown in Figure 7, deletion of CD166 

does not significantly influence the formation of CRPC, as evidenced by similar pathohistology 

(Figure 7A), CK5/CK8 marker distribution, BrdU pulse labeling and SMA staining in both 

cohorts (Figure 7B). Taken together, our genetic studies indicate that CD166 has limited intrinsic 

function in the prostate, even in the tumor initiating cells. 

 

 

 

 

 

III. Discussion 

Few surface markers are currently available for enriching both murine and human 

prostate tissue stem/progenitor cells and for identifying prostate cancer initiating cells. By  

Figure 2-7: Loss of CD166 does not block castration resistant prostate tumor progression in Pb-
Cre+;PtenL/L;CD166-/- mice. Pb-Cre+, PtenL/L, CD166+/- and Pb-Cre+, PtenL/L, CD166-/- mice were castrated at 
the age of 12 weeks using standard techniques. At 8 weeks post-castration, mice were intraperitoneal injected 
with a single dose of 100µl (1mg) of BrdU solution and sacrificed 4 hour later for analysis. Evaluation of the 
effects of CD166 deletion on (A) castration resistant prostate cancer progression (HE), and (B) cell lineage 
composition (CK5/CK8), cell proliferation (BrdU) and prostate tumor invasion (SMA) were performed. Scale 
bar: 50 µm. 
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searching for those cell surface molecules that are upregulated in castrated murine prostate and 

castration resistant prostate cancers (CRPC) of murine and human origins, we identified CD166 

as a surface marker for enriching both murine and human prostate tissue stem/progenitor cells 

based on in vitro sphere forming and in vivo tissue regeneration analyses. Importantly, 

upregulated CD166 expression and expansion of CD166hi cells correlate with Pten null CRPC 

progression as well as human CRPC development, although genetic deletion of CD166 does not 

interfere with normal murine prostate development or Pten null prostate cancer progression. 

Together, our study suggests CD166 can be used as a potential surface marker for identifying 

castration resistant tumor cells for targeted drug delivery.  

 CD166 expression has been proposed as a prognostic marker for several cancers, 

including breast (King 2010), prostate (Kristiansen 2005), ovarian (Mezzanzanica 2008), 

pancreatic (Kahlert 2009), colon (Weichert 2004), oral cancers (Sawhney 2009), melanoma (van 

Kempen 2000) and gastric cancers (Ishigami 2011).  Importantly, our microarray and TMA 

studies demonstrate the association of increased CD166 expression with human prostate cancer 

metastasis and CRPC development.  Moreover, within both murine and human prostates, we 

show that the CD166-high expressing subpopulation encompasses prostate stem/progenitor and 

cancer initiating cells.  

To investigate human prostate tissue stem/progenitor cell properties, we evaluated adult 

human prostate epithelium dissociated from benign prostate, rather than cell lines and xenografts.  

The advantage of this approach is to maintain the original heterogeneity in human prostate 

samples by avoiding the effect of long-term in vitro selection. However, there appears to be 

greater variability among patient samples in the tissue regeneration assays.  This may be due to 

the difference in sample variability (i.e., ischemia time prior to tissue processing and cell 
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retrieval), individual variability in CD166 expression, and technical challenges related to the 

tissue regeneration assays using human prostate cells.  Therefore, analysis of sufficient patient 

samples is essential in order to draw a valid conclusion. In the current study, 6 human samples 

were utilized for the in vitro sphere forming and another 6 samples were used for in vivo 

regeneration assays. Using this system, we have previously defined TROP2hi;CD49fhi  as a cancer 

initiating cell (cell of origin) for human prostate cancer (Goldstein 2010). In the current study, 

CD166hi population demonstrated significantly increased sphere-forming capacity compared to 

the patient-matched CD166lo population. In addition, our study demonstrates that CD166 can not 

only enrich human sphere-forming cells, but also segregate TROP2hi;CD49fhi into two 

functionally different populations, with TROP2hi;CD49fhi;CD166hi having higher regeneration 

capacity in vivo, compared to TROP2hiCD49fhiCD166lo.  CD166 is also highly upregulated in 

CRPC based on our gene expression analysis and tissue microarray study.  Therefore, CD166 

may enrich both human prostate tissue stem/progenitor cells and castration resistant prostate 

cancer cells.   

 LSChi subpopulation has been defined as the murine prostate tissue stem/progenitor cells 

and expands significantly following castration (Lawson 2010, Mulholland 2009, Lawson 2007).  

LSChi cells express basal markers and demonstrated robust sphere-forming activity in vitro and 

prostate regeneration capability in vivo (Lawson 2007). In contrast to luminal cells, LSChi cells 

respond efficiently to multiple oncogenic insults for prostate cancer initiation using a 

transplantation-based prostate regeneration assay (Lawson 2010). We and others have 

demonstrated that the LSChi population, isolated from Pten null prostate tissue, is sufficient to 

regenerate cancerous morphology upon transplantation that closely mimics that of primary 

cancers (Mulholland 2009, Liao 2010). In this study, we further separated LSChi subpopulation 
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into CD166hi and CD166lo subsets and found that most of sphere-forming activities are 

associated with the LSChi;CD166hi cells. Importantly, this LSChi;CD166hi population was 

demonstrated to have self-renewal activity as spheres from this population could be passaged at 

least 3 generations with a high rate of sphere formation. Moreover, LSChi;CD166hi  cells are 

expanded upon castration as well as Pten deletion in comparison to LSChi;CD166lo cells.  

Therefore, CD166 can further enrich murine prostate cancer initiating cells and castration 

resistant cells.  

The relationship of LSChi;CD166hi cancer initiating cells described here to other cell 

populations is of obvious interest (De Marzo 2010). Using lineage tracing and cell type-specific 

Cre lines, a recent report demonstrates that both luminal cells and basal cells can initiate prostate 

cancer upon Pten deletion (Choi 2012).  This new observation is not in conflict with our previous 

studies: we showed that Pten deletion mediated by Pb-Cre happens in both basal and luminal 

cells (Wang 2006).  In addition, we observed significant expansion of a subset of prostate cancer 

cells positive for basal cell markers CK5 and p63 and luminal cell marker CK8, suggestive of 

transient amplifying/ intermediate cells (Wang 2006, Sato 2002).  Compared to LSChi;CD166lo 

cells, one of the distinguishing features of LSChi;CD166hi cells is the higher Trop2 expression, a 

cell surface marker we have used for enriching both murine and human tissue stem cells 

(Goldstein 2008, Goldstein 2010). TROP2 can functionally segregate mouse LSC population but 

there is no cytokeratin phenotypic difference between LSChi;Trop2hi and LSChi;Trop2lo 

population (Goldstein 2008). CD166, on the other hand, can enrich Pten null LSChi population 

with CK5+/p63+/CK8+/AR-/TROP2hi characteristics, suggesting that CD166 may preferentially 

enrich for CK5+/CK8+ transient amplifying/intermediate cells, which currently cannot be 

prospectively purified.  Increased CK5+;CK8+ cells have been observed in the Pten conditional 
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knockout model (Wang 2006, Lu 2007) as well as Pten-/-;TP53-/- prostates cancer model (Abou-

Kheir 2010). A recent study also identified a subset of tumor-initiating stem-like cells in human 

prostate cancer cell lines and xenografts based on co-expression of the human pluripotent stem 

cell marker TRA-1-60, CD151 and CD166 (Rajasekhar 2011). Interestingly, this subtype of 

human prostate tumor initiating cells also have the AR−;CK5+;CK8+ phenotype (Rajasekhar 

2011). Another characteristic of LSChi;CD166hi cells is relatively higher CD44 expression. Since 

knockdown of CD44 was very effective to suppress cancer stem cell regeneration and metastasis 

(Liu 2011), it will be interesting to examine whether there is any functional role for CD44 in 

LSChi;CD166hi  tumor initiating cells.  

As an adhesion molecule, CD166 can initiate homophilic (CD166-CD166) or 

heterophilic interaction (CD166-CD6), and play important roles in neural guidance and the 

immune system (Ofori-Acquah 2008). CD166 has also been suggested to play a critical role in 

various human cancers and as a potential therapeutic target for cancer initiating cells, similar to 

CD44 (Liu 2011) and CD47 (Chao 2011). A truncated CD166 variant has been shown to block 

melanoma metastasis by interfering with the CD166-CD166 homophilic interaction (Lunter 

2005). Similarly, novel human recombinant single-chain anti-CD166 antibodies have been 

shown to inhibit colorectal carcinoma growth as well as breast cancer cell invasion (Wiiger 

2010). Unlike subcutaneous allograft or xenograft models used in above studies, we defined the 

functions of CD166 in prostate cancer initiating cells and prostate cancer development in 

immune competent mice within the natural prostate environment. By generating the Pb-

Cre+;PtenL/L;CD166-/- line, our study demonstrates that loss of CD166 within LSChi population 

does not change their ability to form spheres in vitro and block prostate cancer initiation and 

progression in vivo. As it is possible that other members of the Cell Adhesion Molecule (CAM) 
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family can compensate for the role of CD166 in murine prostate cancer development, we cannot 

conclude that CD166 has no in vivo function on prostate cancer initiation. Nevertheless, since 

cancer initiating cell surface markers can be used for molecular imaging (Hart 2008) and/or for 

internalizing a death-inducing compound for targeted therapies (Wang 2011), our work suggests 

that CD166 may be for a suitable surface marker for future targeted drug delivery (Roth 2007). 

Recently, a promising study showed substantial cytotoxic effects  of the CD166 scFv-condugated 

drugs on three human prostate cancer cell lines (Du-145, PC3, and LNCaP) (Roth 2007). Since 

CD166 is highly expressed on both human and mouse tissue stem/progenitor cells, it will be 

interesting to examine the effect of this targeted drug delivery on their prostate sphere forming 

activity and prostate regeneration potential. The Pb-Cre+;PtenL/L;CD166+/- and Pb-

Cre+;PtenL/L;CD166-/- mouse models generated in this study, therefore, can be used to investigate 

the efficiency of CD166 - mediated drug delivery to prostate cancer initiating cells in vivo, 

especially during CRPC development. 

 

 

 

Table S2-1: Compared to intact prostate epithelium WT CD166 gene expression is significantly increased 
at day 3 post-castration.  
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Figure S2-2: Immunohistochemical analysis of CD166hi human prostate epithelium-derived graft demonstrates 
nuclear expression of AR and p63, CK5 and CK8 positive cells and Ki67 positive cells within tubule structure. 
Scale bar: 50 µm.  
 

Figure S2-1:  WT LSChi; CD166hi  prostate cells demonstrate higher self-renewal activity.  (A) 
LSChi;CD166hi and LSChi; CD166lo cells were isolated by FACS from 8- to 10-week-old mice and plated for 
sphere formation assay. Spheres from the each subpopulation (P0) were dissociated and replated for 3 successive 
generations (P1-P3). Graph shows the percentage of sphere-forming cells, based on the spheres from each 
population per 5000 cells plated after 8 days of growth. Error bars represent means and STD from triplicates of 
one of the two independent experiments (**, P<0.001). (B) Comparison of sphere size distribution between 
LSChi; CD166hi   and  LSChi; CD166lo  formed spheres. n.s., not significant. (C) Representative sphere images of 
LSChi;CD166hi and LSChi; CD166lo cells generated spheres.  Scale bar: 100 µm.  
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Figure S2-3:  LSChi;CD166hi and LSChi; CD166lo cells  isolated from Pten mutant prostate form spheres 
with similar size distribution. Representative sphere images of LSChi;CD166hi and LSChi; CD166lo cells 
generated spheres.  Top: spheres maintained in matrigel. low: spheres released from matrigel after dispase 
treatment. Scale bar: 200 µm.  
 

Table S2-2: Antibodies used for FACS, IHC and IF. 
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IV. Materials and Methods 

 

Mouse strains. Mutant mice with prostate-specific deletion of Pten were generated as described 

previously under a mixed background (Wang 2003). The 129/C57 background CD166 knockout 

(CD166-/-) was generously provided by the laboratory of Dr. Weiner of University of Iowa 

(Weiner 2004).  PtenL/L mice on a 129/Balb/c background were first crossed to the CD166 -/- 

mice to get F2 female PtenL/L;CD166-/-.  Pb-Cre+; PtenL/L;CD166-/- mice were then generated by 

crossing female Cre-;PtenL/L;CD166-/- with male Pb-Cre+;PtenL/L;CD166+/-. All animal 

experiments were performed following Institutional Approval for Appropriate Care and use of 

Laboratory animals by the UCLA Institutional Animal Care and Use Committee (Chancellor's 

Animal Research Committee (ARC)), Animal Welfare assurance number A3196-01. 

 

Tissue collection and FACS.  The preparation of prostate epithelial cell suspensions from male 

mice were described previously (Mulholland 2011). Dissociated prostate cells were suspended in 

DMEM/10% FBS and stained with antibody for 15 min at 4 °C. Antibodies are listed in Table 

S2. FACS analysis was performed by using BD FACS Canto (BD Biosciences, San Jose, CA). 

Cell sorting was done by using BD FACS Vantage and the BD FACS Aria II. 

 

In Vitro Prostate Sphere-Forming Assays. Prostate spheres were cultured and passaged as 

described previously (Lukacs 2010, Xin 2007). FACS-isolated prostate cells or unsorted prostate 

cells were counted and suspended into a 100µL mixture of 1:1 Matrigel (BD Biosciences, San 

Jose, CA) and PrEGM (Lonza, Walkersville, MD). Samples were plated around the rims of wells 

in a 12-well plate and allowed to solidify at 37°C for 45 minutes, before 1 ml of PrEGM was 
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added. Sphere media was changed every three days. Spheres were counted after 8 days. To 

passage spheres, medium was aspirated off and matrigel was digested with 1mL Dispase solution 

(Invitrogen, Carlsbad, CA, 1 mg/ml, dissolved in PrEGM medium) for 30 minutes at 37°C. 

Spheres were collected, incubated in 1ml warm Trypsin/0.05% EDTA at 37°C for 5 minutes, 

passed through a 27-gauge syringe 5 times, and filtered through a 40 μm filter. Cells were 

counted by hemocytometer and replated. 

 

RNA Isolation and qRT-PCR.  Sorted cells were collected and spun down. RNAs from sorted 

cells were extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA). RNAs were reverse 

transcribed into cDNA with SuperScript III First-Strand Synthesis System for qRT-PCR 

(Invitrogen, Carlsbad, CA), and quantitative PCR was done in the iQ thermal cycler (Bio-Rad) 

using the iQSYBR Green Supermix (Bio-Rad) in triplicate. Primers used for study are Ck5 (F5′-

ACCTTCGAAACACCAAGCAC-3′; R5′-TTGGCACACTGCTTCTTGAC-3′), Ck8 (F5′-

ATCGAGATCACCACCTACCG-3′; R5′-TGAAGCCAGGGCTAGTGAGT-3′), p63 (F5’-

CCCACAGACTGCAGCATTG-3’; R 5’-GAGATGAGGAGGTGAGGAGAAG-3’), AR (F5′-

AACCAACCAGATTCCTTTGC-3′; R5'-ATTAGTGAAGGACCGCCAAC-3′), CD166 (F 5'-

CCTAAGAGAGGAGCGGATTG-3'; R5'-CAGCCACTCCCAGAACAAAG-3'), Trop2 (F5'- 

AGACCAAAGCCTGCGCTGCG-3'; R 5'- AGCTGGGGTGCAGCTTGTAG-3'), Gadph (F5′-

ACTGGCATGGCCTTCCG-3′; R5′-CAGGCGGCACGTCAGATC-3′), CD117 (F5- 

AGAAGCAGATCTCGGACAGC-3’; R5’- GACTTGGGTTTCTGCTCAGG-3’), CD133 (F5-

ACCAACACCAAGAACAAGGC-3’; R5’-GGAGCTGACTTGAATTGAGG-3’), CD44 (F5- 

GTCAACCGTGATGGTACTCG-3’; R5’-AGTGCACAGTTGAGGCAATG-3’),  Nkx3.1 (F5’-

TCCGTCTTTTGGCTCTGAGT-3’;  R5’- GTGAAAGTGCACGCTGAAAA-3’). 
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Immunofluorescence and immunohistochemistry analyses. Tissue analysis was carried out 

using standard techniques as described previously (Wang 2003). Sections (4μm) were stained 

with hematoxylin and eosin (H&E) or with specified antibodies (Table S2). 

