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Colorectal-cancer is a leading cause of cancer deaths in United States.  

Accumulating evidence suggests that elevated progastrins (PG) increase the risk of colon 

carcinogenesis, however mechnaims involved remain ill-defined. Recently, cell-surface 

AnnexinA2 (CS-ANXA2) was discovered as a non-conventional receptor for progastrin. 

Therefore, the first goal was to examine whether ANXA2 expression is required to 

mediate proliferative/anti-apoptotic effects of progastrin on target cells. The studies in 

chapter 2, conclude that ANXA2 mediates growth effects of PG on target cells (including 

colonic-epithelial-cells), in vitro and in vivo, associated with up-regulation of 

stem/progenitor cell markers. Surprisingly, overexpression of autocrine PG in HEK-293 

cells, imparted tumorigenic/metastatic potential to the cells (chapter 3). Based on these 



 viii 

data, the second goal was to investigate the phenotypic differences between non-

transformed and transformed stem cell using non-tumorigenic (HEK-C) and tumorigenic 

(HEK-mGAS) isogenic cells. The studies in chapter 3, conclude that transformed stem 

cells, unlike normal stem cells, co-express CS-ANXA2 with stem-cell-markers 

DCAMKL-1/CD44. Interestingly, CS-ANXA2 dictates morphology/growth 

characteristics of spheroidal growths, in vitro.     

 The third goal was to identify cancer stem cell (CSC) marker(s), for developing 

targeted therapies against colon cancers.  Since both DCAMKL-1/LGR5 have been 

reported as colonic CSC markers, the possible phenotypic/proliferative differences 

between DCAMKL-1+ve and LGR5+ve human colon CSCs was examined. Results in 

chapter 4 suggest that DCAMKL-1+ve cells are significantly more proliferative than 

either DCAMKL-1-ve or LGR5+ve stem cells. Thus targeting DCAMKL-1+ve cells may 

be more effective in treating/eradicating colon-cancers; this possibility was examined as 

part of my fourth goal.       

Although several therapies are currently available for treating cancers, recurrence 

remains a challenge. It is believed that CSCs are resistant to radiation and 

chemotherapeutic treatments, and are the likely cause of cancer relapse. It is therefore 

important to develop novel therapies which are relatively non-toxic and specifically 

target CSCs.  Therefore the fourth goal was to examine the inhibitory efficacy of non-

toxic dietary agent (Curcumin) ± RNAi against DCAMKL-1. The results in chapter 5 

suggest that combination of curcumin+siRNA-DCAMKL-1 effectively attenuates growth 

of colon-cancer-cells in vitro and in vivo, by synergistically augmenting 

autophagic/apoptotic cell-death mechanisms. It is hypothesized that the combinatorial 

treatment will significantly reduce the risk of relapse. 
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CHAPTER 1 

 

INTRODUCTION 

 

Colorectal cancer is characterized by the uncontrolled growth of abnormal 

epithelial cells which undergo perpetual divisions and result in malignant tumors. The 

transformation from a normal to a malignant phenotype is triggered by many genetic and 

epigenetic mechanisms. Our laboratory and several other investigators have demonstrated 

that the aberrant up-regulation of growth factors within the epithelial cell 

microenvironment can significantly increase the risk of transformation.   

 We now know that elevated levels of  growth factors, such as gastrins and 

precursor form of gastrins, progastrins (PG), significantly increase the proliferative and 

tumorigenic potential of intestinal epithelial and gastrointestinal cancer cells, by potently 

up-regulating the activation of MAPKs, NFĸB and β-catenin signaling molecules (5). 

Recently, our laboratory reported that annexinA2, present on the cell-surface of target 

cells (CS-ANXA2), represents a novel, non-conventional receptor for progastrin peptides 

(182). However, the question remained as to whether ANXA2 expression was required to 

measure downstream signaling events in response to PG. Therefore, the first aim of my 

dissertation was to examine the role of ANXA2 in mediating biological effects of PG in 

vitro and in vivo. The experiments conducted to address this aim are presented in 

Chapter 2 of my dissertation. The results of our studies revealed that Annexin A2 

(ANXA2) is critically required for mediating hyperproliferative effects of PG on colonic 

crypts in mice, via activation of the potent transcription factors, p65NFκB and β-catenin. 

Surprisingly, we also observed that ANXA2 mediated up-regulatory effects of PG on 

stem cell populations, positive for DCAMKL-1 and CD44, in both colonic crypts, in vivo, 
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and in vitro in an embryonic epithelial cell line, HEK-293. Importantly, over-expression 

of autocrine PG in HEK-293 cells (HEK-mGAS cells), lead to a significant increase in 

the proliferative potential of the cells compared to that of the control HEK-293 cells 

(HEK-C). These findings may explain previously reported hyperproliferative and co-

carcinogenic effects of elevated progastrin on colonic crypts of mutant mice by several 

laboratories, including our laboratory. 

Since over-expression of PG in HEK-mGAS cells resulted in up-regulating 

proliferative potential of the cells, I next examined if the tumorigenic and metastatic 

potential of the cells was also increased, using athymic nude mouse as a model. The 

results of these studies are presented in chapter 3, and demonstrate for the first time that 

over-expression of PG in the background of immortalized embryonic epithelial cells was 

sufficient for transforming the cells and imparting tumorigenic and metastatic potential to 

the cells. The significance of these novel findings are discussed in chapter 3.  

 Stem cells play a critical role in maintaining normal homoeostasis of cells within 

the colonic crypts. It is postulated that upon disruption of the microenvironment and/or 

genetic/epigenetic changes in colonic crypts, adult stem cells lose normal homeostatic 

responses and develop a transformed phenotype, labeled as cancer stem cells. To date, 

several stem cell markers have been described, including DCAMKL-1 and LGR5. Stem 

cells positive for DCAMKL-1 or LGR5 have been identified in both normal colonic 

crypts and colorectal cancers; however phenotypic characteristics of normal versus 

cancer stem cells remains ill-defined. Therefore, my second aim was to investigate 

phenotypic differences between non-transformed (normal) stem-cells and 

transformed/tumorigenic stem-cells, using isogenic cells lines, as described in Chapter 3. 

My results suggest the novel possibility that transformation of stem cells results in co-

expression of stem cell markers, DCAMKL-1 and CD44, with CS-ANXA2, which 
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significantly impacts the morphology of spheroidal growths arising from these cells.  

 As discussed above, several stem cell markers have been identified, including 

DCAMKL-1 and LGR5. However, the role of DCAMKL-1+ve versus LGR5+ve stem 

cells has remained controversial. Thus, the third aim of my studies was to examine the 

phenotypic/proliferative differences, if any, between these two cell populations, using 

human colon cancer cells as a model; the results are presented in Chapter 4. My results 

suggest that DCAMKL-1+ve and LGR5+ve colon cancer stem cells may represent two 

distinct cell populations. An unexpected finding was that DCAMKL-1+ve cells were 

significantly more proliferative compared to the LGR5+ve stem cells in spheroidal 

assays; surprisingly LGR5-ve cells were more proliferative than the LGR5+ve cells. My 

results suggest the novel possibility that DCAMKL-1+ve colon cancer stem cells may 

have more potent ‘stemness’ qualities, and that enhanced proliferation of LGR5-ve cells 

as spheroids may be due to the presence of DCAMKL+ve stem cells within this 

population.       

Conventional therapies do not differentiate between normal and cancer cells, and 

thus elicit many side effects on normal cells as well. Another limiting feature of currently 

available treatment strategies is that it targets mainly the bulk of the rapidly proliferating 

tumor cells, without eliminating the subpopulation of cancer stem cells, thus resulting in 

tumor relapse. To address this major issue, researchers have focused on developing novel 

therapies which not only promotes the use of non-toxic drugs but are also aimed at 

directly targeting cancer stem cells, in hopes of preventing recurrence of the disease (1) 

(Fig 1.1).  
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                                    Figure 1.1: Cancer Stem Cell Hypothesis 

 

Curcumin is a non-toxic, natural dietary agent, currently being used in clinical 

trials to treat cancers. In addition, our results demonstrated that DCAMKL-1+ve cells 

characterize a population of transformed stem cells which are highly proliferative and 

possess ‘stemness’ qualities. Therefore, the fourth aim of my studies was to examine 

whether the combination of curcumin + RNAi methods against DCAMKL-1 can 

effectively attenuate the growth of colon cancer cells in vitro and in vivo, compared to the 

individual agent itself. My results, described in chapter 5, show that treating colon cancer 

cells/xenografts with either DCAMKL-1 siRNA or an optimal dose of curcumin was 

insufficient in significantly reducing the in vitro/in vivo growth of colon cancer cells; 

however the combined regimen was extremely effective. This may be due to the fact that 

while curcumin treatment induced autophagic death, treatment with DCAMKL-1 siRNA 

resulted in apoptotic death; combination of the two agents synergistically increased both 

autophagic and apoptotic death of colon cancer cells/xenografts, suggesting that the 

combined treatment with these agents may be significantly more effective in eradicating 
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not only the bulk of the tumor but also the cancer stem cell subpopulations.   