 

Western Blot analysis.  Total protein was extracted with RIPA buffer (20 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate) with fresh 

added phosphatase inhibitors (Sigma, St. Louis, MO) and protease inhibitors (Roche, 

Indianapolis, IN). Protein concentrations were determined by Bradford Assay kit (BioRad, 

Hercules, CA). Protein was separated by 4-15% gradient SDS/PAGE (BioRad, Hercules, CA) 

and transferred onto a PVDF membrane (Amersham Biosciences, Arlington Heights, IL). The 

membrane was blocked in 5% skim milk, and subsequently incubated with primary antibodies 

against CD166 and GADPH (Santa Cruz Biotechnology, Santa Cruz, CA), GFP (Abcam, 

Cambridge, MA), phospho-AKT Ser473 (Cell Signaling Technology, Beverly, MA) at 4°C 

overnight followed by incubation with peroxidase-conjugated goat anti-mouse IgG or goat anti-

rabbit IgG (Jackson ImmunoResearch, Inc., West Grove, PA), and developed with Pierce ECL 

reagent (Thermal Scientific, Rockford, IL). 

 

Human Prostate Cancer Tissue Microarray (TMA). TMA used to survey CD166 expression 

is composed of 112 patient samples. Written consent was obtained from the patient as well as 

ethics approval from University of British Columbia-British Columbia Cancer Agency Research 

Ethics Board (UBC BCCA REB), Vancouver, Canada. The 112 patient specimens were spotted 

in triplicate to create a tissue microarray with 336 cores as described previously in (Narita 2008). 

Scoring method was based on the intensity of the staining in each core on a 4-point scale from 
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none (0) to high (3). Mann-Whitney test was used to compare CD166 protein expression 

difference between different groups.  p values <0.05 were considered significant.   

 

Human Prostate Tissue Acquisition and Dissociation. Human prostate tissue was obtained via 

a research protocol that was approved by the Office for the Protection of Research Subjects at 

UCLA and the Greater Los Angeles VA Medical Center.  Informed written consent was obtained 

on all participants where identifying information was included. A frozen section was prepared 

from an adjacent slice of prostate tissue in order to determine the location of tumor nodules.  

Tumor areas were encircled and dissected away from benign regions within the fresh tissue slice.  

Benign tissue specimens were placed on ice and brought immediately to the laboratory for 

mechanical and enzymatic digestion (Garraway 2010). Prostate tissue was minced into small 

fragments (1 mm3) in RPMI-1640 medium supplemented with 10% FBS and went through 

through enzymatic digestion (12 h in 0.25% type I collagenase followed by TripLE (Invitrogen) 

for 5 min at 37 °C). Cell suspensions were passed through a 23-gauge needle and were filtered 

through 40-µm filters. Cells were plated overnight in PrEGM as described above for sphere 

formation assay or tissue regeneration assay. 

 

Tissue regeneration assay.  In vivo tissue experiments were performed in male NOD-

SCID/IL2rγ null mice in accordance with protocol number 2007-189-11A, approved by the 

Animal Research Committee within the Office for the Protection of Research Subjects at UCLA. 

Cells of interest were collected from FACS sorting. 2x105 viable cells were then mixed with 

2x105 rat urogenital sinus mesenchyme (rUGSM) and  suspended  in 100 µL with 50:50 

matrigel:PREGM (Garraway 2008, Goldstein 2010, Goldstein 2011). Cell/Matrigel mixtures 
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were then injected subcutaneously into NOD-SCID/IL2rγ null mice. Animals were supplemented 

with a 12.5mg 90-day release testosterone pellet under the skin (Innovative Research of 

America, Sarasota, FL). Grafts were harvested 8-16 weeks later and subjected to further analysis. 
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I. Introduction 

 The cellular mechanisms underlying tumor heterogeneity are largely unknown and an 

area of intensive study. Since seminal work by John Dick and colleagues in leukemia, many 

recent reports have suggested that cells within a tumor population exhibit functional 

heterogeneity, with a small subpopulation seemingly responsible for driving tumor propagation 

and progression (Lapidot 1994, Visvader 2008). This ‘cancer stem cell’ (CSC) paradigm posits 

that tumors are organized in a hierarchy of cells, similar to that of stem cell biology, with CSCs 

positioned as self-renewing progenitors giving rise to all the remaining ‘differentiated’ tumor 

cells. CSCs have been described in a variety of blood and solid tumor malignancies (Mimeault 

2007, Visvader 2008). As such, prospective identification and validation of cancer stem cell 

populations may lead to targeted therapeutic intervention to eliminate these cells, improving 

treatment outcomes (Frank 2010, Eppert 2011). 

 The gold-standard approach towards functional identification of these cancer stem cell 

populations are through limiting dilution xenotransplantation studies into immunocompromised 

mice (Lapidot 1994). Tumor subpopulations are dissociated to single cells, segregated based on 

cell surface marker expression, and transplanted into recipient mice to determine which tumor 

cells are capable of initiating secondary tumors. Identification of these markers has been largely 

informed by their expression in normal tissue development, most intensively studied in the 

hematopoetic lineage (Rector 2013). Cell surface markers found to specifically demarcate 

stem/progenitor cells in normal stem cell biology have been adapted and tested in the cancer 

field with some success (Mimeault 2007). It follows that specific isolation of stem cells in benign 

tissue is a logical first step to discover the identity of malignant cancer stem cells. 
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 Prostate stem/progenitor cell hierarchy was introduced extensively in Chapter 2 of this 

document. The pancreas, however, is another endodermal organ comprised of uniquely different 

cell types. It has an exocrine compartment comprised of acinar cells, which produce enzymes 

important for digestion of food materials, as well as ductal cells that deliver this ‘pancreatic 

juice’ to the small intestine (Pan 2011).  It also contains interspersed islet cells which are 

important for maintaining blood sugar homeostasis and regulating other endocrine functions (Pan 

2011). The existence of resident tissue stem/progenitor cells in the pancreas is controversial 

(Habener 2004, Yalniz 2005). There have been several reports identifying cell populations with 

varying degrees of progenitor activity in murine fetal (Zhou 2007, Sugiyama 2007, Hori 2008, 

Desgraz 2009) and adult (Oshima 2007, Rovira 2010) tissues, as well as in the human system 

(Todorov 2005, Afrikanova 2012). Other notable papers indicate that tissue maintenance can 

occur through a process of de-differentiation (Zhou 2008, Xu 2008) or self-duplication (Dor 

2004, Chen 2011), rather than hierarchical stem cell differentiation.  

 We set out to determine and further refine the identification of stem/progenitor cells 

within the prostate and pancreas systems. Our method will include both a discovery approach to 

identify novel markers based on association with stem/progenitor qualities, as well as a more 

targeted approach utilizing the Lgr5 gene. After testing the validity of novel progenitor 

populations in these tissues, we hope to leverage this information to inform identification of 

cancer stem cell populations after tissue transformation. 

 

II. Results 

 

a.  Lgr5 does not mark a stem/progenitor cell in the pancreas and prostate 
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Lgr5 is a G-protein-coupled receptor which was first identified as a Wnt-target gene (van 

de Wetering 2002). It has been found to bind R-spondins to mediate Frizzled/Lrp receptor 

complex induction of Wnt3a and activation of the Wnt program (de Lau 2011). Lgr5 has been 

shown to demarcate stem cells in the gut, colon, and skin (Barker 2007, Jaks 2008), as well as 

serve as a cell-of-origin for intestinal cancers (Barker 2009). Given the fact that both the prostate 

and pancreas are of similar endodermal origin and the Wnt pathway has been implicated in their 

tissue homeostasis and tumorigenesis (Murtaugh 2008, Kharaishvili 2011), we set out to test the 

hypothesis that Lgr5+ cells may mark stem/progenitor cells in these tissues.  

We utilized a previously described mouse model, wherein a GFP allele was knocked-in 

the Lgr5 locus (Barker 2007). As such, any mice with an Lgr5 heterozygous (Lgr5+/Cre) genotype 

would have Lgr5+ cells fluoresce with GFP, amenable to visualization via FACS or microscopy. 

 We first checked basal Lgr5 expression in the adult prostate and pancreatic murine tissue. 

Gut was used as a control, which showed a clear GFP+ subpopulation (Fig 1A left). While no 

expression was observed in any pancreatic cells (Fig 1A middle), there was a clear minor 

population present in the prostate (Fig 1A right). This Lgr5 knock-in allele also had a tamoxifen-

inducible CreERT2 element, allowing manipulation of genes floxed by the LoxP sequences in a 

Lgr5-specific and temporal regulated manner. We crossed Lgr5+/Cre mice with the Rosa26-lacZ 

reporter line, which allowed us to indelibly mark Lgr5+ cells with the LacZ gene. After 7 days of 

tamoxifen induction, Lgr5+/Cre LacZL/L mice were sacrificed and organs were harvested for X-gal 

staining. Surprisingly, no LacZ+ cells could be identified in the prostatic or pancreatic epithelium 

at this time point although LacZ+ cells were clearly present in the intestinal epithelium (Fig 1B). 

 To better characterize the observed prostatic Lgr5-GFP+ population, we performed 

additional FACS analysis. The CD49hiScaIhi (LSC+) profile has been shown to mark prostate  



- 45 - 
 

Figure 3-1:  Lgr5 expression in pancreas and prostate.  (A) FACS analysis of Lin-;GFP+ cells from 10-week-
old Lgr5+/Cre mice indicates an Lgr5+ population in the prostate but not pancreas. (B) Lineage tracing through 
whole mount X-gal staining after 7 days post-induction with 5mg dose of tamoxifen in Lgr5+/Cre LacZL/L mice 
shows no epithelial Lgr5 expression in prostate or pancreas. Nuclear Fast Red was used as a counterstain and 
Lgr5+/+LacZL/L mice were used as staining controls. 
.  
 

 

basal stem/progenitor cells, while EpCAMhiCD24hi population can segregate total prostate 

epithelium from EpCAMloCD24lo mesenchyme (Figure 2A, left panels)(Lawson 2007, 

Mulholland 2012). Gating on the Lgr5-GFP+ population, we found that a majority of cells were 

found in the ScaI+CD49f- and EpCAMloCD24lo regions, indicating a probable stromal origin (Fig 

2A). Furthermore, Lgr5 transcript levels from sorted EpCAMloCD24lo mesenchymal-enriched 

cells were significantly higher than epithelial-enriched LSC+ and LSC- cells  from the murine 

prostate (Fig 2B). This result was further confirmed by cytospinning FACS sorted Lgr5-GFP+ 
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and Lgr5-GFP- prostate cells onto glass slides and staining with epithelial markers. CK5 and 

CK8, markers of prostate basal and luminal epithelium respectively, were significantly enriched 

in the Lgr5-GFP- fraction compared to Lgr5-GFP+, further supporting the notion that Lgr5+ 

cells are not epithelial in origin (Fig 2C).  

 

 

 

 

Figure 3-2: Lgr5 marks a mesenchymal population in the prostate. (A) Left: Representative FACS blots of 
prostate basal (CD49fhiSca1hi), epithelial (CD24hiEpCAMhi), and mesenchymal (CD24-EpCAM-) cell types. 
Right: Backgating on Lin-;GFP+ cells in prostates of Lgr5+/Cre mice reveal most events reside in mesenchymal 
fraction. (B) CD49fhiSca1hi, CD49fhiSca1hi and CD24-EpCAM- populations were FACS sorted from prostate, 
RNA isolated and subjected to qPCR. RPL13a was used as loading control. (C) Lgr5+ and Lgr5- prostate cells 
from Lgr5+/Cre mice were FACS sorted, cytospun, and underwent immunofluorescent staining. DAPI was used 
to visualize nuclei. Arrows indicate positive stains. 
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 Pancreatic epithelium typically have very little cellular turnover compared to rapidly 

regenerating gut and skin tissue (Kong 2011). However upon onset of pancreatitis, an 

inflammatory condition which results in massive cell death in pancreatic acini due to aberrant 

activation of digestive enzymes, there is induction of cell proliferation to repair the damage 

(Steer 1987). Activation of stem/progenitor activity through tissue trauma may allow easier 

visualization of Lgr5+ cell activity (Nygaard 2005, Xu 2008). We used two murine models of 

acute pancreatitis in attempt to mobilize pancreatic stem/progenitors: 1) Caerulein is a small 

molecule which is known to mimic acinar atrophy at high doses; 2) Ligating the pancreatic duct 

with surgical sutures to induce physical trauma. In both models, Lgr5+ cells were still not 

observed after either treatment (Fig 3A).  

 

 

 

Figure 3-3: Tissue injury and in vitro sphere culture do not produce Lgr5+ cells. (A) Lgr5+/Cre mice were 
injured either with a 2-day course of 250μg/kg doses of caerulein (Top) or a 7-day latency after pancreatic duct 
ligation (Bottom). Lin-;GFP+ cells were analyzed with FACS. Lgr5+/+ mice were used as a control, and 2 
representative Lgr5+/Cre pancreata are shown. (B) Bright Field and fluorescence images of prostate spheres from 
Lgr5+/+ and Lgr5+/Cre mice cultured for 7 days. (C) Spheres grown from Lgr5+/Cre prostate and pancreas were 
dissociated and FACS analysis for GFP showed no positive cells.  
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 Both pancreatic and prostate cells can be cultured in vitro in special conditions known as 

sphere culture which selects for stem/progenitor cells (Seaberg 2004, Lawson 2007). We 

therefore cultured pancreas and prostate cells in the sphere forming media to test whether in vitro 

stem cell enrichment would allow us to identify Lgr5+ cells. However, no Lgr5-GFP+ cells could 

be detected by either FACS or microscopy above background levels (Fig 3B-3C).  

As a final effort, we checked to see if Lgr5 is expressed during fetal pancreas and 

prostate development. Pregnant females were injected with tamoxifen from E8.5-E14.5, and 

sacrificed two days after injection. Individual pups were genotyped for Lgr5 and Y-chromosome 

(sex determination) and prepared for whole-mount X-gal staining. While robust LacZ expression 

was observed on the skin and various tissues in Lgr5+/CreLacZL/L pups (Fig 4A), no pronounced 

LacZ staining compared to Lgr5+/+ control samples was detected in the urogenital sinus or the 

embryonic pancreas (Fig 4B).  