 The significance of the molecules and mechanisms examined in my dissertation 

project are described in the background section below. 

 

1.1 The Anatomy of the Colon 

The main function of the colon, also known as the large intestine, is to extract 

water, electrolytes and energy from solid wastes before elimination from the body (2). 

The human colon consists of four sections: the ascending, transverse, descending and 

sigmoid colon. The colon is furthermore divided into two regions: Proximal (including 

cecum, appendix, ascending colon, hepatic flexure, transverse colon and splenic flexure) 

and Distal (including descending colon and sigmoid colon) (3) (Fig 1.2). Several 

investigators have reported differences in the growth of cancer in proximal versus distal 

colons (4). Our laboratory has also reported differences in the effects of PG on proximal 

versus distal colonic crypts, wherein proximal colonic crypts were shown to be highly 

responsive to PG, resulting in a significant increase in activated pp65NFĸB levels, in 

contrast to distal colonic crypts which were not as responsive (5).  

 

 
                                 Figure 1.2: The Anatomy of the Human Colon 
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The colonic epithelium is a very dynamic structure composed of columnar cells 

which make up the crypts of Lieberkühn (6). The colonic epithelium undergoes 

continuous regeneration supported by three cell types: columnar absorptive cells (also 

known as colonocytes), mucous secreting cells (goblet cells) that are located within 

tubular crypts, extending downward towards the muscularis mucosa, and enteroendocrine 

cells (7).  Colonocytes and Goblet cells are thought to arise from a single progenitor/stem 

cell situated towards the base of the crypt which give rise to proliferating ‘stem’ cells in 

the lower 1/3
rd

 region of the crypt (8-11) (Fig 1.3). For my dissertation project, I focused 

on isolating and characterizing stem cells to further understand their role in the growth of 

colonic crypt cells and colon cancer cells (chapters 3-5). 

 

       

                                             Figure 1.3: The Colonic Epithelium 
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1.2 Normal Intestinal and Colonic Stem Cells 

Stem cells are multi-potent cells which can differentiate into various cell types 

(12). They are characterized by their unique ability to perpetually self-renew through 

unlimited cell divisions and their ability to differentiated into any cell type within the 

tissue of their origin (13,14). When a stem cell divides, each new daughter cell has the 

potential to either revert back to a quiescent stem cell or commit to further proliferation, 

followed by terminal differentiation into a specialized cell type (15-17) (Fig 1.4). 

 

                

 
                         Figure 1.4: Asymmetrical Division of Quiescent Stem Cells 
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In the small intestine, it is speculated that 4-6 independent stem cells or a single 

intestinal stem cell are present within the crypts (18,19). Two stem cell models have been 

proposed within the small intestinal crypts. In the first model proposed, quiescent stem 

cells are believed to be located at the +4 position of the small intestinal crypts (14,20,21). 

Quiescent stem cells divide asymmetrically, wherein one daughter cell reverts back to the 

quiescent state and the second daughter cell continues to divide and eventually 

differentiate, suggesting that the quiescent stage of the non-dividing stem cell is perhaps 

regulated by inhibitory factors in the niche microenvironment of stem cells (22). The 

second model proposed is known as the ‘stem cell zone’ hypothesis, based on 

proliferating daughter stem cells, also known as the crypt base columnar cells (CBCs), 

which are believed to be situated at the bottom of the intestinal crypt,  in between Paneth 

cells (14,23). This population is speculated to represent the true stem cells within crypts 

and actively responds to growth and differentiation signals from adjacent mesenchymal 

cells (22). Both models proposed are still under investigation, as the lack of robust stem 

cell markers have rendered these studies very challenging.      

 The study of stem/progenitor cell populations has been examined mostly in the 

small intestine of mice. However, more recent studies are focusing on understanding the 

mechanisms in the growth of colonic crypts as it is the major site, in an intestine, which 

gives rise to tumorous growth (colorectal cancers).  

Unlike in the small intestine, the colonic stem cells remain largely undefined to 

date (22,24). It is believed that 5-10 stem cells are present at the bottom of each colonic 

crypt (13). In addition to these stem cells, there are approximately 16-36 cells which can 

functionally act as stem cells within the same crypt (25).  Due to differences in the 

embryonic origin of proximal versus distal colon, the location of stem cells and pattern of 

cell migration differs within the two regions of the colon (7). Stem cells in the distal 
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colon are situated at the lower region of the crypt and their progeny migrate upwards, 

along the crypt axis (18). Stem cells in proximal colonic crypts, at one time, were 

speculated to reside in the middle of the crypts, wherein daughter cells moved downward 

and upward along the crypt axis (26); this theory however has not been confirmed. More 

recently, it has been speculated that within the colonic crypts the proliferating cells are 

thought to be present in the transit-amplifying region (lower 1/3
rd 

of the crypts), and 

terminally differentiated cells are located in the upper region of the crypt (27). As the 

proliferating cells migrate, they stop dividing and differentiate into mature colonocytes or 

goblet cells. Within one week, cells travel from the bottom to the luminal surface of the 

crypts and undergo apoptosis and are sloughed off into the lumen of the gut (28).  

The epithelial homeostasis of the large intestine is based on a calculated 

coordination between self-renewal, proliferation and differentiation which must be 

maintained throughout life (24); perturbance of the normal homeostasis can result in 

either hyperproliferation/carcinogenesis or other IBD-like diseases. Therefore it is critical 

to understand the dynamics involved in stem/progenitor cell regulation and the key 

factors involved in maintaining or perturbing the supporting environment of a stem cell.  

 

 

1.3 Stem Cell Niche 

The intestinal epithelium undergoes constitutive regeneration as described above 

(24). The stem cells must stay within its protective niche in order to maintain normal 

homeostasis and are instructed by their surrounded mesenchymal cells when to 

proliferate or differentiate (27,29,30) (Fig 1.5).          
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                                               Figure 1.5: The Colonic Crypt 

 

Regulatory/secretory factors within the niche microenvironment tightly regulate 

the crosstalk between epithelial cells (such as stem cells) and surrounding mesenchymal 

cells (31). This system is believed to be required for maintaining a normal stem cell 

milieu and prevent the aberrant proliferation of stem cells which can result in 

hyperplasia/cancer (31). Therefore, maintaining a tight regulation of stem cell quiescence 

and activity is characteristic of a functional niche. 

 

1.4 Signaling Pathways and Stem Cell Microenvironment 

It is believed that there are four prominent signaling pathways, Bone 

Morphogenic proteins (BMP), Wnt/β-catenin, Notch, and Hedgehog, which constitute the 

stem cell signaling network, regulating a tight balance of self-renewal, proliferation and 

differentiation (32-34).  
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BMPs are bone morphogenic proteins secreted by stromal cells (34). When BMPs 

are inhibited by a specific BMP antagonist such as Noggin, β-catenin translocates to the 

nucleus leading to activation of target gene expression which promotes proliferation and 

inhibits apoptosis, thus BMPs are believed to be strong inhibitors of the Wnt/β-catenin 

signaling pathway (11,34). High levels of BMP antagonists, such as Noggin, are found at 

the base of the crypt promoting cell proliferation. However, levels of BMP antagonists 

decreases in the microenvironment of the crypt, as one moves up along the axis, while 

BMP levels increase. This leads to a decrease in proliferation, and an increase in 

differentiation of the cells, as the cells move up towards the luminal surface of the crypts 

(11,34).  

The Wnt pathway is triggered by the binding of Wnt glycoproteins to the frizzled 

(Fz) receptor together with the low-density lipoprotein receptor (35). The APC protein 

controls β-catenin levels by binding to the cytoplasmic β-catenin protein which is then 

targeted for degradation. However, when the APC gene is mutated or functionally 

deleted, β-catenin is spared from degradation and accumulates within the cytoplasm (36). 

The accumulation of β-catenin within the cytoplasm leads to its translocation into the 

nucleus and binds to Tcf/Lef transcription factors, resulting in up-regulation of the 

expression of several target genes (35). In transformed cells, elevated levels of nuclear β-

catenin can be measured; this can reflect either mutations of APC/β-catenin or sustained 

up-regulation of the Wnt/β-catenin pathway (35,37). The sustained up-regulation of 

Wnt/β-catenin levels can potentially result in transformation of cells and tumorigenesis 

(30,35).   

The Wnt signaling pathway is believed to regulate Notch signaling by driving cell 

proliferation (338-40, 34). Notch pathway is activated by the direct cell-cell contact; 

wherein one cell expresses the Notch receptors and a neighboring cell expresses the cell 
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surface ligands such as Delta or Jagged. The binding of ligand-receptor results in 

cleavage of Notch intracellular domain (NICD) which internalizes to the nucleus and 

binds to specific transcription factors and drives the activation of Notch target genes. 

Wnt/β-catenin up-regulates Jagged-1 (Notch ligand), expressed in progenitor cells, and 

mediates activation of Notch signaling (41). The activity of Notch regulates whether a 

cell will differentiate into an enterocyte or a secretory cell and plays an important 

function in stem cell regulation (34). Sustained activation of Notch and WNT pathway 

within the stem cells can potentially transform normal stem cells into transformed stem 

cells (34). Inhibition of Notch has been reported to result in differentiation of cancer stem 

cells into secretory cells (24) and a significant reduction in the growth of colorectal 

cancer (34).  

The Hedgehog pathway is also known to regulate the stem cell niche via the 

interaction of Smoothened and Patched proteins (42).  Patched protein is a repressor of 

Smoothened transmembrane protein. However, when Hedgehog binds to Patched, 

Patched is unable to repress smoothened, allowing for the activation and translocation of 

GLI transcription factor into the nucleus to drive Sonic Hedgehog (SHH) target genes as 

reviewed in (42). Within the colonic crypts the activation of Shh is believed to be located 

at the +4 position (42).  

To summarize, BMP, Wnt, Notch and Shh play an critical role in regulating the 

normal homeostasis of colonic crypts. Wnt molecules are present at the base of the crypt 

and promote proliferation whereas BMPs are located in towards the luminal end of the 

crypts and promote differentiation. Notch activation usually occurs in the transit 

amplifying region of the crypts and is responsible for controlling the fate of newly 

formed daughter cells reviewed in (30). The stem cell niche dynamics is therefore tightly 

controlled and regulated by several pathways which ensure a normal homeostasis of the 
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intestinal crypts (Fig 1.6). Although several signaling pathways have been demonstrated 

to be crucial in maintaining a normal niche, the detailed mechanisms of how key 

regulators coordinate and crosstalk to create this functional colonic stem cell niche 

remain largely unknown (29,34). However, it has been well established that the 

disruption of the microenvironment results in the initiation of colorectal cancers, hence 

understanding the mechanisms involved may aid in the prevention of this disease. My 

experiments in chapters 2 and 3, showed that PG up-regulates stem cell expression via 

the activation of NFĸB and β-catenin in immortalized embryonic HEK-293 cells. We also 

demonstrated that NFĸB and β-catenin is activated in colon cancer stem cells and is 

decreased in response to curcumin and/or down-regulation of DCAMKL-1 expression, 

suggesting that these pathways are very critical in regulating proliferation of cancer cells 

(chapters 4&5). 

  Figure 1.6: Interactive Signaling Pathways mediating 

stem cell proliferation and differentiation 
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1.5 Sequence of Events leading to the Progression of Colorectal 

Cancer 

In the early 1990’s Fearon and Vogelstein proposed a genetic model describing 

the multi-step tumor progression of colorectal cancer in humans from adenoma to 

carcinoma (36).  The progression is based on the accumulation of genetic and epigenetic 

mutations, triggered by the activation of specific oncogenes such as KRAS and the 

inactivation of APC tumor suppressor gene which operates as the initial trigger of colon 

carcinogenesis (43). In contrast, mutations in p53 tumor suppressor gene appear to be 

involved in the advanced stages of adenomas and carcinomas progression (44-46). 

Additional mutations, such as gastrin gene (resulting in elevating levels of progastrin) are 

also involved in the progression of colorectal cancer (Fig 1.7). 

 

 
                                        Figure 1.7: Progression of Colorectal Cancer 

 

 

1.6 Colon Cancer Stem Cells (CSCs) 

The role of stem cells in the origin of colon cancer remains controversial. Colon 

cancer has been postulated to arise from either: mutated/abnormal stem cells in colonic 

crypts (47) or aberrant progenitor cells (48), or fully differentiated cells (49) or 

hematopoietic stem cells (22). Based on the CSCs theory, it is now believed that cancer 

stem cells arise from stem cells located at the base of the colonic crypts that have 
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acquired specific mutational hits and/or due to a possible imbalance in the stem cell niche 

(6). Stem cells are believed to require fewer mutations than differentiated cells to 

promote transformed phenotypes as they already possess self-renewal properties (6). The 

lack of knowledge relating to the colonic stem cell niche and the stem cells within the 

milieu is derived from the technical challenges that scientists are continuously 

experiencing: lack of unique markers and stem cell bioassays (23). Conventional wisdom 

would suggest that isolating stem cells from colonic crypts or from tumor bulks would be 

the most efficient method to examine the biology of stem cells. However, in order to do 

so, specific stem cell markers have to be expressed by the stem cells and, most 

importantly, identified. Although some stem cell markers have been identified, it remains 

debatable as to whether these markers truly represent stem cells. Another problem stems 

from the lack of markers capable of distinguishing between normal stem cells and cancer 

stem cells. Both possess similar markers and in situ may appear to look similar. Therefore 

isolating normal stem cells versus cancer stem cells has been shown be a very tedious 

task. In addition, the possibility remains that the markers may be identifying cells other 

than stem cells. Therefore, the question remains, can stem cells be isolated from colonic 

crypts and colorectal cancers and if so, which markers will be most appropriate to 

exploit/target for preventing cancers?  Quiescent stem cells appear to be expressing a 

distinct set of markers (such as DCAMKL-1) compared to the actively stem cells (such as 

LGR5) within the same crypt (20), thus making these markers more useful for identifying 

the stem cells. Our laboratory has established the method that allows for the isolation of 

intact colonic crypts from mouse colon, based on the methods developed by Dr. Umar 

(50). The intact crypts can be further dissociated into single cells and stained for specific 

stem cell markers. My preliminary data suggested that DCAMKL-1+ve cells in the 

mouse colonic crypts are of many different phenotypes (unpublished data from our 
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laboratory). At the present time we do not know if these different phenotypes represent 

differences in their genotypes. 

We were also successful in FACSorting cells positive for DCAMKL-1, CD44 and 

LGR5 from colonic crypts and established the methods for growing colonic stem cells as 

colonospheres and organoids (unpublished data from our laboratory). In a recent study, 

we reported an increase in the expression and cell numbers of DCAMKL-1+ve and 

CD44+ve cells in colonic crypts of mice stimulated with progastrin (51), as described in 

chapter 2 of my dissertation. The latter findings strongly suggest that growth factors such 

as progastrin can significantly increase the expression levels and census of stem cells in 

colonic crypts, which may explain previous findings from our laboratory demonstrating a 

co/carcinogenic role of progastrin in colon carcinogenesis (52,53). Thus, for my 

dissertation, I examined colon cancer stem cells in more depth and also looked at the 

possible transformation of normal stem cells to cancer stem cells using an isogenic model 

of HEK-293 cells developed by our laboratory (described in chapter 4). 

Researchers in the field have come to a common consensus that targeting stem 

cells directly rather than the bulk of tumors cells may be a better strategy for treating and 

preventing cancer relapse (54-57). The ratio of CSCs to tumor cells in colon cancers has 

been postulated to be as low as 1:60000 in some tumors (58). Therefore, it is important 

that we examine isolated CSCs using precise stem cell markers. Several stem cell 

markers are currently being used to isolate and characterize colon CSCs (59) (Table 1.1). 

For the purpose of my studies, I chose to focus on three stem cell markers, DCAMKL-1, 

CD44 and LGR5, which are currently believed to be precise stem cell markers with 

available extracellular domains. Availability of extracellular domains is critical for 

isolating stem cells and further investigating these cells. 
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                            Table 1.2: List of Normal and Cancer Colon Stem Cells  
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1.7 DCAMKL-1 

1.7.1 Structure of DCAMKL-1 protein 

Doublecortin Ca
+2

/Calmodulin-dependent kinase like-1 (DCAMKL-1) is a 740 

amino acid long transmembrane protein. It is composed of a serine/threonine catalytic 

domain at the C-terminus with a 65% homology to the calcium-calmodulin family of 

serine/threonine kinases (60). It also possesses two ubiquitin like domain with a 35% 

homology to Doublecortin at the N-terminus which is required to bind microtubules (60, 

61) (Fig 1.8). The DCAMKL-1 gene encodes for multiple alternative splice variants 

including 2 long forms (α and β), 2 shorts forms (α and β), DCL and the smallest form 

known as CARP which lacks both the DCL and CaMK domains (61,62). DCAMKL-1 

was first identified as a critical developmental protein in the nervous system (61). 