 

 

 

Figure 3-4: Lgr5 is not expressed in fetal pancreas or prostate epithelium. LacZL/L females were bred with 
Lgr5+/Cre males. 4-5mg of tamoxifen were injected i.p. at E8.5, E10.5, E12.5, and E14.5 time points, with 
embryos harvested at day E16.5. Representative whole mount X-gal staining is shown on Lgr5+/+ and Lgr5+/Cre 
embryos. (B) Zoomed gross images and tissue sections of the head, pancreas, and urogenital sinus are shown 
(Arrow points to UGS).  
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 To determine if Lgr5 has a role in oncogenic transformation, Lgr5+/Cre mice were bred 

with previously described PtenL/L and KrasL/+ allele-bearing mice (Hill 2010, Mulholland 2012). 

Tamoxifen administration would induce deletion of PTEN tumor suppressor and activation of  

oncogenic K-ras specifically in Lgr5+ cells. Lgr5+/CrePtenL/L and Lgr5+/CrePtenL/LKrasL/+ mice 

were given a bolus dose of tamoxifen and monitored for 6 months and 6 weeks, respectively. No  

Figure 3-5: PTEN deletion and KRAS activation in Lgr5+ cells cause skin lesions, but do not induce 
tumor formation in the pancreas or prostate. (A) Lgr5+/Cre mice were bred with PtenL/L and KrasL/+ to 
generate appropriate genotypes. 10-12 week old mice were then injected with 5mg of tamoxifen to induce Cre 
recombination in Lgr5 cells. HE of pancreas and prostate sections are shown after 6 months (Lgr5+/CrePtenL/L) or 
6 weeks (Lgr5+/CrePtenL/LKrasL/+) of tamoxifen injection. (B) Skin lesions developed on Lgr5+/CrePtenL/LKrasL/+ 
mice after six weeks post-tamoxifen on the trunk, paw, and mouth. Gross pictures and HE sections of select 
tumors are shown. 
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clear pathological phenotype was observed in either prostate or pancreas with Lgr5-CreER-

mediated Pten deletion or Pten deletion and Kras activation, indicating Lgr5+ cells do not serve 

as a cell-of-origin for these cancer types (Fig 5A). Although no obvious skin abnormality was 

observed in Lgr5+/CrePtenL/L mice six months post Cre-mediated Pten deletion, large papilloma 

lesions developed rapidly in the skin of Lgr5+/CrePtenL/LKrasL/+ mice, suggesting that co-

activation of the PI3K and RAS/MAPK pathway is essential for this phenotype development in 

Lgr5+ skin progenitor cells. The severe lesions are present in the face, paws, and trunk, which 

required euthanasia according to institutional protocol, precluding longer examination of this 

model (Fig 5B). Three pathologists from two institutions have determined these skin lesions to 

be benign hair follicular tumors called trichoadenomas, with extensive verrucous lesions, cysts, 

and parakeratosis (Shimanovich 2010). 

 

b. Unbiased pursuit and analysis of murine pancreatic stem/progenitors 

 As mentioned previously, pancreatic progenitor function can be studied in vitro utilizing 

a cell culture system which promotes formation of spherical clusters of cells growing in 

suspension (Seaberg 2004). As a first step to identify adult tissue stem/progenitor cells, we 

dissociated murine pancreata to single cells, cultivated them as spheres, and passaged them in 

vitro for multiple generations to show sphere cells possessed self-renewal capacity (Fig 6A). 

Immunofluorescent staining of spheres revealed the presence of all three major pancreatic cell 

lineages, confirming the multipotent potential of sphere-forming cells (Fig 6B). Reassured that 

sphere cells were enriched for progenitor activity, we performed FACS analysis on a variety of 

cell surface markers associated with stem cells in the pancreas and other systems. Several cell 

surface markers were identified to be significantly upregulated in sphere cells compared to total 
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 primary pancreatic cells (Fig 6C). 

 As a secondary assay to validate stem cell association with certain cell surface markers, 

the caerulein-induced acute pancreatitis mouse model was utilized. As previously discussed, 

acute pancreatic injury can induce high rates of proliferation and mobilization of stem cell  

function to repair and replace damaged tissue. Pancreata from mice treated with caerulein were 

Figure 3-6: Pancreatic sphere cells exhibit stem cell properties and have a unique cell surface expression 
pattern. (A) Dissociated murine pancreatic cells grow into spherical colonies in suspension after 7 days. Graph 
shows quantification of sphere-forming units after seeding of 1,000 cells in a 96-well low attachment plate for 
the first and second passage. Data shown as mean +/− STD. (B) Immunofluorescent staining of intact spheres 
show regional expression of all three pancreatic lineages. DAPI is used to visualize nuclei. (C) FACS analysis 
tabulating average expression of cell surface markers in total viable cells isolated from the wild type pancreas 
and their derived sphere cells. 
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compared to placebo-treated mice for changes in cell populations via FACS analysis. 

Reassuringly, many cell-surface markers were enriched in the treatment group (Table 3-1), 

similarly to our observation in sphere culture conditions. 

 

 To functionally test the multipotent potential of select pancreatic subpopulations and 

validate stem cell identity, we sought to develop an in vivo assay of pancreatic regeneration.  

To this end, wWe first transplanted cells dissociated from fetal pancreas into the subcutaneous 

flank of NOD-SCID immunocompromised mice. After 8 weeks, implants were harvested and 

assayed for pancreatic regeneration. Strikingly, all pancreatic cell types could be regenerated 

from this fetal source and comfirmed with immunohistochemical analysis (Fig 7A). Encouraged 

by this result, we next attempted tissue regeneration utilizing adult pancreatic cells. To increase 

chances of success, total adult pancreatic cells were mixed with fetal pancreatic cells prior to 

Table 3-1: Cell-surface marker changes associated with induction of acute pancreatitis. (A) Mice were 
treated with caerulein for two consecutive days with 250μg/kg dose i.p. injections or control PBS injections 
(n=3). Pancreata were dissociated and FACS analysis of average cell-surface marker expression is represented 
(Fold-Change was calculated as Caerulein% / PBS%). 
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transplantation, which we reasoned can provide a supportive and inductive microenvironment. 

Adult cells were obtained from a global dsRED knock-in mouse (Vintersten 2004), which meant 

that any pancreatic outgrowths derived from adult, and not fetal cells, would be dsRED labeled. 

Despite repeated attempts, we could never detect any dsRED+ signal for adult pancreatic 

regenerated structures, even with robust expression in parental adult pancreatic tissue (Fig 7B).  

Figure 3-7: Fetal but not adult pancreatic tissue regeneration in vivo. (A) E12.5-E14.5 pancreatic rudiment 
was isolated, dissociated, and 1x106 cells implanted into recipient NSG mice. Left: H&E section of a 
representative subcutaneous growth. Right: Immunohistochemical confirmation of three pancreatic cell lineages. 
(B) 1x106 fetal pancreatic cells were mixed with 1x106 adult dsRED pancreatic cells and implanted into NSG 
mice. Immunofluorescent staining showed no dsRED+ structures. Adult dsRED pancreas was used as a positive 
control, fetal only implants were used as a negative control, and DAPI was used to visualize nuclei. 
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c. Cell surface marker adaptation for identification of putative cancer stem cells 

 We next checked whether these identified cell surface molecules with associated 

stem/progenitor characteristics are also expressed on pancreatic tumors. Our lab had previously 

generated a novel mouse model of pancreatic cancer which closely resembles the human disease 

(Hill 2011). Gene expression microarray was performed on pancreatic tumors and compared to 

wild type cohorts. Many cell surface molecules were found to be overexpressed, including 

several novel markers as well as those previously associated with stem/progenitor function such 

as CD44 and CD133 (Supp Table S1). A panel of these hits was validated on the protein level 

via FACS analysis and immunohistochemistry (Fig 8).  

  To ensure these cell-surface markers are relavant to human PDAC, FACS analysis 

was performed on a panel of human pancreatic cancer xenografts. Briefly, patient tumor tissue 

was obtained in collaboration with the UCLA Department of Surgery and passaged in NOD-

Figure 3-8: Select markers upregulated in pancreatic cancer cells. (A) Immunohistochemical staining of 
Pdx1-Cre- and Pdx1-Cre+ PtenL/LKrasL/+ pancreatic tissue sections with CD44 and CD138 antibodies. (B) FACS 
analysis of select cell-surface markers in Pdx1-Cre- and Pdx1-Cre+PtenL/LKrasL/+ pancreas tissue. 
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SCID IL2γ knock-out (NSG) immunocompromised mice. We confirmed expression of many of 

the cell-surface markers identified in the murine model in these human samples (data not 

shown).  

 Among this array of confirmed stem cell enriched and cancer associated markers, CD138 

seemed to be a good candidate as it is expressed at low levels in the normal pancreas, 

upregulated in tumors, and significantly overexpressed in sphere culture and inducted upon 

injury. CD138 is a member of the syndecan family of cell surface heparain-sulfate 

proteoglycans, which has been shown to bind extracellular matrix proteins to mediate a variety 

of biological processes including cell adhesion, migration, and proliferation (Woods 2001). 

CD138 has also been shown to be upregulated in pancreatic cancer and have prognostic value 

(Conejo 2000, Juuti 2005). To functionally determine whether CD138 demarcates a cancer stem 

Figure 3-9: Cancer stem cell properties of pancreatic tumor subpopulations. (A) Human tumor xenografts 
were FACS sorted into positive and negative populations for CD138 and CD44 and then cultured in vitro as 
spheres. Graph shows quantification of sphere-forming units after seeding of 1-2,000 cells in a 96-well low 
attachment plate. Data shown as mean +/− STD. (B) Tumor subpopulations were FACS sorted into marker 
positive and negative fractions, transplanted at various doses into recipient NSG mice, and allowed to grow for 
4-6 months. Examples using CD138 and CD44 are shown. 
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cell population, human pancreatic xenografts were FACS sorted for CD138+ and CD138- 

populations and seeded into in vitro sphere cultures, where CD138+ cells trended towards 

enhanced sphere-forming activity, although not statistically significant (Fig 9A). Similar 

validation experiments were performed with CD44, a known PDAC CSC marker (Fig 9A). 

However, preliminary limiting dilution xenotranplantation assays didn’t segregate tumor-

initiating potential by CD138 or CD44 expression, as both positive and negative cell fractions 

could initiate transplantable tumors at low cell doses (Fig 9B).   

 Given the fact that secondary tumors had arisen at such low cell dose numbers, we went 

on to ask what the tumor-initiating capability of total tumor epithelium was independent of 

positive marker selection. To that end, we identified a way of isolating and separating stromal 

cells from tumor cells. PDGFRβ is a receptor tyrosine kinase (Heldin 1990) highly expressed in 

neonatal pancreatic mesenchyme (Hori 2008). We found that in all our human PDAC tumor 

samples, PDGFRβ is expressed specifically in stromal cells, overlapping with the pattern of 

SMA expression (Fig 10A). To confirm that PDGFRβ demarcates stroma, we sorted PDGFRβ+ 

and PDGFRβ- cells from our xenografts and tested the expression levels of epithelial and 

mesenchymal associated genes. Reassuringly, PDGFRβ- cells express high levels of epithelial 

markers CK19 and EpCAM, as compared to PDGFRβ+ cells, which express high levels of 

mesenchymal marker Vimentin (Fig 10B). 

 In an attempt to understand the cell-autonomous behavior of these tumor xenografts, we 

isolated stroma-enriched PDGFRβ+ and epithelium-enriched PDGFRβ- cells and performed 

limiting-dilution transplantation experiments. As expected, the majority of tumor-initiating 

ability resides in the PDGFRβ- epithelial population (Fig 10C). Strikingly, 100 PDGFRβ- 

epithelial cells are sufficient for initiating transplantable tumors.  This tumor-initiation potential 
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is comparable to the activity of positively selected CSC population transplants previously 

reported (Li 2007, Herman 2007, Li 2011). Tumors developed from high doses of PDGFRβ+ cell 

implantation are most likely due to contaminated epithelial cells from FACS sorting, as 

evidenced by near identical tumor histology (Fig 10D). 

Figure 3-10: PDGFRβ marks cancer-associated fibroblasts and PDGFRβ- tumor cells have high tumor-
initiating ability. (A) IHC on consecutive sections of a human tumor shows PDGFRβ staining to almost 
completely overlap with SMA+ stroma. (B) A human tumor xenograft was FACS sorted into PDGFRβ+ and 
PDGFRβ- cell populations. RNA was isolated, reverse transcribed into cDNA, and quantitative PCR performed 
with select genes. (C) Limiting Dilution transplantation was performed utilizing 4 independent human 
xenografts using PDGFRβ to segregate tumor subpopulations. Positive secondary tumors were scored with 
palpable masses after 4-6 months. (D) IHC on secondary tumors formed from PDGFRβ+ and PDGFRβ- cell 
fractions show very similar epithelial morphology. 
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III. Discussion 

 The expression of Lgr5 in prostate stroma is an interesting finding. The Wnt family of 

proteins is known to be expressed during murine prostate gland development, essential for bud 

outgrowth, duct formation and branching (Huang 2009).  Stromal secreted factors have been well 

documented contributors to prostate cancer pathogenesis (Taylor 2008, Franco 2012). Moreover, 

the Wnt/β-catenin pathway can be activated in prostatic epithelium stemming from increased 

paracrine Wnt ligand production from the stroma, resulting in prostatic intraepithelial neoplasia 

lesions and tumor progression (Li 2008, Zong 2012). Given the fact that Lgr5 is a surface 

receptor which can mediate Wnt signaling, it will be interesting to determine what autocrine 

effects Wnt secretion will have on Lgr5+ stromal cells. Furthermore, due to the well-documented 

heterogeneity in prostate cancer stroma (Wu 2003, Kiskowski 2011, Sun 2012), interrogating the 

role of Lgr5+ stromal cells in mediating stroma-epithelial interactions leading to prostate cancer 

formation may reveal an interesting new therapeutic target. 

 Definitive determination of multipotent stem cells in the adult pancreas remains elusive. 

While restricted progenitor activity has been shown in some contexts, no single cell population 

has been shown to functionally derive differentiation of all three pancreatic lineages in vivo (Ku 

2008). In our study, we identified several potential cell surface markers associated with 

stem/progenitor activities; however, formal functional characterization of these cell populations 

was not achieved due to assay system inadequacies. Perhaps with a better understanding of 

pancreatic developmental biology and improvements in biotechnology assay systems, this cell 

type may eventually be discovered. In fact, there is a large effort currently underway to 

understand the stem cell biology of the pancreas, with the goal of directing reprogramming and 

differentiation to a β cell fate as a therapeutic treatment for diabetes (Dominguez-Bendala 2012). 
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Alternatively, it may be the case that stem cells have not yet been formally identified because 

they do not exist in the pancreas, and tissue maintenance occurs through a program of de-

differentiation or symmetric division (Dor 2004, Zhou 2008). 

 This naturally leads to the idea that a stem/progenitor hierarchy may not be as relevant in 

the context of pancreatic cancer as well. We observe many cell surface markers upregulated in 

our murine pancreatic tumor cells compared to wild type controls both on the RNA and protein 

levels. Moreover, many of these proteins are upregulated in sphere culture as well as activated 

upon pancreatic injury. However, observations in the human pancreatic xenografts revealed a 

striking heterogeneity of marker expression across tumor lines as well as in tumor sphere 

cultures of 5 independent xenografts (Supp Fig 1). Furthermore, we had initially hoped that a cell 

surface marker would emerge as unique in its expression pattern to merit consideration as a 

putative cancer stem cell. However, it seemed clear that any number of cell-surface markers 

identified in our screen could be rationally associated with ‘stem/progenitor’ characteristics in 

some fashion (Fig 6, 7, 10, data not shown). Previous studies linked the expression of CD133, 

CD44, CD24 and others as specific markers of pancreatic cancer stem cells (Li 2007, Herman 

2007, Li 2011). However, these reports chose these specific markers in a biased manner based on 

their characterization as markers in other systems such as glioblastoma and breast cancer (Singh 

2003, Al-Hajj 2003). It may be that utilization of any tumor-specific marker can enrich for 

tumor-initiating ability, as positive selection with such a marker would purify tumor cells from 

contaminating microenvironment cells such as fibroblasts and lymphocytes. 

 To further support this notion, we found that pure tumor cells which were specifically 

depleted of cancer-associated fibroblasts and immune cells had tumor-initiating potential 

comparable to the best known cancer stem cell populations (Fig 10C). Additionally, although 
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some differences in sphere forming activity were seen utilizing CD138, preliminary 

xenotransplantation assays did not segregate tumor-initiating ability. The fact that CD138- tumor 

cells still had the ability to form tumors indicates that marker phenotypic heterogeneity does not 

necessarily correlate with functional outcomes. It is important to note that these studies were 

preliminary and more exhaustive experimentation with more tumor samples are needed to draw 

firm conclusions. Nevertheless, it is unclear whether CD138 or any of the other cell-surface 

markers we have studied could specifically enrich for a cancer stem cell, or whether these 

markers simply enriched for total tumor cells. This raises the possibility that optimizing PDAC 

xenotransplantation procedures may reveal that a larger proportion of PDAC tumor cells have 

tumor-initiating ability than currently appreciated, similar to that observed in other systems 

(Quintana 2008). 

 

 

 

Supp Table S1: Genes found to be upregulated in murine pancreatic cancer model expression microarray. 
RNA was isolated from age-matched WT and Pdx1-Cre+PtenL/+KrasL/+ mouse pancreata (n=4) and submitted 
for global microarray analysis. Top hits found to be upregulated in Pdx1-Cre+PtenL/+KrasL/+ mice from Gene 
Ontology ‘Cell-Surface’ category is shown. 
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Supp Fig-1: Relative Expression of surface markers comparing total tumor cells and tumor spheres. (A-
D) 4 different human xenografts were dissociated to single cells. Some cells were kept for RNA isolation. The 
remaining cells were used to grow spheres in vitro. After 7-10 days, RNA was isolated from sphere cells. cDNA 
was generated for quantitative PCR analysis for a panel of genes. PCR was run in duplicate or triplicate, and 
data for each graph is normalized to total cells for each xenograft. 
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IV. Materials and Methods 

 

Mouse strains. Mice with IRES-CreERT2 and eGFP insertion at the Lgr5 promoter on the 

C57BL/6 background were generated as described previously (Barker 2007). These Lgr5+/Cre 

mice were bred with Rosa26-LacZ mice on a mixed background to generate Lgr5+/CreLacZL/L 

mice. PtenL/L and KrasL/+ mice were also bred to Lgr5+/Cre mice to generate Lgr5+/CrePtenL/L and 

Lgr5+/CrePtenL/LKrasL/+ mice. Murine pancreatic tumors were generated using the Pdx1-Cre 

mouse bred with PtenL/L and KrasL/+ alleles as previously described (Hill 2010). All animal 

experiments were performed following Institutional Approval for Appropriate Care and use of 

Laboratory animals by the UCLA Institutional Animal Care and Use Committee (Chancellor's 

Animal Research Committee). 

 

Isolation and engraftment of primary PDAC. Human pancreatic ductal adenocarcinoma tissue 

was obtained via a research protocol that was approved by the UCLA Institutional Review 

Board.  Informed written consent was obtained by all participants. A piece of cancer tissue was 

dissected away from the total surgically resected specimen following pancreatectomy. PDAC 

tissue specimens were brought immediately to the laboratory and minced into small fragments (1 

mm3) with razor blades in PBS, dipped into a 1:1 mix of Matrigel (Becton Dickinson) and 

DMEM:F12 (Invitrogen), and surgically implanted into the subcutaneous flanks of recipient 

NOD:SCID IL2γ knock-out (NSG) mice. 

 

Single cell dissociation. Tissues were harvested and minced into small pieces, washed with PBS, 

then went through enzymatic digestion at 37 °C with constant agitation: 1) murine prostate – 2 
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hrs in 1mg/mL Type I collagenase (Invitrogen); 2) murine pancreas – 20-30 min in 1mg/mL 

Type IV collagenase (Invitrogen); 3) pancreatic tumors: for 2.5-3 hr in 1 mg/mL Type IV 

collagenase. Digestion media was supplemented with 3mM CaCl2, 0.1mg/mL DNAse I (Roche), 

Soybean Trypsin Inhibitor (Calbiochem), and 10mM HEPES (Invitrogen) in HBSS (Invitrogen). 

Cell suspensions were washed in DMEM:F12 media with 10% FBS containing DNAse I and 

Soybean Trypsin Inhibitor, then triturated through consecutive 18-gauge and 23-gauge needles 

and were passed through 40-µm filters. Cells were then xenotransplanted, FACS analyzed, or 

frozen for future study.  

 

FACS sorting and analysis. Dissociated tumor cells were suspended in HBSS/2% FBS and 

stained with antibodies for 15 min at 4 °C. Primary antibodies include ScaI (Biolegend), CD49f 

(Biolegend), Ter119 (Biolegend), CD31 (Biolegend), CD45 (Biolegend), EpCAM (eBioscience), 

CD24 (eBioscience), CD44 (Biolegend), CD138 (BD Bioscience), CD133 (eBioscience), CD151 

(R&D Systems), CXCR4 (eBioscience), CD166 (eBioscience), c-Kit (eBioscience), DBA 

(Vector), anti-mouse PDGFRβ (Biolegend), anti-human CD166 (R&D Systems), anti-human 

PDGFRβ (Biolegend). GFP fluorescence was measured endogenously. Cell sorting was 

performed using BD FACS Aria in the UCLA Jonsson Comprehensive Cancer Center and 

Center for AIDS Research Flow Cytometry Core Facility. FACS analysis was performed with 

BD FACS LSRII (BD Biosciences). 

 

Immunohistochemistry. Antigen retrieval was performed on formalin-fixed, paraffin-embedded 

tissue by heating the slides at 95°C in citrate buffer (pH 6.0) for 15 minutes. Stains were 

visualized with Vectastain ABC Elite Kit (Vector Labs). Sections (4μm) were stained with 
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hematoxylin and eosin (H&E) or with specific antibodies against PDGFRβ (1:100, Cell 

Signaling), SMA (1:1000, Sigma), and PanCK (1:1000, Sigma). Staining was visualized with an 

Olympus BX60 microscope using PictureFrame software. 

 

Immunofluorescence analysis. Sorted cell were cytospun on glass slides (Shandon) at 800rpm 

for 5 minutes and fixed with cold methanol for 10 minutes. The following primary antibodies 

were used: GFP (Aves Labs), CK5 (Covance), CK8 (Covance). DAPI Anti-Fade reagent 

(Invitrogen) was used to mark nuclei. Staining was visualized with an Olympus BX60 

fluorescent microscope using PictureFrame software. 

 

Lineage Tracing. Mice were injected i.p. with 4-hydroxytamoxifen (Sigma) to induce LacZ 

expression in appropriate genetic strains. After 24 hours, select tissues were harvested, fixed 90-

120 minutes with 2% PFA/0.2% Glutaraldehyde , washed with PBS, and incubated with X-gal 

Working Solution for 1-4 hours (5mM Potassium Ferricyanide Crystalline (Sigma), 5mM 

Potassium Ferricyanide Trihydrate (Sigma), 2mM Magnesium Chloride (Sigma), 0.01% Sodium 

Deoxycholate (Sigma), 0.02% NP-40 (Sigma), 0.1% 5-bromo-4-chloro-3-indolyl-ß-D-

galactoside (Boehringer Mannheim) in PBS). Tissues were then rinsed, processed into 10um 

sections, and counterstained with Nuclear Fast Red. Alternatively, tissues were flash frozen in 

OCT (Sakura) and cryosectioned at 5-10um onto glass slides. Sections were then fixed with cold 

2% PFA/0.2% Glutaraldehyde for 10 min, washed with PBS, and incubated with X-gal Working 

Solution overnight at 37°C. Sections were then rinsed and counterstained. 
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RNA Isolation and qRT-PCR.  Cells were collected, spun down, and RNA extracted using 

TRIzol® Reagent (Invitrogen). RNA was reverse transcribed into cDNA with SuperScript III 

First-Strand Synthesis System for qRT-PCR (Invitrogen), and quantitative PCR was done in the 

iQ thermal cycler (BioRad) using the iQSYBR Green Supermix (BioRad) in triplicate. Mouse 

primers used were: Lgr5 (F5′- GTGCATTCTCCCTTGCTGAG-3′; R5′- 

TGCACAGCCATTTGAGAGAG-3′), Vimentin (F5′- CGGCTGCGAGAGAAATTGC-3′; R5′- 

CCACTTTCCGTTCAAGGTCAAG-3′), RPL13a (F5′- TACGCTGTGAAGGCATCAAC-3′; 

R5′- ATCCCATCCAACACCTTGAG-3′). Human primers used were: Ck19 (F5′- 

ATGGCCGAGCAGAACCGGAA-3′; R5′- CCATGAGCCGCTGGTACTCC-3′), EpCAM (F5′- 

CGCAGCTCAGGAAGAATGTG-3′; R5′-TGAAGTACACTGGCATTGACG-3′), Vimentin 

(F5’-TCTGGATTCACTCCCTCTGG -3’; R5’-GCAGAAAGGCACTTGAAAGC -3’), 

PDGFRβ (F5′- GTGAACGCAGTGCAGACTGT-3′; R5'- AGGTGTAGGTCCCCGAGTCT-3′), 

RPL13a (F5'-CATCGTGGCTAAACAGGTACTG-3'; R5'- GCACGACCTTGAGGGCAGCC-

3'). CD138 (F5’-GGAGCAGGACTTCACCTTTG-3’; R5’-CTCCCAGCACCTCTTTCCT-3’), 

Lgr5 (F5'- CAGCGTCTTCACCTCCTACCT-3'; R5'- CCTTGGGAATGTATGTCAGAGC-3'), 

Pdx1 (F5'- TCCACCTTGGGACCTGTTTAGAG-3'; R5'-

GGACTCACTGTATTCCACTGGCATC-3'), CD24 (F5'- GGCACTGCTCCTACCCACGCAG-

3'; R5'- GCCACATTGGACTTCCAGACGCC-3'), CXCR4 (F5'- 

ATCATCTTCTTAACTGGCATTGTG-3'; R5'- GCTGTAGAGGTTGACTGTGTAG-3'), 

CD133 (F5'- CCGCAGGAGTGAATCTTT-3'; R5'- AGGACTCGTTGCTGGTGA-3'), ABCG2 

(F5'- CACCTTATTGGCCTCAGGAA-3'; R5'- CCTGCTTGGAAGGCTCTATG-3'), ABCB1 

(F5'- AAGCTTAGTACCAAAGAGGCTCTG-3'; R5'- 

GGCTAGAAACAATAGTGAAAACAA-3'), CD166 (F5'- TAGCAGGAATGCAACTGTGG-
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3'; R5'- CGCAGACATAGTTTCCAG-3'), CD151 (F5'- ACAGCCTACATCCTGGTGGT-3'; 

R5'- TTCTCCTTGAGCTCCGTGTT-3'), E-Cadherin (F5'- GACTCGTAACGACGTTGCAC-3'; 

R5'- AGGAGTTCAGGGAGCTCAGAC-3'), CD266 (F5'- TGCTTTCTGGCTTTTTGGTC-3'; 

R5'- AGGCTCCCTTTCTGTTCTGG-3'), CD87 (F5'- GAGCTGGTGGAGAAAAGCTG-3'; R5'- 

CATGTCTGATGAGCCACAGG-3'), Synd4 (F5'- TTGAGAGAACGGAGGTCCTG-3'; R5'- 

GCTAAAGTCCAAGCCAGTGC-3'), CD49f (F5'- GCTCGAGGTTATGGAACAGC-3'; R5'- 

AGATCCCAGCGAGAATAGCC-3'). 

 

Pancreatitis Induction. 10-12 week old mice were injected with 250μg/kg caerulein (Sigma) in 

the intraperitoneum either chronically 5 times a week for two weeks, or acutely for two days. 

Alternatively, pancreatic ducts were physically ligated for 7 days. Briefly, mice were 

anesthetized and the left abdominal flank shaved and sterilized with ethanol. A 1cm incision was 

made and pancreas exteriorized. Surgical sutures were wrapped around the pancreatic tail and 

tied. The pancreas was then internalized and the incision closed with surgical staples. 

 

In vitro prostate sphere assay. Prostate spheres were cultured and passaged as described 

previously (Lukacs 2010, Xin 2007). Cells were counted and suspended into a 100µL mixture of 

1:1 Matrigel (BD Biosciences) and PrEGM (Lonza). Samples were plated around the rims of 

wells in a 12-well plate and allowed to solidify at 37°C for 45 minutes, before 1 mL of PrEGM 

was added. Sphere media was changed every three days. Spheres were counted after 8 days.  

 

In vitro pancreatic sphere assay. Pancreatic cells were grown as previously described (Seaberg 

2004). Briefly, single cells were plated at a density of 50,000 cells/mL in low-attachment plates 
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(Corning). Spheres were grown in DMEM:F12 media supplemented with N-2, B27, Glutamax, 

20ng/mL EGF (Invitrogen), and 20ng/mL bFGF (R&D Systems).  

 

In vivo pancreatic regeneration. Fetal pancreatic rudiment was harvested from E12-E16 

embryos as previously described (Burke 2010). Cells were gently dissociated utilizing 0.1 

mg/mL Collagenase IV (Invitrogen) for 5 min at 37°C then briefly triturated with a 27-guage 

needle. 1 x106 cells were mixed 1:1 in Sphere Media and Matrigel and injected subcutaneously 

into recipient NSG mice. Implants were harvested 8-12 weeks later. Alternatively, adult 

pancreatic cells isolated from β-actin dsRED [Tg(ACTB-DsRed.MST)1Nagy/J] were used and 

mixed 1:1 with fetal cells.  

 

Microarray gene expression analysis. The gene expression was investigated by Affymetrix 

Mouse 430 2.0 Array by the UCLA Microarray Core. Microarray data are available at the 

National Center for Biotechnology Information Gene Expression Omnibus (GSE38988). The 

mRNA expression data from CEL files was normalized using dChip software. For each gene, its 

expression in each genotype group was represented by the geometric average of the biological 

replicated samples (n=4). The log ratio between a pair of two genotypes was then calculated.  