  

 
                                           Figure 1.8: DCAMKL-1 Transcript 
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1.7.2 Role of DCAMKL-1 in the Nervous System 

DCAMKL-1 is a microtubule-associated kinase expressed in postmitotic neurons 

(60) and the developing brains (63). The transmembrane protein plays a crucial role in: 

mitotic cell division by regulating the spindle formation in neuroblasts (64); regulating 

neuronal migration, neurogenesis and apoptosis (65); maintaining the axonal system in 

check (61, 66). More recently studies have shown that silencing DCAMKL-1 expression 

induced apoptosis in neuroblastoma cells (62), suggesting that DCAMKL-1 plays an 

important role in neuronal biology. It is believed that the protein plays an important role 

in calcium signaling pathways due to its kinase homology (60). However, ligands to 

DCAMKL-1 and key regulatory molecules involved in its intracellular function 

activation remain to be identified. 

 

1.7.3 DCAMKL-1 a Putative Stem Cell Marker 

In 2007, DCAMKL-1 was charaecterized as a novel putative colonic and 

intestinal stem cell marker (20,67).  DCAMKL-1 positive cells were found to be located 

at the base of the crypts, specifically at the +4 position within the crypts (67,68). 

DCAMKL-1+ve cells are believed to represent the quiescent stem cells within the 

intestinal crypts since the cells were negative for proliferative marker, PCNA (20,67). 

DCAMKL-1+ve cells also co-express Musashi-1 (msi-1), another well characterized stem 

cell marker (69), hence confirming DCAMKL-1’s role as a stem cell marker.   

 More recently, DCAMKL-1 was also identified as a potential stem cell marker 

within the gastric epithelium and was apparently expressed by parietal cells within the 

isthmus region of the stomach also known as the “stem/progenitor cell zone” (66). These 

cells were also shown to be positive for Msi-1 and quiescent in the gastric epithelium (66, 

70).  These findings support the notion that DCAMKL-1+ve cells are slow cycling and 
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represent the quiescent stem cells populations, as demonstrated in the gastric, colonic and 

intestinal epithelium. The slow cycling ‘quiescent’ stem cells, such as DCAMKL-1, may 

possibly play a critical role in homeostasis of normal crypt-like structures. 

Kikuchi et al. 2010, recently reported that DCAMKL-1+ve and PCNA+ve cells in 

a gastric gland can also be located at the base of the gland instead of the isthmus region 

due to ulcer formation or radiation injury (66,70). Also, DCAMKL-1 has been identified 

as a potential pancreatic stem/progenitor cell marker and researchers are currently 

investigating its role in various cancers (67, 71).      

 Therefore, one of the goals of my dissertation was to examine the role of 

DCAMKL-1 in colon cancer cells by characterizing the expression, localization, 

phenotypic and growth patterns of these cells and to examine the effects of down-

regulating DCAMKL-1 in colon cancer cells (Chapters 4,5). 

 

1.7.4 DCAMKL-1 and Cancer 

DCAMKL-1 is over-expressed in various tumors types including colorectal, 

pancreatic, breast and prostate cancers (72). Down-regulation of DCAMKL-1 expression 

in colon cancer cell and pancreatic cancer cell lines resulted in inhibition of cell 

proliferation, tumor growth arrest, decrease in oncogenic expression of c-myc and KRAS, 

inhibition of Nocth-1 expression and epithelial-mesenchymal transition (72-74).  These 

findings reiterate the importance of DCAMKL-1 in tumor growth formation and suggest 

that targeting DCAMKL-1 may be a novel therapeutic method of treating many epithelial 

cancers including colorectal cancers. Therefore, one of my goals was to examine the 

effects of down-regulating DCAMKL-1 on the biology of colon cancer cells growing 

either as spheroids in vitro or xenografts in vivo as described in chapter 5. 
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1.8  LGR5 

1.8.1 LGR5 and the intestinal crypt 

LGR5, also known as GPR49, is a leucine-rich orphan G protein-coupled receptor 

found to be expressed in a unique fashion in human colon cancer cells and intestinal crypt 

cells (23,24). The protein consists of a large extracellular leucine rich repeats and a short 

cytoplasmic tail (6,23,75) (Fig 1.9).  

  

 
                                         Figure 1.9: LGR5 Transmembrane Protein 

 

Hans Clevers and colleagues generated a novel LGR5-EGFP-IRES-Cre-

ERT2/RosaLacZ mouse model and conducted lineage tracing studies (23). These studies 

helped them to identify LGR5+ve cells as the normal stem cells at the base of the crypts 

in the intestinal cryopts, which is believed to be distinct from the +4 DCAMKL-1+ve 

cells, as previously described previously (76).  Unlike DCAMKL-1+ve cells, LGR5+ve 

cells are negative for Msi-1 but positive for PCNA. LGR5+ve cells are considered the 
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active cycling stem cells which are located at the base of the crypts and divide every 24 

hours in a normal homeostatic environment (23, 77). It is believed that there are about 4 

LGR5+ve cells within each crypt (23,30) (Fig 1.10). Cells positive for LGR5 were 

described to be multipotent and a single LGR5+ve cell seeded in culture, was able to 

regenerate the entire crypt and villus structure (organoid),  giving rise to differentiated 

cell type lineages found within the intestinal crypts even in the absence of a niche 

microenvironment (23, 78). These findings suggest that besides DCAMKL-1+ve cells (as 

described above), LGR5+ve cells may also represent stem cells which are equally 

important in normal homeostasis and in tumor growth. Therefore, I also wanted to 

characterize LGR5+ve colon cancer cells, in order to better understand its role in the 

proliferation of colon cancers, as described in chapter 4. 
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                       Figure 1.10: Stem Cells within the Small Intestinal Crypt 

 

Using an APC mouse mutant model, researchers were able to observe an increase 

in β-catenin levels in LGR5+ve cells, followed by formation of micro-adenomas which 

eventually progressed to larger adenomas (76). Clevers and colleagues believe that the 

LGR5+ve cells in APC mutant mice gave rise to the aberrant growth observed in the 

small intestinal mucosa as previously described. However, it is not known if APC mutant 

LGR5+ve cells can similarly give rise to colonic growth. 

 

1.8.2 LGR5 in the gastric epithelium 

LGR5+ve cells are also found in the gastric epithelium. Unlike DCAMKL-1+ve 

cells which are located in the isthmus region of the gastric glands, LGR5+ve cells were 

found to be located at the base of the mature pyloric glands (79). About 2-4 LGR5+ve 

cells were found to be located within the base of glands and were positive for PCNA, 

indicating their proliferative potential (79). In addition, a single LGR5+ve cell in vitro 

gave rise to organoid-like structures resembling pyloric glands. While LGR5+ve cells can 

potentially regenerate either a gastric gland or intestinal crypts, it is not known whether 

LGR5+ve colon cancer cells can maintain the growth of a tumor. This possibility was 

examined in chapter 4. 

 

1.8.3 Role of LGR5 in the growth of colon cancers 

LGR5 is over expressed in various tumor types including colorectal, ovarian and 

hepatocellular carcinomas reviewed by (30). More specifically, LGR5 is over-expressed 

in 70% of all human colorectal cancers (80,81), but in only 50% of metastatic colorectal 

growths (82). The expression levels of LGR5 have been shown to increase progressively 
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during the hyperplasia-adenoma-adenocarnima sequence of colon carcinogenesis in 

humans (83,84). Levels of LGR5 were reported to be higher in metastatic versus non 

metastatic cell lines (84, 85). These results suggest that LGR5 may be a useful diagnostic 

marker for colorectal cancers. 

LGR5 is a well established WNT target gene; the majority of colorectal cancers 

arise due to mutations in either APC or β-catenin resulting in constitutive activation of 

the Wnt signaling pathway. Thus overexpression of LGR5 in colorectal cancers probably 

reflects constitutive activation of β-catenin. However, it is not known if elevated levels of 

LGR5 are directly involved in driving tumorigenesis within the colons or if constitutively 

activation of the Wnt signaling pathway is sufficient to initiate tumorigenesis. LGR5+ve 

cells, however, are localized at the leading edge of colonic tumors in close proximity with 

the stromal microenvironment (81), suggesting that stromal cues may be required for 

LGR5+ve cells to function as cancer stem/progenitor cells. 