 

Limiting Dilution experiments. Tumor cells were FACS sorted into PDGFRβ+ and PDGFRβ- 

populations, excluding lineage markers CD31, Ter119, and CD45. Single cells were mixed 1:1 

into Matrigel:DMEM:F12 and implanted into subcutananeous flanks of NSG mice at varying cell 

doses and monitored for 4-6 months. Palpable tumors were scored for tumor initiation. 
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I. Introduction 

 Pancreatic Cancer is the fourth leading cause of cancer-related mortality in the US, with a 

5-year median survival of 5% (American Cancer Society 2013). Pancreatic Ductal 

Adenocarcinoma (PDAC) is the most common and malignant form of this disease, due to a 

uniquely aggressive tumor biology (Morris 2010, Stathis 2010). At the point of diagnosis, most 

PDAC patients have locally advanced or metastatic disease which precludes surgery (Conlon 

1996). Roughly 20% of patients are candidates for surgical resection, however long-term 

survival remains poor due to disease recurrence. The chemotherapeutic gemcitabine has been the 

standard-of-care treatment for 15 years, shown to improve survival in metastatic pancreatic 

cancer patients, albeit by only a few weeks (Burris 1997). Gemcitabine is a nucleoside analog of 

deoxycitidine which can be inserted into newly synthesized nucleic acid during DNA replication 

and terminate further elongation, leading to cellular apoptosis and tumor growth inhibition 

(Fukunaga 2004). Additionally, gemcitabine can bind and inhibit the enzyme Ribonucleotide 

Reductase, halting production of necessary deoxyribonucleotide pools for DNA synthesis and 

thus further blocking cell cycle progression (Fukunaga 2004).  

 In 2007, a European study sought to understand whether gemcitabine administration in 

the post-operative adjuvant setting can increase survival in patients with resectable PDAC 

(Oettle et al 2007).  This group found that disease-free survival was doubled in patients receiving 

adjuvant gemcitabine compared to controls (13.7 months vs 6.9 months). The utility of 

gemcitabine was confirmed in subsequent studies, rendering adjuvant chemotherapy post-

operatively a standard treatment course at many centers (O’Reilly 2010, Sultana 2012). Despite 

the survival benefit, a majority of patients are refractory to treatment, relapse quickly and 
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succumb to disease (Sohn 2000). Therefore, determining mechanisms of PDAC resistance to 

gemcitabine is an important step to improve survival outcomes. 

 Here we have modeled the clinically heterogeneous response to gemcitabine treatment 

using murine xenograft models of patient-derived human PDAC samples. We have treated seven 

human xenograft lines in vivo with gemcitabine and found that two tumor lines completely 

responded throughout the treatment course, whereas five tumor lines relapsed immediately after 

drug withdrawal. We go on to show that the cause of this differential response is not a result of 

commonly hypothesized mechanisms of gemcitabine resistance, including dCK pathway levels 

and activity, microenvironmental factors, as well as cancer stem cell content and function. We 

performed global gene expression microarray analysis on these tumors and identified several 

pathway alterations which segregated response and relapse groups, including the Skp2-ubiquitin 

and PI3K pathway. We further validate that functionally targeting these pathways can increase 

gemcitabine sensitivity in patient-derived PDAC tumors in vivo. 

 

II. Results 

 

a. Gemcitabine sensitivity and relapse can be modeled in a human PDAC xenograft system 

 In an effort to understand the complex heterogeneity of human PDAC biology leading to 

differential response to gemcitabine treatment, we created a bank of 27 human PDAC xenografts 

from 45 surgically resected PDAC patient samples in collaboration with the UCLA Department 

of Surgery in accordance with institutional policy and approval. These patients had not 

undergone any neoadjuvant treatment, and PDAC specimens were obtained less than 3 hours 

after surgical resection and implanted into NOD-SCID IL2γ knock-out (NSG) 
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immunocompromised mice (see Materials and Methods). Individual patient tumor lines were 

passaged in vivo, propagated, and banked for future study. Relevant patient clinical data on select 

xenografts and their associated pathology can be found in Supplementary Table 1.  

To model drug response, each patient tumor line was implanted subcutaneously and 

orthotopically into the same NSG mice and allowed to grow.  Our unpublished results suggest 

that the growth rates of subcutaneous and orthotopic tumors from the same line are comparable.  

Therefore, we decided to use subcutaneous tumor to model the treatment responses because of its 

feasibility in continuous monitoring. Subcutaneous tumors were allowed to grow to about 5mm 

in diameter. Tumor bearing NSG mice were then randomly separated into two cohorts with 5-10 

mice per cohort, including 1) control group (PBS treated); 2) GEM treatment group (100mg/kg 

gemcitabine twice weekly for 3-4 weeks). Group 2 was then further separated into two 

subgroups, one with continuous treatment and the other with treatment release; both subgroups 

were monitored for up to a month and the slopes of their tumor growth were calculated as shown 

in Fig 1A and Sup Fig 1. This treatment scheme was chosen to model the kinetics of 

administration of a round of gemcitabine in the clinic (Oettle 2007).  

 Seven patient xenograft lines were tested, yielding two unique response groups. The first 

group included 2 xenograft lines we hereafter term ‘Sensitive’, which shrank throughout the 

treatment course as observed by the negative growth slope (Fig 1A top; Supp Fig 1A). 

Interestingly, even after withdrawal of gemcitabine, tumors did not grow back even after a month 

of drug release (Fig 1A top). Histologically, whereas these tumors were highly proliferative in 

PBS-treated mice, tumor epithelia seemed to almost completely stop cycling after three weeks of 

gemcitabine treatment as seen by Ki67 staining (Fig 1B, top panels; Fig 1C, left panel). The 

second group included five xenograft lines, which we hereafter term ‘Relapseable’.  These  
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tumors grew slowly throughout the treatment course as measured by the slightly positive growth 

slope, albeit at a much slower pace than PBS-treated controls (Fig 1A bottom; Supp Fig 1A). As 

soon as treatment was halted, tumors relapsed immediately and started to grow at a pace similar 

to untreated control groups (Fig 1A bottom; Supp Fig 1A). Strikingly, although there was a 

Figure 4-1:  Human pancreatic xenografts can be segregated by response to gemcitabine treatment in 
vivo.  (A) Graphs of in vivo tumor growth kinetics for two xenografts following gemcitabine treatment. Mice 
were treated with 100mg/kg gemcitabine i.p. starting day 0 (red arrow) twice weekly. Some mice were released 
from drug after 3-4 weeks (black arrow). Tumors were measured and plotted relative to day 0 tumor volume. 
Logarithmic tumor growth slopes are displayed for each treatment course. (B) H&E and immunohistochemical 
staining for Ki67 were performed on PBS and gemcitabine treated tumors (scale: 50μm). (C) Quantitation of 
Ki67+ tumor nuclei is represented for both xenografts, showing a significant decrease for the Sensitive, but not 
Relapseable, tumor after gemcitabine treatment. 
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significant growth difference between PBS and Gemcitabine treated tumors, a large percentage 

of tumor cells were still highly proliferative after three weeks of treatment as shown by Ki67 

staining (Fig 1B bottom panels; Fig 1C, right panel). Taken together, the responses of our 

xenograft models seemed to correlate well with the clinical data from Oettle et al, which 

calculated that 22.5% of patients receiving post-operative gemcitabine survived at least 5 years. 

This ratio of responders is similar to 28.6% (2/7) of our patient samples which were sensitive to 

gemcitabine treatment.  

 

b. Gemcitabine sensitivity is not due to differences in nucleoside salvage pathway activity 

 Gemcitabine is a prodrug which needs to get internalized and metabolized prior to being 

bioactive. The primary mechanism of its activation is through the deoxyribonucleoside salvage 

pathway (Shu 2010). The rate-limiting enzyme in this pathway is deoxycytidine kinase (dCK), 

which phosphorylates gemcitabine into a diphosphate, eventually leading to triphosphorylation 

and incorporation into DNA (Staub 2006). Other positive regulators include the hENT1/2 and 

hCNT1/2 transporters which mediate gemcitabine uptake into the cell (Garcia-Manteiga 2003), 

as well as ribonucleotide reductase (RRM1/2), which is important to generate the 

deoxyribonucleotide precursors needed for DNA synthesis (Duxbury 2004). Cytidine deaminase 

(CDA) is an essential gene in the pathway known to negatively affect gemcitabine efficacy, 

actively deaminating gemcitabine into deoxyuridine (Eda 1998). Expression levels of these genes 

are known to correlate with gemcitabine efficacy in patient tumors (Fujita 2010).  

 To determine whether the activity of nucleoside salvage pathway is a potential 

mechanism for the differential gemcitabine responses, we first performed global gene expression 

microarray analysis on untreated tumor xenografts, and found that ‘Sensitive’ and ‘Relapseable’ 
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tumor cohorts indeed clustered together (Sup Figure 2A). Surprisingly, none of the nucleoside 

salvage pathway associated genes were differentially expressed in the ‘Sensitive’ and 

‘Relapseable’ groups (Fig 2A). As further confirmation, we checked protein expression levels for  

 

 

 

 

 

 

Figure 4-2: Nucleoside salvage pathway activity is similar among xenograft cohorts. (A) Gene expression 
microarray analysis was performed on all 7 human pancreatic xenografts. Probe signal expression for genes 
involved in the nucleoside salvage pathway were averaged for ‘Sensitive’ and ‘Relapseable’ tumors and 
displayed, showing no significant difference between them. (B) Protein levels of dCK and CDA for each 
xenograft was examined in duplicate by Western blotting. β-actin was used as a loading control. (C) dCK 
protein activity for both tumor cohorts was measured in vitro mixing whole cell protein extracts with radioactive 
dCK substrates. Phosphorylated product was quantified, using BSA-only and dCK-/- cell line as negative 
controls. (D) PET/CT scan images of tumor-bearing mice were performed 1hr after 200uCi of 18FFAC probe was 
injected intravenously. Tumors are indicated by arrows and probe SUV quantitation is shown using muscle as a 
control. (E) Immunofluorescent staining of frozen xenograft tissue with CD31 and EpCAM antibodies showing 
representative areas of similar blood vessel architecture (scale: 50μm). 
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dCK and CDA via Western blot analysis for each tumor and did not see any trend indicating a 

dCKhiCDAlow pattern expected for gemcitabine sensitivity (Fig 2B, upper panels).  As dCK is an 

essential rate-limiting step in the pathway, we reasoned that its enzymatic activity might predict 

gemcitabine efficacy. To this end, we employed an in vitro dCK assay on whole-cell lysates 

from frozen xenograft tissue and found no significant difference of dCK activities between the 

‘Sensitive’ and ‘Relapseable’ groups (Fig 2B, lower panel). 

 To corroborate our in silico and in vitro observations, we measured dCK pathway activity 

in vivo in our xenograft models, utilizing the specific PET imaging probe 1-(2’-deoxy-2’-18F-

fluoro-β-D-arabinofuranoxyl)cytosine, or 18F-FAC. Previous studies have shown that the 

intensity of 18F-FAC signal is directly correlated with dCK activity, and 18F-FAC can be used for 

imaging cancers in vivo (Radu 2008; Braas 2012). We went on to image two releapseable and 

one sensitive xenograft lines, and found there is no significant difference in probe uptake 

between the different response groups (Fig 2D). Additional imaging with the PET probe 18F-

fluorodeoxyglucose (18F-FDG) showed there was no significant difference in overall glucose 

metabolism between the response groups either (Supp. Fig 2B).  

It has been suggested that gemcitabine efficacy in pancreatic cancer is reduced due to 

poor perfusion and hypovascularity (Olive 2009, Provenzano 2012). It is therefore important to 

note that there are no differences in either 18F-FAC or 18F-FDG PET probes perfusion to the 

tumor sites between response groups. We co-stained xenografted tumors with CD31, an 

endothelial marker, and EpCAM, an epithelial cell marker, and found no significant differences 

in the size and density of vascularities between the response groups (Fig 2E), further supporting 

the notion that the differential responses to gemcitabine in our PDAC xenograft models are not 
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due to the differences in the availability of the drug, or the enzymatic activities required to 

activate the prodrug. 

 

c. Cancer epithelium, not its associated stromal cells, is intrinsically responsible for 

gemcitabine resistance 

 It has been increasingly appreciated that cells of the tumor microenvironment have a 

profound effect on tumor initiation, progression, and response to therapies (Hanahan 2011). One 

major constituent of the tumor milieu in PDAC are the cancer-associated stromal cells. In 

addition to acting as a physical barrier for drug delivery, these stromal cells can secrete paracrine 

factors, such as pro-survival and anti-apoptosis signals, as well as growth factors for tumor cell 

growth (Hwang 2008, Farrow 2008, Bachem 2008, Neesse 2011), invasion (Ohuchida 2004, 

O’Connell 2011) and chemoprotection (Muerkoster 2004, Mantoni 2011, Sun 2012). They also 

have immunosuppressive effects, preventing anti-tumor immunity from occurring (Kraman 

2010).  

 In order to understand whether gemcitabine relapse in our xenograft model is a cancer 

cell autonomous effect or mediated by tumor-associated stromal cells, we first identified a way 

to separate stromal cells from tumor cells. PDGFRβ is a receptor tyrosine kinase (Heldin 1990) 

highly expressed in neonatal pancreatic mesenchyme (Hori 2008). We found that in all our 

human PDAC tumor samples, PDGFRβ is expressed specifically in stromal cells (Fig 3A, left 

panel), overlapping with the pattern of SMA expression (Supp. Fig 3A). To confirm that 

PDGFRβ demarcates stroma, we sorted PDGFRβ+ and PDGFRβ- cells from our xenografts (Fig 

3A, middle panel) and tested the expression levels of epithelial and mesenchymal associated 

genes. Reassuringly, PDGFRβ- cells express high levels of epithelial markers CK19 and 
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EpCAM, as compared to PDGFRβ+ cells, which express high levels of mesenchymal marker 

Vimentin (Fig 3A, right panel). 

 

 

 

 

 

Figure 4-3: Depletion of PDGFRβ+ fibroblasts does not inhibit gemcitabine relapse. (A) Left: 
Immunohistochemical staining of human tumor with PDGFRβ shows expression in fibroblasts (scale: 50μm). 
Right: Cells were FACS sorted from a xenograft with PDGFRβ, RNA isolated, and qPCR analysis performed 
showing mesenchymal nature of PDGFRβ+ cells. (B) Limiting dilution xenotransplantation analysis shows 
tumor-initiating potential in the PDGFRβ- fraction. (C) Human xenografts were depleted of human fibrobalsts 
through serial sorts of PDGFRβ- cells in vivo and then treated with gemcitabine. (D) Tumors were treated for 
three weeks and then released from drug (Black Arrow), with logarithmic growth slopes displayed for each 
treatment course. (E) H&E and Ki67 staining was performed on PBS and gemcitabine treated tumors (scale: 
50μm). 
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 In an attempt to understand the cell-autonomous behavior of these tumor xenografts, we 

first isolated stroma-enriched PDGFRβ+ and epithelium-enriched PDGFRβ- cells and performed 

limiting-dilution transplantation experiments. As expected, the majority of tumor-initiating 

ability resides in the PDGFRβ- epithelial population (Fig 3B, left). Importantly, 100 PDGFRβ- 

epithelial cells are sufficient for initiating transplantable tumors (see below). Tumors developed 

from high doses of PDGFRβ+ cell implantation are most likely due to contaminated epithelial 

cells from FACS sorting, as evidenced by near identical tumor histology (Supp Fig 3B). 

 To test the tumor cell-autonomous effects of gemcitabine resistance and relapse, we first 

went through two rounds of sorting PDGFRβ- cells from a relapseable xenograft line and 

passaging in NSG mice, to ensure depletion of cancer-associated stroma (Fig 3C).  We then 

subjected the resulting PDGFRβ- cell-derived xenografts to the same gemcitabine in vivo 

treatment scheme and found that these epithelial only xenograft behaved similarly to the parental 

xenograft with both epithelial and stroma (Fig 3D). Importantly, after gemcitabine release, 

PDGFRβ- cell-derived tumors relapsed quickly, growing at a pace similar to vehicle controls 

(Fig 3D) and are highly proliferative (Fig 3E). Taken together, these results indicate that cancer 

cells, not cancer-associated stromal cells, are the key determinants for chemoresistance and 

relapse in our model systems. 