 Ligands which bind or activate the extracellular domain of LGR5 protein remain 

to be identified. It is however believed that LGR5 is essential in the development of 

intestinal epithelium since mice deleted for the LGR5 gene fail to survive post-natally 

due to gastrointestinal swelling and malformation of the tongue and lower jaw (23,86).  

 LGR5 has been suggested as a prognostic marker for CRCs since patients 

expressing elevated levels of LGR5 in their tumors demonstrated lower survival rate 

(81,83). However, Walker et al 2011, demonstrated that silencing of LGR5 expression 

surprisingly promoted tumorigenesis by up-regulating the Wnt signaling pathway (87). 

The reduced expression of LGR5 in colon cancer cells resulted in the formation of 

amorphous spheroids in culture, increased cell migration and rearrangements of cell 

surface proteins including CD44 (87). The investigators believed that CD44 becomes 

uniformly distributed on the cell membranes in the presence of matrix metalloproteinases 
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(MMPs) which may play an important role in promoting the invasion and migration of 

metastatic cancer cells (87). At the same time, other investigators have reported that not 

all colon cancer tumors positive for β-catenin are also positive for LGR5 and vice-versa 

(82); it is thus possible that besides β-catenin, other cancer related oncogenic pathways 

may also upregulate the expression of LGR5 in tumors. 

Based on available literature, as described above, LGR5 likely plays a critical role 

in maintaining normal homeostasis of the colonic crypts and may prevent abnormal 

migration of the cells based on the results of Walker et.al 2011. Since LGR5 is a target 

gene of activated Wnt signaling pathway it may also play a secondary role in the 

generation of colonic tumors. 

 

 

1.9  CD44 

1.9.1 Role of CD44 in colon cancer 

CD44 (cluster of differentiation) is a cell surface glycoprotein which binds the 

extracellular matrix hyaluronic acid with high affinity. In a normal colonic crypt, CD44 is 

expressed in the lower 1/3
rd

 compartment of the colonic crypts known as the 

stem/progenitor cell zone and is a prominent target of Wnt signaling in the intestinal 

mucosa (88,89). CD44 is selectively expressed by proliferating epithelial cells lining the 

intestinal crypts (90) and are believed to represent progenitor cells. However, it is not 

known whether CD44+ve cells in colonic crypts can give rise to the different lineages of 

differentiated cells in the intestine.    

Originally, CD44 was identified as a cancer stem marker for breast cancers (91). 

Since then, CD44 has been described as a stem cell marker for prostate, pancreatic, head 

and neck and colorectal cancers (92-95). Several CD44 alternative splice variants have 
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been identified in various cancers, including colon cancers, and were found to correlate 

with cancer progression (96,97).  

CD44 regulates tumor growth and cancer cell migration in human colorectal 

cancers (98,99). In colon cancer cells, the activation of CD44 is mediated by the β-

catenin signaling pathway (100). CD44 is considered to be a very selective and robust 

cancer stem cell marker which mediates cell survival, cell growth, cell motility and cell 

differentiation (101). Thus, it is believed that CD44 may regulate stemness of cancer 

stem cells by activating several proliferative pathways required for the growth of cancer 

cells (102).  

Down-regulation of CD44 expression results in the loss of colony formation and 

migratory potential of colon cancer cells in vitro and attenuation of tumor formation in 

vivo, strongly suggesting a functional role for CD44 in the growth and metastasis of 

CRCs (102). Enriched population of either a single or several CD44+ve cells grew as 

spheroids in vitro and as xenogrfats in vivo (102). CD44+ve cells were shown to have 

significantly higher metastatic and tumorigenic potential compared to CD44-ve cells 

(102,103). The studies strongly suggest that CD44+ve cancer stem cells can support the 

growth of a tumorosphere. Therefore, for my dissertation studies, I used CD44 as a colon 

cancer stem cell marker, in addition to DCAMKL-1 and LGR5 as described in chapters 

2-5. 

 

1.9.2 CD44 as a prognostic marker 

Levels of CD44 expression in colorectal cancers have been shown to be 

proportionally increased in relation to the stage of the disease as reviewed by (104). 

Higher levels of CD44 were reported to be associated with poor prognosis (105). 

Treatment of mice with carcinogenic agent resulted in increased expression of CD44 
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(106). Interestingly, increased expression of CD44 in the colonic mucosa precedes 

mutational changes observed in KRAS and p53 gene (92), which may be secondary to 

activation of the Wnt/β-catenin pathway. However, it is not known at what stage specific 

splice variants of CD44 are expressed (107).   

 

 

1.10  Progastrin up-regulates stem cells in colonic crypts and colon 

cancers 

The stem niche of intestinal crypts has several cytokines and growth factors which 

control the fate of stem cells. Growth factors such as progastrin can potentially dictate 

proliferation and differentiation of stem cells. Several investigators, including our 

laboratory have demonstrated that aberrant up-regulation of growth factors, such as 

Progastrin can significantly increase the risk of colon carcinogenesis (53,108,109). 

 In the early 1990’s, it was discovered that the majority of the human colon cancer 

cell lines and colonic adenocarcinomas expressed the gastrin gene (110,111). Normally, 

only processed and amidated forms of gastrins (G17/G34) are present in circulation; 

however in certain pathological conditions such as colorectal cancers, the gastrin gene 

products are not processed completely, resulting in the expression of progastrins 

(112,113) (Fig 1.11). Progastrin (PG) and glycine-extended-gastrins are highly expressed 

in colon cancers reviewed in (112). Down-regulation of the gastrin gene (progastrin) 

resulted in the loss of clonogenic and tumorigenic potential of colon cancer cells (114). 

Progastrin has been shown to exert proliferative (115), anti-apoptotic (116) and co-

carcinogenic effects on the colonic epithelium cells (110,111,117).  
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                                    Figure 1.11: Processing of Progastrin peptide 

 

Several laboratories including our laboratory have been examining the 

intracellular mechanisms by which PG increases the proliferation of normal and 

cancerous intestinal epithelial cells. Both NFĸB and β-catenin pathway were found to be 

important in mediating anti-apoptotic and proliferative effects of PG in vitro and in vivo 

(112,119).       

Recently, our laboratory identified annexinA2, as a novel, non-conventional 

receptor for progastrin peptides. Our studies in chapter 2, demonstrate that AnnexinA2 is 

required for mediating stimulatory effects of PG on the NFĸB and β-catenin signaling 

pathway. We also demonstrated that PG significantly up-regulates expression of stem cell 

markers DCAMKL-1, CD44 and LGR5 in vivo in intestinal crypts as well in vitro in an 

embryonic epithelial cell line (HEK-293).  

  

 

1.11 ALDH (Aldehyde dehydrogenase) 

Various isoforms and splice variants of the ALDH enzyme were reported to be 

found in the cytoplasm, mitochondria, nucleus and endoplasmic reticulum (119). One of 
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the isoforms, ALDH1A1, has been reported to be a specific marker for normal and cancer 

stem cells. 

 

1.11.1 Role of ALDH1A1 in cancer 

Aldehyde dehydrogenase 1A1 is a detoxification enzyme expressed in both 

normal and cancer stem cells, in the breast (120) and colon (121). The activity of 

ALDH1A1 is significantly elevated in colonic adenomas compared to normal colonic 

mucosa (121) and therefore ALDH1A1 may be a unique marker of colon cancer cells. 

ALDH1A1, has also been reported to be expressed in colonic stem cells in the 

proliferative zone of crypts (121) and may represent a marker of proliferative cells. 

ALDH1A1 has been used as a marker to isolate normal and cancer stem cells. Cells 

positive for ALDH1A1 are also positive for CD44 and CD133, two well established 

cancer stem cell markers (122). Colon cancer cells positive for ALDH1A1 have been 

reported to grow as xenografts in athymic nude mice suggesting that ALDH1A1+ve 

colon cancer cells are tumorigenic. Expression of high levels of ALDH1A1 in tumors is 

believed to reflect poor prognosis (123). 