 

d. Cancer stem cell content and function is not altered by gemcitabine treatment 

 Increasing evidence suggests that specific tumor subpopulations, termed cancer stem 

cells (CSC), exist within human cancers (Dalerba 2007). CSCs exhibit properties of self-renewal 

and multi-lineage differentiation and are responsible for continuous tumor growth and 

therapeutic resistance (Mimeault 2007). Several groups have identified CSC populations in 
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PDAC, utilizing markers such as CD133, ALDH, CD44, CD24, EpCAM, and c-Met to 

prospectively isolate and test their function (Li 2007, Herman 2007, Kim 2011, Li 2011). It is 

thought that cancer stem cells are resistant to many chemotherapeutics, either through 

upregulation of drug efflux pumps, relative quiescence, upregulation of developmental pathways 

or other pro-survival mechanisms (Mimeault 2007, Lee 2008, Chen 2012). Therefore, we sought 

to examine the content and function of the putative cancer stem cell populations, based on 

previous published cell surface markers, within our tumor xenografts as a possible mechanism 

for differential gemcitabine sensitivity. 

 One possibility was that CSC populations represented a higher percentage of total tumor 

cells in our ‘Relapseable’ group as compared to the ‘Sensitive’ group. We reasoned that more 

CSCs might result in more intrinsically chemoresistant cells at the baseline level, leading to 

quicker relapse. To test this hypothesis, we performed FACS analysis using a panel of previously 

published PDAC CSC markers on all seven xenografts (Fig 4A). In addition to known CSC 

markers in PDAC, we also tested a panel of novel cell surface proteins our group previously 

identified to be upregulated in a mouse model of PDAC and human PDACs (Supp Table 2A) 

(Hill 2012; Donahue et al 2012 and our unpublished observation). To ensure that tumor cells 

were being specifically measured, we first excluded hematopoietic-derived, endothelial and 

stromal cells by negative selection to enrich epithelial cells, then gated on CSC marker positive 

cells (Supp Fig 4A). Intriguingly, the ‘relapseable’ group is not associated with higher 

percentages of CSC marker-positive cells, either using single or combinations of markers (Supp 

Table 2A). Additional immunofluorescence staining to co-localize CSC marker CD24 and CD44 

expression confirmed that the distributions of double-positive cells are not restricted to a 

particular tumor region or as a small subpopulation of cells (Supp Fig 4B-C).  
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 We then postulated that if CSCs were indeed selectively chemoresistant, these cells 

would preferentially survive and be enriched after gemcitabine treatment. We treated xenograft 

Figure 4-4: Cancer stem cell content or functional activation is not selected for after gemcitabine 
treatment.  (A) Bar graphs representing cell population percentages from FACS analysis of cell-surface marker 
expression for xenograft tumors after PBS (blue) and gemcitabine (red) treatment. Stars indicate statistically 
significant differences in expression. (B) PBS and gemcitabine treated xenografts were dissociated to single 
cells, depleted of immune and fibroblast cells, and plated in vitro for sphere-forming analysis in triplicate. 2,000 
cells were cultured for 10 days in suspension and spheres larger than 50um counted. (C) Diagram of pulse-chase 
experiment timeline. (D) Immunofluorescent staining of xenograft with CldU (green), IdU (red), and DAPI 
(blue) (scale: 50μm). Quantitation of positive tumor cells are displayed in the pie chart, with no significant 
enrichment of double positive cells as calculated by Fisher Exact Test.  
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lines in vivo for 3-4 weeks and submitted tumors to the same negative selection before FACS 

analysis for CSC marker positive cells.  It is important to note that the amount of stromal cells 

varied considerably before and after treatment, rendering exclusion of these cells essential for 

this comparative analysis (Supp Fig 4D). Surprisingly, virtually all marker-positive populations 

tested remained at similar percentages to vehicle controls (Fig 4A and Supp Table 2B). 

Statistically significant increases or decreases were observed in few select instances (marked 

with *). However, these changes are not consistent and cannot be used to stratify sensitive and 

relapsable groups.  

 While established FACS markers are good surrogates for CSC content, functional test of 

stem/progenitor activity is needed to formally exclude the contribution of CSCs from 

gemcitabine relapse. To this end, we employed an established in vitro sphere assay as a read-out 

of CSC activity. xenograft lines were either vehicle or gemcitabine treated in vivo for three 

weeks. Tumors were harvested, dissociated into single cells, then depleted PDGFRβ+, CD31+, 

Ter119+, and CD45+ cells. The resulting tumor cells were then plated for sphere forming 

activities. We found no difference in sphere-forming potential in tumor cells before and after 

gemcitabine treatment, indicating no functional gain in CSC content or activity after gencitabine 

treatment (Fig 4B). 

 If a specific subpopulation within a tumor is responsible for tumor relapse, such as a CSC 

compartment, those cells should be preferentially resistant and be the “parents” of those 

repopulating tumor cells after treatment. Alternatively, if no distinct subpopulation is responsible 

for the regrowth of the cancer, we would expect the remaining cells in the xenograft to 

proliferate stochastically after drug withdrawal. To visualize proliferating tumor cells in vivo in 

an unbiased manner, a pulse-chase strategy was employed utilizing two nucleoside analogs 
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chloro-deoxyuridine (CldU) and iodo-deoxyuridine (IdU) (Fig 4C). As shown by previous 

studies utilizing a similar strategy (Chen 2012), if a unique chemoresistant cell population is 

responsible for tumor relapse, they most likely proliferate after drug withdrawal and incorporate 

the first nucleoside analog pulse. After this first cell division, the chemoresistant repopulating 

cell will continue to divide and incorporate the second analog pulse. It follows that these cells 

should retain both pulse labels at a significantly higher frequency than expected by chance. 

However if many of the remaining tumor cells divide stochastically after drug withdrawal, 

retention of both pulses should be essentially random. 

 A ‘Relapseable’ xenograft line was pulsed on consecutive days after the last dose of 

gemcitabine administration. Small Intestines from the same animals were used as controls, as the 

stem/progenitors responsible for intestine growth and maintenance have been well defined (King 

2013). As expected, CldU+IdU+ cells are concentrated in the stem cell enriched crypt region, 

with CIdU+ cells from the first pulse having differentiated and migrated to the upper part of 

microvilli without further proliferation (Supp Fig 5A).  In the xenograft, we observed that 25.1% 

of tumor cells stained for CldU on day 1 after treatment and 15.1% on day 2 with IdU, with only 

4% cells were double positive for CldU and IdU (Fig 4D).  Double positive cells which were not 

adjacent to a proliferating cell were counted as single positive, as this indicates these tumor cells 

had likely not cycled twice (Supp Fig 5B). There was no regional restriction of double positive 

cells in the tumors, with expression interspersed throughout the tissue. Moreover, after statistical 

analysis utilizing Fisher Exact Test, it was determined that the percentage of double positive 

cells was not significantly different than expected from pure chance. The same result was 

obtained with a ‘Sensitive’ xenograft line (Supp Fig 5C). This suggests that the tumor cells 

remaining after drug treatment behave similarly and contribute equally to tumor relapse. 
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e. Gene expression microarray reveals unique gemcitabine sensitivity signature 

 To understand global pathway differences that might explain phenotypic differences to 

gemcitabine treatment, gene expression microarray analysis was performed as previously 

described (Supp Fig 2A and Supp Table 4). We found a total of 890 differentially regulated 

genes between the ‘Sensitive’ and ‘Relapseable’ groups (196 up, 694 down in ‘Relapseable’). 

Additionally, we performed gene set enrichment analysis utilizing the KEGG reference database 

to identify those pathways that were most significantly different between these two groups. 

Among the top upregulated pathways in the ‘Relapseable’ group is the ‘FC Epsilon RI signaling’ 

pathway, which is comprised of major mediators of both the PI3K and MAPK signaling cascade 

(Fig 5A, left panel). Both PTEN and p85β, important negative regulators of the PI3K pathway, 

were significantly downregulated by 2.1 and 1.8-fold respectively in the  ‘Relapseable’ group. 

Another highly significant hit was the ‘Ubiquitin mediated proteolysis’ pathway, which is 

downregulated in the ‘Sensitive’ group (Fig 5A, right panel). Among the key regulators of the 

Ubiquitin mediated proteolysis pathway is SKP2, which was found to be significantly 

upregulated by 1.6-fold in the ‘Relapseable’ group. 

 Skp2 is an F-box protein comprising part of an E3 ubiquitin ligase, which tightly 

regulates cell cycle entry and progression through targeted degradation of checkpoint proteins 

such as p27, p21, and cyclins (Nakayama 2004, Hu and Aplin 2008). It has been well-established 

that overexpression of Skp2 leads to aberrant proliferation and can be oncogenic in breast, 

prostate, and other tissues (Chan 2010, Wang 2012, Shim 2003). Skp2 has a variety of other 

validated target substrates outside of cell cycle control, including proteins involved in gene 

transcription, DNA repair, and various signal transduction pathways (Frescas 2008). 

Interestingly, Skp2 has been recently shown to directly ubiquitinate and activate AKT by 
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recruiting it to the cell membrane (Chan 2012). Reciprocally, AKT interacts with and 

phosphorylate Skp2 (Gao 2009, Lin 2009). Moreover, the PI3K pathway has been shown to 

directly control Skp2 levels (van Duijn 2006, Reichert 2007, Jonason 2007).  

Figure 4-5: Specific gene signature segregates Sensitive and Relpaseable xenograft cohorts. (A) Heatmap 
of differentially expressed genes between two groups determined through >1.5 probe intensity fold-change and 
significant p-value (p<0.05). (B) Graphs showing gene set enrichment analysis identifying significantly altered 
pathways utilizing KEGG database. Immunohistochemical staining (C) and Western blot analysis (D) of Skp2, 
pS6, S6, PTEN, and p27 on xenograft tissues to validate differential expression on protein level. β-Actin was 
used as a loading control (scale: 50μm).  
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 In addition to their roles in tumorigenesis, both of these pathways have been implicated 

in PDAC chemoresistance. Deletion of FKBP5, a negative regulator of AKT, was shown to 

result in AKT activation and increased resistance to gemcitabine and other chemotherapeutics in 

pancreatic cancer cell lines (Pei 2009). Skp2 deletion induces hypersensitivity of pancreatic 

cancer cells to TRAIL-induced apoptosis (Schuler 2011). Furthermore, upregulation of Skp2 and 

PI3K pathway is correlated with poor survival in PDAC patients (Einama 2006, Donahue 2012).  

Taken together, the PI3K-Skp2 axis is an attractive target to test in our gemcitabine relapse 

model. 

 We validated the differential expression of these genes on the protein level through 

immunohistochemistry and Western blot analysis (Fig 5B and 5C). ‘Sensitive’ xenograft lines in 

general exhibited higher PTEN and lower P-S6 levels as well as lower SKP2 and higher p27 

levels as compared to ‘Relapseable’ xenograft lines, suggesting that these two pathways may 

collaboratively regulate gemcitibine sensitivity. 

 

f. SKP2 and PI3K pathway are integral in PDAC gemcitabine relapse 

 To confirm the importance of SKP2 in mediating gemcitabine sensitivity, we first 

dowregulated its expression utilizing two sets of siRNAs on the MiaPaca2 and AsPC1 PDAC 

cell lines to choose the most effective siRNA (date not shown). Efficient knockdown was 

observed after 24 hours and maintained until day 6 (Fig 6A). Concomitant upregulation of p27 

confirmed the efficient functional inhibition of SKP2-associated activity. Strikingly, a significant 

attenuation of P-AKT and P-S6 were observed, confirming Skp2 interaction with the PI3K 

pathway (Fig 6A). SKP2 has been shown to mediate the DNA repair of double-stranded breaks 

through recruitment of ATM (Wu 2012). Skp2 knock-down also lead to an increase in γH2AX 
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(Fig 6A), indicating an increase in DNA damage possibly through decreased repair. We next 

tested the effect of Skp2 inhibition on tumor cell growth in the presence of gemcitabine. We 

found that Skp2 inhibition sensitized MiaPaca2 cells to gemcitabine treatment, resulting in 

significantly increased cell death in the dual treatment (Fig 6B). 

 There are few selective small molecule inhibitors to Skp2. MLN4924 is a NEDD8-

activating enzyme inhibitor which affects multiple subtypes of the cullin-RING ubiquitin ligase 

family (Soucy 2009). Wu et al recently described identification of several novel compounds to 

specifically inhibit Skp2, although these are not yet publically available and need to be validated 

(Wu 2012). Given our data indicating the importance of the PI3K pathway in ‘Relapseable’ 

xenografts, as well as our observed (Fig 6A) and previously described interaction of the Skp2-

PI3K pathway, we reasoned we can indirectly target Skp2 degradation while simultaneously 

inhibiting the PI3K pathway. 

 PKI-587 is a recent dual PI3K/mTOR kinase inhibitor developed by Pfizer, showing anti-

tumor efficacy in a panel of cancer cell lines in vitro and in vivo (Mallon 2011). We treated 

PDAC cells in vitro with PKI-587 and observed efficient downregulation of both pAKT and pS6 

(Fig 6C and Supp Fig 6A). Importantly, there was also a dose-dependent decrease in Skp2 

protein levels, confirming PI3K control of Skp2 expression. Similar to siRNA knockdown, we 

found that PKI-587 dual treatment with gemcitabine lead to significantly increased tumor cell 

death compared to either drug alone (Fig 6D).  

 To confirm this observation in vivo, we treated a ‘Relapseable’ tumor xenograft with 

gemcitabine, PKI-587, or both over a 2.5-week time course. We found that the dual treatment is 

significantly more effective at shrinking the tumor than either drug alone (Fig 6E). Western blot 

analysis indicated that PKI-587 treated tumors showed dramatic downregulation of pS6, however 
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Figure 4-6: Targeting Skp2 and PI3K pathways increase gemcitabine sensitivity in vitro and in vivo. (A) 
Time course of specific RNAi inhibition of Skp2 in MiaPaca2 cells. Protein levels were examined by Western 
blot using β-actin as loading control. (B) Graph of MiaPaca2 cell line proliferation over a 72-hour time course 
with gemcitabine, Skp2 siRNA, or dual treatment with MTT assay. (C) MiaPaca2 cells were cultured for 24 
hours with an increasing concentration of PKI-587. Western blot analysis confirmed inhibition of the AKT and 
mTOR pathways, as well as inhibition of Skp2. (D) Graph of MiaPaca2 cell line proliferation over a 72-hour 
time course with gemcitabine, PKI-587, or dual treatment with MTT assay. (E) A Relapseable xenograft was 
treated in vivo for 16 days twice weekly i.p. with gemcitabine, PKI-587, or both and tumor growth was 
measured, resulting in significant tumor shrinkage in the dual treatment. (F) Western blot analysis confirmed 
inhibition of Skp2 and pS6 in PKI-treated tumors. 
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pAKT was not significantly decreased (Fig 6F). Importantly, Skp2 expression was effectively 

inhibited with the PKI-587 treatment, with almost complete knock-down in the dual treatment. 

Immunohistochemical analysis revealed similar patterns, additionally indicating decreased 

proliferation in dual treated tumors (Supp Fig 6B). Interestingly, remaining Ki67+ tumor cells in 

dual treated tumors also maintained Skp2 and pS6 staining as seen in consecutive sections, 

indicating that if complete shutdown of these pathways is achieved, an even greater anti-tumor 

effect may be expected (Supp Fig 6B arrows). 