The functional importance of ALDH1A1 in cancer cells is probably derived from 

its role as an aldehyde dehydrogenase which protects the stem cells from inhibitory 

effects of chemotherapeutic agents (124). Therefore, treatment strategies are being 

developed to target ALDH1A1 in order to sensitize cancer stem cells and decrease their 

resistance to chemotherapeutic agents (124)  

Unlike colonic and gastric epithelial cells, the pancreatic and liver tissues express 

high levels of ALDH1A1. Thus ALDH1A1 will serve as a strong marker of cancer stem 

cells in tissues normally expressing low levels of ALDH1A1 (colonic and gastric 

epithelium) while ALDH1A1 will not be as reliable for cancer arising from pancreas and 
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livers (123). Since ALDH1A1 can serve as a useful marker for colon cancer stem cells, I 

examined the effects of inhibitory agents such as curcumin on the growth colon cancer 

cells in relation relative levels of ALDH1A1 as described in chapter 5. 

 

 

1.12 Pluripotent markers 

Normal stem cells have the ability to perpetually self-renew and differentiate into 

specific cell types associated with the organ of origin. Stem cells have been described as 

being either pluripotent, multipotent or unipotent (125). Pluripotent cells are 

characterized by the ability of the cells to form all three germ layers: endoderm, 

mesoderm and ectoderm, and be induced to form specific cell types. Multipotent cells, 

also known as progenitor cells, have the ability to give rise to only the cell lineages of a 

specific organ. Unipotent cells can differentiate into only one single functional cell type 

in a tissue (125). However, cancer stem cells, unlike normal 

pluripotent/multipotent/unipotent stem cells, have lost the ability to form functionally 

differentiated lineages and continuously proliferate. 

Several transcription factors have been discovered which control ‘stemness’ of 

both normal and cancer stem cells. For my dissertation project, I have chose to focus on 3 

of the following transcription factors, Nanog, Oct-4 and Sox-2, based on literature 

illustrating their role in cancer cells as described below. 

 

1.12.1 Nanog 

Nanog is a homeobox-containing transcription factor which is responsible for 

maintaining stemness/pluripotency of embryonic and pluripotent stem cells (126). Nanog 

interacts with Oct-4 and Sox2 to form a complex which induces the pluripotent 



 31 

phenotypes within the cells (127). Nanog expression is elevated in various tumor types 

including breast cancers (128), prostate cancers (129), ovarian cancers (130) and colon 

cancers (131). Overexpression of Nanog has been demonstrated to promote 

transformation, tumorigenecity and metastasis of cancer cells (132); hence Nanog is a 

putative marker of tumor cells and predicts poor prognosis for patients whose colorectal 

cancers are positive for high levels of Nanog (133). Overexpression of Nanog in colon 

cancer cells have been shown to increase proliferation, invasion and migration of the cells 

(133-135).  

 

1.12.2 Oct-4 

Oct-4 is an octamer-binding transcription factor 4, also known as POU5F1 (POU 

domain, class 5, transcription factor 1. Elevated expression of Oct-4 was reported in 

bladder cancers (135), breast cancers (136), gastric cancers (137) and colorectal cancers 

(58). Oct-4 has been to shown to play an important role in self-renewal of cells and in 

inducing ‘stemness’ of pluripotent and embryonic stem cells (138,139). Oct 4 is one of 

the reprogramming genes currently being used to induce pluripotency of stem cells (140). 

Oct-4 has been reported to promote proliferation of the cells and prevent the cells from 

differentiating, thus resulting in dysplasia within the colonic crypts (141). The functional 

effects of Oct-4 has been shown to be dose dependent, wherein an increase by 2 fold 

promotes self-renewal while a reduction promote differentiation (142). Loss of Oct-4 

expression results in the loss of metastatic potential of lung cancers and sensitizes the 

cells to radiation therapy (143). The latter results further support an important role of Oct 

4 in maintaining tumorigenic/metastatic potential of tumor cells. 
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1.12.3 Sox-2 

Sox-2 is a transcription factor which plays an important role in maintaining self-

renewal of pluripotent stem cells. Recent studies have noted elevated levels of Sox-2 in 

various cancer types including colorectal cancers (144).  Relative expression levels of 

Sox-2 are increased in relation to the stage of the disease (114). 

Tumors expressing higher levels of Sox-2 were generally poorly differentiated 

(145). Cancer cells generally co-express Oct 4 and Sox-2. In normal tissues, proliferation 

is generally associated with heterodimerization of Oct 4 with Sox-2 which activates 

downstream targets such as Nanog (146). Constitutive co-expression of Oct4 and Sox-2 

in cancer cells is associated with metastatic growth and higher recurrence rate in patients, 

resulting in poor prognosis (6).  

 To summarize, Nanog, Oct4 and Sox-2 are well characterized pluripotency 

markers of stem cells both in vitro and in vivo. Nanog has been referred to as the master 

switch within the regulatory network complex. Oct4 and Sox-2 heterodimerizes on the 

Nanog promoter and transcriptionally activates the expression of Nanog. Thus all 3 

proteins likely play a cooperative role towards increase ‘stemness’ of cancer cells. 

  For my dissertation project, I examined the effects of inhibitory agents such as 

curcumin or DCAMKL-1 siRNA on the growth of colon cancer cells in relation to 

relative levels of Nanog, Oct 4 and Sox-2. 

 

 

1.13 Treatments for Colorectal Cancers 

Cancer is a very complex disease; each cancer is characterized by the activation 

or deactivation of specific genes, thus leading to the constitutive activation of signaling 

pathways. The standard treatment currently available includes surgery, radiation and 



 33 

chemotherapy. The majority of patients who are surgically treated for this disease are also 

given adjuvant therapy. The most commonly used adjuvant therapy for colorectal cancers 

is a treatment with FOLFOX, a combination of 5-Fluorouracil (5-FU), a vitamin known 

as leucovorin and oxaliplatin (147,148). Other chemotherapeutic drugs also used can 

include Paclitaxel, Adriamycin, Cisplatin, Cytarabine and Adriamycin, which are well 

established and clinically approved chemotherapeutic drugs as reviewed in (148).  

To date, chemotherapy and radiation are the best available therapies to prevent 

relapse of the disease, however these treatments do not differentiate between normal and 

cancer cells. To address this concern, targeted therapies have been developed to 

specifically target cancer cells and spare normal cells. These therapies include 

monoclonal antibodies against receptor proteins expressed at elevated levels on cell 

membranes of cancer cells, such as Herceptin or antibodies targeted against other forms 

of EGF receptors (149,150). Antibodies have also been developed against angiogenic 

factors such as VEGF but have significant side effects (151). The reason the currently 

available therapies fail is because cancer stem cells are resistant to these interventions. 

Therefore, developing therapeutic strategies for specifically targeting cancer stem cells 

may improve the outcome of treating cancer (152).  

Additionally, novel therapies are being developed, which include a combination 

of natural dietary agents and chemotherapeutic drugs. Many dietary agents have anti-

tumor effects and have been shown to sensitize cancer cells to treatment with 

chemotherapeutic agents at non-toxic concentrations.  However, it is not known if these 

chemotherapeutic dietary agents (non-toxic even at high concentrations) target cancer 

stem cells. One of my goals for my dissertation project was to examine if a prototype of 

dietary chemotherapeutic agent, such as curcumin, can target cancer stem cells (chapter 

5). 
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1.14 Curcumin 

Curcumin, chemically known as diferuloymethane, is the major pigment in the 

turmeric powder, which is isolated from the rhizomes of the leafy plant Curcuma longa 

(153). Curcumin possesses anti-inflammatory and anti-oxidant properties (154, 155) and 

has long been used as traditional medicine in Asian countries (153). Curcumin also 

possesses anti-tumoral activities and anti-proliferative effects on cancer cells (156) and is 

currently being used in clinical trials as a chemotherapeutic agent against colorectal 

cancers (157). The natural dietary agent curcumin possesses many advantages, as it is 

non-toxic to humans even at high doses even up to 12g/day, and targets multiple 

signaling pathways concurrently such as the NFĸB and β-catenin pathways which have 

been demonstrated to be key regulators in cancer (158). Curcumin is a polyphenolic 

compound which suppresses proliferation, induces apoptosis and inhibits angiogenesis 

(159). Unlike conventional chemotherapeutic drugs, curcumin is believed to target cancer 

cells while sparing normal cells from any damages. Curcumin has been shown to down-

regulate activation of NFĸB and COX-2 by perhaps directly interacting with proximal 

kinases or cyclooxygenase enzyme itself (160). Curcumin also induces p53-independent 

apoptosis, hence improving its inhibitory effects on cancer cells (161,162). Curcumin in 

combination with FOLOFOX was reported to significantly inhibit the growth of colon 

cancer cells as spheroids (163,164). Given all the advantages and efficacy of curcumin as 

a potential natural chemotherapeutic agent, I focused my studies on examining the effects 

of curcumin on the growth of colon cancer stem cells in combination with RNAi 

targeting stem cell marker DCAMKL-1, as a potential novel therapeutic strategy (chapter 

5). Our studies revealed the novel possibility that while curcumin induces autophagic 

death of colon cancer cells, DCAMKL-1 induces apoptotic death. 
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1.15 Autophagy 

Autophagy is an intracellular multi-step process which results in the bulk 

degradation of proteins and cytoplasmic organelles within cells (165). The process is also 

referred to as programmed cell death type II and is necessary for maintaining cell 

survival, cell viability, differentiation and cellular development (166, 167). This catalytic 

pathway is usually activated when cells are deprived from nutrients; however other 

conditions such as stress, infection and cancer have been reported to induce autophagic 

activity. The recycling and removal of damaged organelles and macromolecules from 

cells via the autophagic pathway improves overall survival of the cells, and hence 

prevents the cells from undergoing apoptosis/necrotic (165). 