 

III. Discussion 

 5-year survival rates for pancreatic cancer have not appreciably improved over the past 

three decades (American Cancer Society 2013). Despite dozens of attempts with a variety of 

small molecule interventions, painfully few clinical trials have successfully extended overall 

patient survival for this disease, and gemcitabine remains the standard chemotherapeutic  

treatment modality for pancreatic cancer patients (Burris 1997, Moore 2007, Conroy 2011). 

Therefore, understanding the mechanisms of intrinsic PDAC resisistance to chemotherapies is an 

area of great interest and intensive research. 

 Many of the genetic alterations required for tumor initiation and progression of pancreatic 

cancer have been well documented (Jones 2008, Mann 2011, Biankin 2012). In addition to the 

impressive variety of lesions which may lead to differential patient response to treatment belies a 

further layer of complexity due to substantial intra-tumoral clonal heterogeneity, both within a 

primary tumor as well as in relation to disseminated metastases (Campbell 2011, Yachida 2011). 

In order to capture the complexity of human disease, we chose to model PDAC utilizing low-

passage human xenografts grown in NSG mice in place of genetically engineered mouse models 
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or cancer cell lines. While there are drawbacks in a foreign, compromised microenvironment and 

lack of natural tumor initiation and progression, we felt the most important aspect of studying 

mechanisms of intrinsic chemotherapy resistance was to maintain the integrity of patient genetic 

diversity and testing sensitivity with clear functional readouts in a relevant in vivo model 

mimicking a treatment schedule patients receive. There have been numerous studies attempting 

to elucidate gemcitibine resistance mechanisms, including in pancreatic cell lines (Akada 2005, 

Shah 2007, Hong 2009), subtype classifications (Collisson 2012) or correlations from clinical 

patient histories (Fujita 2010, Garrido-Laguna 2011). We feel our functional in vivo model is 

more representative of clinical anti-tumor gemcitabine efficacy, which correlates well with 

matched patient survival outcomes. 

 Major known therapeutic determinants of clinical gemcitabine efficacy include 

nucleoside salvage pathway activity, sufficient drug delivery to tumor cells, and pro-survival 

signals both from tumor cells and the microenvironment (Wang 2011, Hung 2012). In this set of 

seven human PDAC xenografts, these common mechanisms do not explain our phenotypically 

differential results. We show on the transcriptional, translational, and pathway levels that 

gemcitabine metabolism is very similar across all xenograft lines tested. Further, after stripping 

away cancer-associated fibroblasts from tumor cells utilizing the stromal-specific marker 

PDGFRβ, we show that in vivo gemcitabine relapse functions independently of the presence of 

supporting tumor-derived mesenchymal cells. While murine fibroblasts from the subcutaneous 

space do infiltrate tumor epithelium and may secrete paracrine signals after stromal depletion, 

these cells would presumably be present in ‘Sensitive’ xenograft lines as well, and as such 

cannot explain the differential gemcitabine response. 



- 95 - 
 

 A relatively new paradigm in cancer biology which has been applied to PDAC posits the 

existence of a hierarchy of cancer cells, whereby tumor growth is driven by cancer stem cells, 

and while chemotherapy may eliminate more ‘differentiated’ tumor bulk, CSCs are resistant and 

are the cause of tumor relapse (Bhagwandin 2009). As a corollary, much excitement has 

surrounded the potential clinical implications, with active research focusing on identifying these 

CSCs and understanding how best to therapeutically target them to increase patient survival 

(Frank 2010). Several groups have identified CSC markers and cell populations in PDAC which 

are resistant to gemcitabine treatment, and that targeting specific pathways upregulated in these 

CSCs may improve gemcitabine efficacy (Herman 2007, Li 2011, Jimeno 2009). However, these 

reports are still in their preliminary stages and quite controversial, with no clinical relevance 

observed to date (Adams 2008, Shipitsin 2008, Lewis 2008). To test the hypothesis that CSCs 

are selectively resistant to gemcitabine in PDAC and responsible for tumor relapse, we first 

performed exhaustive FACS analysis on our xenograft lines before and after treatment, but saw 

no significant consistent enrichment of any marker population. Moreover we performed 

functional in vitro sphere forming analysis of treated xenografts, and saw no elevation of sphere-

forming activity. Lastly, we conducted an unbiased pulse-chase assay to see if there is a specifc 

subpopulation of cells within the tumor which continues to proliferate after gemcitabine 

treatment, and found that all the remaining tumor cells cycle stochastically. Taken together, this 

data indicates that all the tumor cells within a xenograft line behave similarly in response to 

chemotherapy, and there is no one specific tumor subpopulation or cancer stem cell selected for 

and functionally responsible for gemcitabine relapse in this model. It will be interesting to see if 

future studies in transgenic animal models of PDAC interrogating mechanisms of recurrence will 

yield similar results. 
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 There are several reasons for the discrepancies of our findings compared with other 

groups. First, the primary tissue used in this study come from different patients than previously 

described xenografts, so although they are all derived from pathologically confirmed PDAC 

samples, it is formally possible that inherent patient heterogeneity may induce differential CSC 

content, identity, and behavior. In fact, it is becoming increasingly evident that patient-to-patient 

expression of CSC markers are dramatically different (Rosen 2009). Second, our FACS analysis 

was meticulous to specifically exclude all immune and stromal constituents and focused on 

marker expression of tumor cells only. In fact, these microenvironmental cells often comprised a 

sizeable portion of the tumor milieu and expressed many CSC proteins to high levels, which can 

confound the analysis if not considered (data not shown). Moreover, depletion of these cells and 

xenotransplation of total unselected PDGFRβ- tumor epithelium resulted in tumor initiation in 

2/6 of transplants at our lowest dose of 100 cells. This tumor-initiation potential is comparable to 

the activity of positively selected CSC population transplants previously reported (Li 2007, 

Herman 2007, Li 2011). This raises the possibility that optimizing PDAC xenotransplantation 

procedures may reveal that a larger proportion of PDAC tumor cells have tumor-initiating ability 

than currently appreciated, similar to that observed in other systems (Quintana 2008). 

 Clinical realities indicate that effective responses to therapy are often restricted to subsets 

of patients. One cause of this stratification of patient response has been suggested to be a result 

of underlying molecular genetic differences among tumors of similar pathology (Kalia 2013). 

The ability to determine the effectiveness of therapies for specific tumor molecular subtypes will 

represent a giant step forward in rational cancer treatment strategies and lead to an era of 

‘personalized’ medicine (Dietel 2013). Large-scale efforts are underway to identify genetic loci 

that can sensitize cells to specific therapeutic treatments (Whitehurst 2007, Garnett 2012, 
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Barretina 2012). In this study, we have identified a gene signature that is predictive of 

gemcitabine resistance and relapse of human patient-derived PDAC xenografts, which may 

provide prognositic information that can guide clinical treatment options. Specifically, the PI3K 

and Skp2 pathways are important mediators of this gemcitabine resistance, and targeted 

inhibition of both can significantly improve anti-tumor efficacy compared to chemotherapy-

alone both in vitro and in vivo. 

 The PI3K-Skp2 axis signals into multiple feedback loops which may act in synergy to 

provide the anti-apoptotic and pro-growth signals needed for tumor cells to survive gemcitabine 

treatment (Hafsi 2012). Decreased PTEN expression has been shown to induce Skp2 

overexpression (Mamillapalli 2001), which can then feedback to the PI3K pathway via 

ubiquitination of AKT and recruitment to the cell membrane for activation (Chan 2012). 

Moreover, both PTEN and AKT have been shown to modulate the APC-CDH1 complex, which 

targets Skp2 for degradation and as such determines Skp2 stability and expression (Gao 2009, 

Song 2011). Skp2 can also directly target and degrade the tumor suppressor FOXO1, which is 

implicated in tumor homeostasis-inducing growth arrest and apoptosis (Huang 2005, Zhang 

2011). Additionally, Skp2 overexpression can force progression through the cell cycle despite 

DNA damage through bypassing checkpoint controls (Bashir 2004, Lobrich 2007), driving 

aberrant cell proliferation and genomic instability (Lord 2012). Interestingly, Skp2 has been 

recently shown to activate DNA repair through its recruitment of ATM to regions of double 

stranded breaks (Wu 2012), which may lead to a greater ability for tumor cells to sustain 

gemcitabine-induced genetic damage. As such, Skp2 represents a potential biomarker which may 

predict poor clinical gemcitabine efficacy and eventual tumor relapse. We provide rationale for 
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the therapeutic use of PI3K inhibitors in conjuction with gemcitabine for PDAC patients 

overexpressing Skp2, which may delay tumor recurrance and increase overall survival.  

 

 

 

Supp Table S4-1: Clinical data for patients from which xenografts were generated. (A) Identifiers are 
eliminated to maintain patient confidentiality. Important patient details regarding tumor differentiation, stage, 
burden, survival, therapeutic regimen, and other information is included. Follow-up data for patient R1 and R4 is 
not available due to treatment outside UCLA following surgery. 
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Supp Table S4-2: Table of cell-surface marker expression values through FACS analysis before and after 
gemcitabine treatment. (A) Marker expression for each xenograft at baseline level represented as a percentage 
of total Lin-PDGFRβ- tumor cells. (B) Fold-Change ratio of marker expression after gemcitabine treatment for 
each xenograft (%Gemcitabine/%PBS). Student’s t-test is used to calculate if change in marker expression is 
significant. 
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Supp Table S4-3: Table of FACS antibodies. (A) A list of all the FACS antibodies used with specific 
fluorophore conjugates and manufacturers. 
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Supp Figure S4-1: Additional in vivo gemcitabine treatment results for select xenografts.  (A-C) Graphs of 
in vivo tumor growth kinetics for three xenografts following gemcitabine treatment. Mice were treated with 
100mg/kg gemcitabine i.p. starting day 0 (red arrow) twice weekly. Some mice were released from drug after 3-
4 weeks (black arrow). Tumors were measured and plotted relative to day 0 tumor volume. Logarithmic tumor 
growth slopes are displayed for each treatment course. H&E and immunohistochemical staining for Ki67 were 
performed on PBS and gemcitabine treated tumors (scale: 50μm). 
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Supp Figure S4-2: 18FFDG PET/CT scans show similar tumor metabolism and perfusion. (A) PET/CT scan 
images of tumor-bearing mice were performed 1hr after 200uCi of 18FFDG probe was injected intravenously. 
Tumors are indicated by arrows and probe SUV quantitation is shown for three xenografts using liver as a 
control tissue. 
 

Supp Figure S4-3: PDGFRβ is a useful marker for cancer associated fibroblasts. (A) Immunohistochemical 
staining on consecutive human xenograft tissue sections indicate SMA and PDGFRβ are expressed very 
similarly on tumor stromal cells. (scale: 50μm). (B) H&E staining on tumors formed after FACS sorting and 
xenotransplantation of PDGFRβ- and PDGFRβ+ cells show a similar epithelial character. IHC validates that 
tumor cells are PanCK+ and that PDGFRβ is expressed on fibroblasts in both tumors, indicating tumors from the 
PDGFRβ+ fraction likely formed from contaminating PDGFRβ- cells (scale: 50μm). 
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Supp Figure S4-4: Marker expression patterns are determined by FACS and immunofluorecsence. (A) 
For FACS analysis, murine cells were excluded through expression of a three antibody cocktail termed ‘Lin’ – 
CD45 (leukocyte), CD31 (endothelial), Ter119 (red blood cell). Additionally, fibroblast cells were excluded 
through an anti-human and anti-mouse PDGFRβ cocktail. (B-C) Immunofluorescent analysis of human 
xenografts with CD24 (green), CD44 (red), and (DAPI) shows these cancer stem cell markers are not confined 
to a small tumor population (scale: 50μm). (D) FACS blots showing the variability of expression of PDGFRβ 
after gemcitabine treatment. 
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Supp Figure S4-5: Pulse and chase with CldU and IdU can effectively identify proliferating cells. (A) Mice 
were pulsed with CldU (green) and IdU (red) on consecutive days and intestines harvested 24hr after the last 
pulse. Immunofluorescent staining of intestines reveals many cells initially pulsed with CldU have migrated up 
the stalk, while newer IdU pulsed cells are in closer to the crypts. Double-labeled cells indicate stem/progenitor 
cells which continually proliferate and give rise to differentiated progeny (scale: 50μm). (B) Immunoflerescent 
staining of pulse-chase human xenograft tumors. Examples of single CldU+, IdU+, Double positive (DP), and 
Excluded cells are shown with arrowheads (scale: 50μm). (C) Immunofluorescent staining of xenografts with 
CldU (green), IdU (red), and DAPI (blue) (scale: 50μm). Quantitation of positive tumor cells are displayed in 
the pie charts, with no significant enrichment of double positive cells as calculated by Fisher Exact Test. 
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Supp Figure S4-6: PKI-587 can decrease pS6 and Skp2 levels in vitro and in vivo. (A) AsPC1 cells were 
cultured for 24 hours with an increasing concentration of PKI-587. Western blot analysis confirmed inhibition of 
the AKT and mTOR pathways, as well as inhibition of Skp2. (B) Immunohistochemical staining of xenografts 
after 16-day treatment with gemcitabine, PKI-587, or both in vivo. Dual treatment resulted in significant 
downregulation of pS6, Skp2, and Ki67. Interestingly, remaining Ki67+ cells tended to have high expression of 
Skp2 and pS6 (arrows) (scale: 50μm). 
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IV. Materials and Methods 

 

Isolation and engraftment of primary PDAC. Human pancreatic ductal adenocarcinoma tissue 

was obtained via a research protocol that was approved by the UCLA Institutional Review 

Board.  Informed written consent was obtained by all participants. A piece of cancer tissue was 

dissected away from the total surgically resected specimen following pancreatectomy. PDAC 

tissue specimens were brought immediately to the laboratory and minced into small fragments (1 

mm3) with razor blades in PBS, dipped into a 1:1 mix of Matrigel (Becton Dickinson) and 

DMEM:F12 (Invitrogen), and surgically implanted into the subcutaneous flanks of recipient 

NOD:SCID IL2γ knock-out (NSG) mice. 

 

Single cell dissociation and xenotransplantation. Engrafted tumors were harvested and minced 

into small pieces, washed with PBS, then went through enzymatic digestion for 2.5-3 hr in 1 

mg/mL Type IV collagenase (Invitrogen) at 37 °C with constant agitation. Digestion media was 

supplemented with 3mM CaCl2, 0.1mg/mL DNAse I (Roche), Soybean Trypsin Inhibitor 

(Calbiochem), and 10mM HEPES (Invitrogen) in HBSS (Invitrogen). Cell suspensions were 

washed in DMEM:F12 media with 10% FBS containing DNAse I and Soybean Trypsin 

Inhibitor, then triturated through consecutive 18-gauge and 23-gauge needles and were passed 

through 40-µm filters. Cells were then xenotransplanted, FACS analyzed, or frozen for future 

study. For xenotransplantation, 1-5x106 single cells were mixed 1:1 into Matrigel/DMEM:F12 

and implanted into subcutananeous flanks of NSG mice for in vivo drug studies.  
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Drug treatment protocol and measurements. Tumors were allowed to grow to approximately 

4-5 mm in width when treatment commenced. Gemcitabine (Eli Lilly) was injected twice weekly 

for 3-4 weeks intraperitoneally at a dose of 100mg/kg, with PBS used for control treatment arm. 