 

1.15.1 Steps of Autophagy 

Autophagy is regulated by atg genes which are essential to the formation of the 

double-membrane-bound autophagosomes. The mammalian homologs of these 

autophagy-related genes have recently been identified, and include LC3 (light chain 3). 

LC3 has been shown to be a robust marker of autophagy activity.  LC3 is a microtubule-

associated protein 1 light chain 3 which is normally present in the cytoplasm and plays an 

important role in the formation of autophagosomes (167).  The initial step of autophagy 

involves the formation and elongation of isolation membranes within the cells (Fig 1.12). 

The isolation membranes extend, curve and form autophagosomes which engulf the 

cellular organelles predestined for degradation. Concurrently, LC3 is activated and 

cleaved (LC3-I), allowing for its glycine extended C-terminal end to conjugate to 

phosphatidylethanolamine resulting in the formation of LC3-II.  The now lipidated LC3-

II protein binds to the isolation membranes and autophagosomes in order to secure 

closure and structural stability of these vesicles (168). Subsequently, the autophagosomes 
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fuse with lysosomes resulting in the formation of autolysosomes which are in turn 

degraded by lysosomal hydrolases; the remaining macromolecules are recycled into the 

cytosol (169).  

 

 
                                               Figure 1.12: Steps of Autophagy 

 

1.15.2 Curcumin induced autophagy and its role in cancer 

Autophagy is usually activated as a rescue mechanism in normal cells but in 

cancer it is suppressed. In fact, autophagy has been shown to be inversely correlated with 

malignant phenotype of tumor cells (170). However, in response to chemotherapeutic 

agents, such as curcumin, cancer cells activate autophagic mechanisms (170).  In cancer 

cells, autophagy is regulated by the activation of several signaling pathways including the 

Akt/mTOR/p70S6K pathway which determines whether a cell survives or undergoes 

apoptosis (171).  The upstream activation of Akt leads to the phosphorylation and 
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activation of mTOR signaling molecule, which acts as a negative regulator of autophagy. 

Curcumin has been shown to activate calyculin A-sensitive protein phosphatases which 

inhibit mTOR phosphorylation, hence inducing autophagy in vitro and in vivo in cancer 

cells (171,172). Curcumin has also been shown to arrest cells in the G2/M phase while 

still promoting apoptosis and is believed to be a very potent anti-cancer drug. Curcumin 

has been shown to suppress tumor growth by inducing autophagy activity in various 

cancers (173, 174). However, it remains to be determined whether autophagy is activated 

as a death mechanism or a protective mechanism in cancer cells.  Therefore, for my 

dissertation, I further examined the specific role of autophagy in response to the 

inhibitory effects of curcumin on tumor growth. 
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CHAPTER 2  

 

ANNEXIN A2 MEDIATES UP-REGULATION OF NFΚB, 

Β-CATENIN, AND STEM CELL IN RESPONSE TO 

PROGASTRIN IN MICE AND HEK-293 CELLS 

 
*This chapter is a copy of a manuscript published from our laboratory in 2011. I  

  was granted copyright permission by Elsevier to reuse full article for thesis  

  purpose: License # 2784211378313. 

 

2.1  Introduction 

As briefly discussed under Background and Significance section in chapter 1, 

accumulating evidence suggests that exogenous/autocrine gastrins up-regulate 

proliferation/co-carcinogenesis of gastrointestinal and pancreatic cancers (175,176). 

Progastrin (PG) and glycine-extended gastrins are predominant forms found in 

colonic/ovarian/pancreatic/lung cancers (175). PG exerts potent proliferative/anti-

apoptotic effects on target cells in vitro and in vivo (112,115,177-179). Transgenic mice 

overexpressing progastrin are at a high risk for developing preneoplastic/neoplastic 

colonic lesions in response to azoxymethane (53,68,117,180).  

Under physiologic conditions, only processed forms of gastrins (G17/G34) are 

present in the circulation (175). In certain disease states, however, elevated levels of 

circulating PG are detected (175). Because co-carcinogenic effects of PG are measured in 

Fabp-PG mice, expressing “pathophysiologic” concentrations of hPG (53), elevated 

levels of circulating PG may increase the risk of tumor development, in response to DNA 

damage. Our laboratory has previously reported a critical role of nuclear factor-κB 

(NFκB) activation in mediating PG-induced proliferation/anti-apoptosis in vitro and in 
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vivo (5,112). Additionally our laboratory reported the novel possibility that β-catenin 

activation in response to PG is downstream of p65NFκB activation in vivo (118). It is, 

however, not known whether β-catenin also signals to p65NFκB and whether activation 

of both p65 and β-catenin are required for mediating growth effects of PG. I addressed 

these questions using a gastrin/PG responsive cell line (HEK-293) (181) because HEK-

293 cells are amiable to multiple transfections.  

Annexin A2 (AnxA2) represents a nonconventional “receptor” for PG/gastrin 

peptides (182). Down-regulation of AnxA2 was reported by our laboratory to reduce 

growth-stimulatory effects of PG on various target cells by ~50%–80% (182). It is, 

however, not known whether PG binding to AnxA2 is required for activating NFκB 

and/or β-catenin in vitro and in vivo. I therefore used ANXA2
­/­

 mice and PG-expressing 

clones of HEK-293 cells to address this important question.  

Recent reports suggest that PG up-regulates the census of cells expressing the 

putative stem cell marker doublecortin CAM kinase-like 1 (DCAMKL-1) in colonic 

crypts (68). Stem/progenitor cell marker CD44 is also known to be up-regulated in cancer 

cells that overexpress autocrine PG (183). In the following studies, I therefore examined 

whether autocrine PG directly up-regulates DCAMKL-1 expression and whether AnxA2 

expression is required for measuring stimulatory effects of PG on DCAMKL-1/CD44 

levels. Results of the studies I conducted with the help of other laboratory researchers, 

strongly suggested that AnxA2 expression is required for up-regulation of NFκB, β-

catenin, CD44, and DCAMKL-1 in response to PG both in vitro and in vivo. 
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2.2  Materials and Methods  

2.2.1 Materials 

Antibodies used included anti-total-p65, antiphospho-p65NFκB(Ser
276

), anti-

phospho-p44/42-extracellular-regulated kinase, anti-phospho-p38 mitogen-activated 

protein kinase, anti-proliferating cell nuclear antigen (PCNA), anti-CyclinD1 (Cell 

Signaling Technology, Danvers, MA), anti-cylooxygenase (COX)-2 (Chemicon 

International, Billerica, MA), anti-c-Myc (Santa Cruz Biotechnology, Santa Cruz, CA), 

anti-β-actin (total) (Sigma, St Louis, MO), anti-AnxA2, anti-CD44 and anti-DCAMKL-1 

(BD Biosciences, Carlsbad, CA). Recombinant human PG (rhPG) and anti-PG antibodies 

were generated in our laboratory (53,115). NFκB DNA binding kit was from Active 

Motif (Carlsbad, CA). Anti-immunoglobulin G (IgG), coupled to horseradish peroxidase, 

were from Amersham. Alexa Flour-594 and Alexa Flour-488 coupled secondary IgG 

were from Invitrogen (Carlsbad, CA). Luciferase reporter plasmids for measuring 

activation of β-catenin (TOPFlash wild type and FOPFlash mutant) were obtained from 

Dr. Bert Vogelstein (Johns Hopkins, Baltimore, MD). 

 

2.2.2 Cell culture 

HEK-293 cells (obtained from American Type Culture Collection) were cultured 

in Dulbecco’s modified Eagle medium/F12 medium supplemented with 10% fetal calf 

serum (FCS) containing 1% penicillin/streptomycin in a humid atmosphere at 37°C with 

5% CO2. The cell line was regularly monitored for absence of mycoplasma. 