After treatment period, some mice were released from drug and monitored up to 5 weeks. Tumor 

size was measured twice weekly with calipers utilizing length and width for volume assessments 

(0.52*Length*Width2). For dual treatment, PKI-587 (Pfizer) was injected twice weekly 

intraperitoneally at a dose of 25mg/kg, diluted in 5% dextrose and 0.25% lactic acid vehicle. All 

animal experiments were performed following Institutional Approval for Appropriate Care and 

use of Laboratory animals by the UCLA Institutional Animal Care and Use Committee 

(Chancellor's Animal Research Committee). 

 

FACS sorting and analysis. Dissociated tumor cells were suspended in HBSS/2% FBS and 

stained with antibodies for 15 min at 4 °C. Antibodies are listed in Supp Table 3. Cell sorting 

was performed using BD FACS Aria in the UCLA Jonsson Comprehensive Cancer Center and 

Center for AIDS Research Flow Cytometry Core Facility. FACS analysis was performed with 

BD FACS LSRII (BD Biosciences, San Jose, CA). 

 

Immunohistochemistry and immunofluorescence analyses. Immunohistochemical analysis 

was performed on formalin-fixed, paraffin-embedded tissue. Antigen retrieval was performed by 

heating the slides at 95°C in citrate buffer (pH 6.0) for 15 minutes. Stains were visualized with 

Vectastain ABC Elite Kit (Vector Labs). Sections (4μm) were stained with hematoxylin and 

eosin (H&E) or with specific antibodies against Ki67 (1:500, Vector), PDGFRβ (1:100, Cell 

Signaling), Skp2 (1:100, Invitrogen), pS6 (1:100, Cell Signaling), PTEN (1:100, Cell Signaling), 
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SMA (1:1000, Sigma), and PanCK (1:1000, Sigma). Immunofluorescence was performed on 

frozen tissue after fixation with cold methanol for 10 minutes with the following antibodies: 

CD31 (1:500, BD), EpCAM (1:200, Abcam), CD44 (1:100, eBioscience), and CD24 (1:100, 

NeoMarkers). DAPI Anti-Fade reagent (Invitrogen) was used as a counterstain. 

 

Ki67 index quantification. 8 regions were selected at 40x magnification for each xenograft 

sample with biological duplicates. Stromal cells were excluded from analysis. Tumor nuclei were 

counted manually using ImageJ software. 

 

Western Blot analysis.  Total protein was extracted with SDS buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 1 mM EGTA, 1mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 1% sodium 

dodecyl sulfate) with freshly added phosphatase inhibitors (Sigma) and protease inhibitors (GE 

Healthcare). Protein concentrations were determined by BCA Protein Assay (Thermo Scientific). 

Protein was separated by 10-12% SDS/PAGE with a 5% stacking gel and transferred onto a 

nitrocellulose membrane (BioRad). The membrane was blocked in 5% skim milk or BSA, and 

subsequently incubated with primary antibodies against dCK (1:2000, Sigma), CDA (1:300, 

Sigma), b-actin (1:20000, Sigma), PTEN (1:1000, Cell Signaling), phospho-S6 (1:1000, Cell 

Signaling), S6 (1:1000, Cell Signaling), Skp2 (1:500, Invitrogen), p27 (1:500, Santa Cruz), 

phospho-AKT Ser473 (1:1000, Cell Signaling), AKT (1:1000, Cell Signaling), and γH2AX 

(1:1000, Cell Signaling) overnight at 4°C, followed by incubation with peroxidase-conjugated 

anti-mouse or anti-rabbit IgG and developed with ECL Prime reagent (GE Healthcare). Blots 

were developed and analyzed utilizing the ChemiDoc XRS+ platform with ImageLab software 

(BioRad). 
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RNA Isolation and qRT-PCR.  Sorted cells were collected, spun down, and RNAs were 

extracted using TRIzol® Reagent (Invitrogen). RNAs were reverse transcribed into cDNA with 

SuperScript III First-Strand Synthesis System for qRT-PCR (Invitrogen), and quantitative PCR 

was done in the iQ thermal cycler (BioRad) using the iQSYBR Green Supermix (BioRad) in 

triplicate. Primers used were Ck19 (F5′- ATGGCCGAGCAGAACCGGAA-3′; R5′- 

CCATGAGCCGCTGGTACTCC-3′), EpCAM (F5′- CGCAGCTCAGGAAGAATGTG-3′; R5′-

TGAAGTACACTGGCATTGACG-3′), Vimentin (F5’-TCTGGATTCACTCCCTCTGG -3’; 

R5’-GCAGAAAGGCACTTGAAAGC -3’), PDGFRβ (F5′- GTGAACGCAGTGCAGACTGT-

3′; R5'- AGGTGTAGGTCCCCGAGTCT-3′), RPL13a (F5'-

CATCGTGGCTAAACAGGTACTG-3'; R5'- GCACGACCTTGAGGGCAGCC-3'). 

 

Gene expression processing and analysis. The gene expression was investigated by Affymetrix 

HGU133 Plus 2 Array.  The mRNA expression data from CEL files was normalized by using the 

Bioconductor rma package. Two-tail t-test was used for comparing expression between 

gemcitabine sensitive (n = 2) and resistant (n = 5) groups.  For a gene represented by multiple 

probes, its representative probe was the one with the lowest p-value among the probes. A 

differentially expressed gene between two groups was identified based on (1) its t-test p-value 

<0.05 and (2) fold-change>1.5.  Gene set enrichment analysis (GSEA) (Subramanian 2005) was 

used to identified altered pathways whose data base was downloaded from KEGG 

(http://www.kegg.jp/).  Cluster 3.0 was used in hierarchical clustering analysis in which the 

expression profile of each probe/gene was first transformed to z-scores, and then samples were 

clustered by using average linkage method based on un-centered correlation coefficients as 

distance metric among samples. 
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DCK kinase assay. Analysis of dCK kinase activity was measured as described previously (Shu 

2010). Proteins were either extracted from 50 mg tumor tissue or, by freeze-thawing in liquid 

nitrogen, from cell lines (106 cells). First, tumor tissue was minced with a scalpel on ice. Broken-

down tissue was then resuspended in 400 μl dCK kinase lysis buffer containing 50 mM Tris-HCl 

(pH 7.6), 2 mM DTT, 20% glycerol, 0.5% Nonidet P40, and proteinase inhibitors. Proteins were 

extracted on ice using a ULTRA-TURRAX® T 10 (VWR LLC) tissue homogenizer. 2 μg of 

total protein extracts were incubated for 20 min with 1 μCi 3H-FAC at 370C in a buffer 

containing 50 mM Tris-HCl (pH 7.6), 5 mM MgCl2, 2 mM DTT, 10 mM NaF, 5 mM UTP and 1 

mM thymidine. The reaction was quenched by adding ice-cold water and enzyme activity 

stopped by heat-inactivation for 2 min at 95 0C. Samples were spotted onto DE-81 filter discs 

(Whatman Inc), dried and washed three times in 4 mM ammonium formate and twice in EtOH. 

Dried filter discs were placed into scintillation vials and radiation analyzed using a Tri-Carb® 

2100 liquid scintillation analyzer. 

 

MicroPET/CT Imaging. Mice were kept warm under gas anesthesia (2% isoflurane) and 

injected with 200 μCi of 18F-labeled probes (i.v. for 18F-FAC, i.p. for 18F-FDG). 1 hr interval for 

uptake was allowed between probe administration and microPET/CT scanning. Data were 

acquired using a Preclinical Solutions microPET Focus 220 (Siemens) and a MicroCAT II CT 

instrument (Siemens). MicroPET data were acquired for 10 min and was reconstructed using 

statistical maximum a posteriori probability algorithms (MAP) into multiple frames (Qi 1998). 

The spatial resolution of PET is ~1.5 mm, 0.4 mm voxel size. CT images are at low dose 400 μm 

resolution acquisitions, with 200 μm voxel size. MicroPET and microCT images were co-

registered using a previously described method (Chow 2006). 3D regions of interest (ROI) were 
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drawn using Osirix software. Color scale is proportional to tissue concentration with red being 

the highest and lower values in yellow, green & blue. 

 

In vitro sphere assay. Pancreatic tumor cells were grown as previously described (Li 2011). 

Briefly, tumor cells were dissociated to single cells, with 5,000 cells placed per 96 well low-

attachment plate (Corning). Spheres were grown in DMEM:F12 media supplemented with N-2, 

B27, Glutamax, 20ng/mL EGF (Invitrogen), and 20ng/mL bFGF (R&D Systems). Prior to 

culture, tumor cells were separated from fibroblasts utilizing magnetic beads. Cells were 

incubated with APC conjugated anti-PDGFRβ, CD31, CD45, and Ter119 antibodies, washed, 

and mixed with anti-APC magnetic beads (Miltenyi Biotec). Cells were then run through MACS 

LD Separation columns (Miltenyi Biotec), and flow-through PDGFRβ- cells were used for 

sphere culture. 

 

siRNA transfection. Skp2 custom siRNA oligonucleotides were obtained from Bioland: Skp2-1 

(F5′- GGGAGUGACAAAGACUUUG-3′; R5′- CAAAGUCUUUGUCACUCCC-3′); Skp2-2 

(F5′- GCAUGUACAGGUGGCUGUU-3′; R5′- AACAGCCACCUGUACAUGC-3′). FAM-

labeled siRNA duplex was used as negative control. Cell lines were cultured in 6 or 24-well 

format. 3uL of HiPerFect Transfection Reagent (Qiagen) was added per 100uL of diluted siRNA 

and incubated at room temperature for 10 minutes. siRNA was then transferred to each well at a 

final concentration of 50nM.  

 

Cell proliferation assay. 2*105 cells were seeded in each 24-well plate one day prior to drug 

addition. On day 0, media was changed and either drug (Gemcitabine, PKI-587) or siRNA 
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(Skp2) was added to each well at appropriate concentrations and combinations in triplicate. After 

72 hours, MTT was added to each well according to manufacturer’s protocols (Molecular 

Probes). Plate absorbance was analyzed at 570nM using Benchmark Plus Microplate 

Spectrophotometer with Microplate Manager software (BioRad). 

 

Pulse/Chase experiment. Both IdU and CldU were administered i.p. at 100mg/kg. Mice were 

sacrificed 24 hours after the last pulse, with tumors harvested, fixed in formalin, and prepared for 

immunohistochemical analysis as previously described (Tuttle 2010). Mouse anti-BrdU is 

specific for IdU (1:250, BD) and Rat anti-BrdU for CldU (1:250, Novus). Tissue sections were 

analyzed and counted with Ariol Wholeslide Scanner and Software. Fisher Exact Test was used 

for statistical analysis. 
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I. Summary 

 The ‘cancer stem cell’ hypothesis remains an intriguing yet controversial concept in 

tumor biology. We sought to further explore its relevance within the context of prostate and 

pancreatic cancer. Throughout this dissertation, we have made use of two major experimental 

model systems to address this question: 1) genetically engineered mouse models (GEMs); and 2) 

patient-derived tumor samples and xenografts. While GEMs can provide the natural initiation 

and evolution of cancers within a native environment with defined genetic perturbations, patient 

samples and xenografts provide the genetic variability which can better model the functional 

heterogeneity observed in the clinic (Richmond 2008). Combined utility of both systems was a 

powerful and invaluable tool to dissect and address our specific questions. 

 

a. Prostate 

 There is a rich literature on the existence of stem/progenitors cells in the prostate, shown 

functionally through the repeated rounds of involution and regeneration following castration 

(Tsujimura 2002). Both basal and luminal cells have been implicated to have putative 

stem/progenitor activity previously (Wang 2009, Goldstein 2010, Choi 2012). We have shown 

that CD166 can further enrich prostate stem/progenitor cells, and that this cell type may exhibit a 

basal/luminal intermediate cell type. Moreover, this population exhibits tumor-initiating 

properties and is enriched in human CRPC. Genetic deletion of CD166, however, does not delay 

tumor initiation or progression in the PtenL/L background, indicating CD166 may not have a 

functional role. 

 Another finding revealed that while Lgr5 does not mark a stem cell compartment in 

prostatic epithelium, Lgr5+ cells can be found in the prostate-associated stroma. Although the 



- 124 - 
 

functional relevance of stromal Lgr5 expression will be the focus of future studies, it is tempting 

to speculate that Wnt ligand production from this specific stromal population may play a role in 

prostate cell maintenance and oncogenic transformation. 

 

b. Pancreas 

 The existence of multipotent pancreatic stem cells in the adult pancreas has not been 

clearly elucidated (Yalniz 2005). While our analysis revealed several populations which exhibit 

some stem/progenitor qualities, such as expression in pancreatic spheres and upregulation upon 

pancreatic damage, functional evidence in vivo is lacking. Furthermore, while we identified 

several cell-surface proteins to be upregulated upon oncogenic transformation and associated 

with stem/progenitor qualities, their expression were inconsistent on human-derived tissues and 

were not restricted to a cancer stem cell population specifically. In addition, Lgr5 was not found 

to be expressed in benign or cancerous pancreatic tissue. Moreover, gemcitabine resistance and 

relapse of human pancreatic xenografts was determined irrespective of CSC content and 

function. Specific signal transduction pathways, including the Skp2-Ubiquitin and PTEN-PI3K 

pathway, were found to segregate gemcitabine ‘Sensitive’ and ‘Relapseable’ tumor cohorts. This 

suggested that combining potent PI3K pathway inhibitors with gemcitabine in patients with high 

Skp2 expression may be a novel therapeutic approach to increase clinical efficacy. 

 
 
c. Implications and Future Directions 
 
 This dissertation sought to explore the relationship between prospective cancer stem cell 

populations with cancer initiation, progression, and chemoresistance. Intriguingly and 

unsurprisingly, we had mixed results that were largely dependent on cellular context. While the 
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prostate seems to be hierarchally organized both in benign and malignant backgrounds, 

pancreatic cells seem to have a more linear differentiation potential. The latter finding was 

completely unexpected given the established literature of identified cancer stem cell function in 

pancreatic cancer. Our results indicate that many more cells within the pancreatic tumor bulk 

have tumor-initiating ability than currently appreciated, and that tumor lines respond to 

chemotherapy based upon their specific mutational backgrounds, rather than intrinsic cancer 

stem cell potential. This finding has important clinical significance and speaks to the importance 

of testing hypotheses. A similar refinement to the cancer stem cell paradigm was observed in 

melanoma, where optimizing experimental protocols resulted in a complete shift in the 

interpretation of tumor initiation potential (Quintana 2008). However, several cancer types have 

been rigorously shown to harbor rare tumorigenic cells which are chemoresistant and predict 

poor prognosis, signaling the importance of identifying such cells (Eppert 2011, Chen 2012). 

Accordingly, we have clearly shown this population to be important in prostate tumor initiation 

and progression, both in a murine prostate cancer model as well as in human cancer tissues. The 

next step in this study will be to determine the nature of these prostate tumor-initiating cells, and 

to understand whether therapeutic elimination of these cells will destroy the tumor proper.  

 There are many purported surrogates of cancer stem cell populations currently utilized in 

the field. Disturbingly, many of these markers have not been sufficiently functionally tested and 

simply adapted for use. One must be very careful when defining CSCs in their experimental 

system, as well as validating its function prior to assigning any relevance to its use. Furthermore, 

the utility of the cancer stem cell paradigm has yet to be successfully therapeutically tested in the 

clinic. As this is an area of intense research, it will be interesting to see the results of upcoming 

clinical trials specifically targeting CSC populations. 
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