 

2.2.3 Generation of HEK-293 clones stably overexpressing full-length PG 

An eukaryotic expression plasmid was created for expressing full-length coding 

sequence of hGAS gene mutated at 3 di-basic sites (R57A-R58A/K74A-K75A/R94A-
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R95A), as previously described in (53). HEK-293 clones, stably expressing full-length 

human progastrin (hPG) (HEK-mGAS), were generated as described in (184). Vector 

transfected clones (HEK-C) served as controls. 

 

2.2.4 Transient transfection 

Cells were transiently transfected with indicated plasmids, including promoter-

reporter-plasmids (TOPFlash/FOPFlash) for measuring activation of β-catenin, as 

described in (112). 

 

2.2.5 Transfection with small interfering RNA oliglionucleotides 

Smart Pool of target-specific small interfering RNA (siRNA) and Non-Targeting 

(control) siRNA Pool, were obtained from Dharmacon (Lafayette, CO). Cells, seeded in 

6-well dishes, were transfected with 1–1.5 µg of specific/control siRNA using Fugene 

(Roche, Indianapolis, IN). Transfected cells were propagated in normal medium 

containing 10% FCS for 48–72 hours and processed for immunoblot analysis. 

 

2.2.6 In vitro growth assays 

Cell growth was quantified in either an MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay or cell-count assay as described in (115, 185).
  

 

2.2.7 Immunoblot analysis   

Cell/nuclear extracts were prepared from isolated colonic crypts and from 

control/treated cells in culture. Samples were processed for electrophoresis and 

transferred to polyvinylidene difluoride membranes, as described in (112).  Blots were 

cut into horizontal strips containing target or loading-control proteins and processed for 
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immunoblot analysis. Antigen-antibody complexes were detected with 

chemiluminescence reagent kit (GE Health Care, Piscataway, NJ). Membrane strips 

containing either target or loading control proteins were simultaneously exposed to 

autoradiographic film(s). Relative band density on scanned autoradiograms was analyzed 

densitometrically using Image J Program (rsb.info.nih.gove/ij/download; National 

Institutes of Health, Bethesda, MD) and expressed as a ratio of β-actin or total kinase 

levels in the corresponding samples. 

 

2.2.8 DNA binding assay 

Activation of NFκB was determined using TransAM p65NFκB transcription 

factor assay, as described (5,112).
 

 

2.2.9  Promoter-Reporter assays 

Cells transfected for 24 hours with either TOPFlash or FOPFlash plasmids were 

either treated (wtHEK-293 cells) or untreated (HEK-C/HEK-mGAS cells) with rhPG for 

24–48 hours, followed by lysis. Luciferase Assay Reagent (Promega) was added to 

liquots of samples, and luciferase units were measured with a luminometer (Dynex 

Technologies, Chantilly, VA). Cells transfected with FOPFlash plasmid served as 

negative controls. In some experiments, cells were pretransfected with the indicated 

siRNA oligonucleotides. 

 

2.2.10  Membrane binding and internalization of PG/AnxA2 

Cells were seeded on glass coverslips, cultured overnight in complete growth 

medium, washed with phosphate-buffered saline (PBS) and incubated for 0–15 minutes 

with 10 nmol/L rhPG in Dulbecco’s modified Eagle medium containing 0.1% serum at 
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37°C. Binding was terminated with ice-cold PBS, followed by fixation in 

acetone:methanol (1:1) for 20 minutes at -20°C. Fixed cells were washed with PBS, 

blocked with 5% bovine serum albumin, and incubated at 4°C with rabbit antirhPG-

antibody (1:200) and mouse anti-AnxA2-antibody (1:500). Excess antibody was 

removed, and samples were incubated with goat anti-rabbit IgG coupled to Alexa Flour-

594 (for detecting PG) and rabbit-anti-mouse IgG coupled to Alexa Flour-488 (for 

detecting AnxA2). Excess antibody was removed, and cells were incubated with 4ʹ,6-

diamidino-2-phenylindole for 5 minutes. Cover slips were mounted on glass slides with 

anti-fade-fixative (DAKO, Carpinteria, CA), and images acquired with Zeiss LSM 510 

confocal microscope (META, NY). Images were analyzed using METAMORPH, v6.0 

software (Molecular Devices, Sunnyvale, CA). 

 

2.2.11 Treatment of ANXA2-/-/ANXA2+/+ mice with PG and analysis of colons/ 

colonic crypts 

ANXA2
­/­

 mice, on the C57Bl/6 background were generated as described (186) 

and shipped to animal facilities at University of Texas Medical Branch, Galveston, TX. 

C57Bl/J6-WT (ANXA2
+/+

) mice were purchased from Jackson Laboratories (Bar Harbor, 

ME). Mice (~14 weeks old) were injected in groups of 5–10 with rhPG (1–10 nmol/L), 

intraperitioneally, 2 times/day for 10 days as described in (118) and then killed. Colons 

were fixed in 4% paraformaldehyde and processed for immunohistochemical/ 

immunofluorescence staining, as described in (5,118). Colonic crypts were also isolated 

and processed for immunoblots as described in (5,118). 
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2.2.12 Statistical analysis 

Data are presented as mean ± standard error of mean of values obtained from 4–8 

samples from 2 or 3 experiments. To test significant differences between means, 

nonparametric Mann–Whitney test was employed using Statview 4.1 (Abacus Concepts, 

Inc, Piscataway, NJ); P values < .05 were considered to be statistically significant. 

 

2.3  RESULTS 

2.3.1 Generation of HEK-293 clones overexpressing PG 

HEK-293 cells respond to growth effects of gastrins (181). In our studies, 

conducted as above, we demonstrated for the first time that full-length PG (rhPG) also 

stimulates growth of HEK-293 cells (Fig 2.1A) and activates both p65 and β-catenin in 

HEK-293 cells in vitro (Fig 2.1B–D). HEK-293 clones were generated for stably 

expressing either the empty vector (HEK-C) or triple mutanthGastrin gene (HEK-mGAS) 

as previously described in (53, 184). As a result, HEK-mGAS cells expressed full-length 

PG, which was resistant to processing into smaller fragments (Fig 2.2A). Basal growth of 

HEK-mGAS clones was ~2-fold higher than that of HEK-C clones, irrespective of serum 

concentration, confirming mitogenic effects of autocrine PG (Fig 2.2B). PCNA levels 

were increased ~2-fold in HEK-mGAS vs HEK-C clones (Fig 2.2- 1D). 

 

2.3.2 AnxA2 Is Expressed on Membranes of HEK-293 Cells 

HEK-293 cells, on glass coverslips, were stimulated with 10 nmol/l PG. Strong 

co-localization of PG with membrane-associated AnxA2 was observed at 0–2 minutes 

(Fig 2.2E). Within 5–15 minutes, the majority of PG/AnxA2 complexes was observed as 

punctate bodies in the perinuclear region (Fig 2.2E), suggesting intracellular 

translocation of AnxA2/PG complexes. More recently we have confirmed these findings 
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by using an intestinal cell line (IEC-18) as well, and further demonstrated that 

internalization of PG/ANXA2 complexes in target cells is clathrin mediated, and is 

required for measuring functional activation of signaling pathways in response to PG 

(187).  

 

2.3.3 AnxA2 expression is required for measuring activation of NFκB/ β-catenin in 

response to PG in vitro 

Initially, we confirmed a significant increase in relative levels of p65
276

/COX2 

(Fig 2.3A), β-catenin/c-Myc/cyclinD1 (Fig 2.3B), as a readout of activated p65/β-

catenin, in non-transfected HEK-mGAS vs HEK-C clones. HEK-mGAS/HEK-C cells 

were transfected with either control or AnxA2-specific siRNA. Transfection with control 

siRNA had no effect on p65
276

/total-β-catenin levels in HEK-mGAS and HEK-C cells 

(Fig 2.3C). However, transfection with AnxA2 siRNA resulted in attenuation of activated 

p65 and significant loss of total β-catenin in HEK-mGAS clones (Fig 2.3C). HEK-C cells 

demonstrated negligible activation of β-catenin/NFκB in both control siRNA and AnxA2 

siRNA transfected cells (Fig 2.3D-E). HEK-mGAS cells transfected with control siRNA 

demonstrated significant activation of β-catenin and NFκB (Fig 2.3D-E), similar to that 

measured in PG simulated wtHEK-293 cells (Fig 2.1). HEK-mGAS cells transfected with 

AnxA2 siRNA, on the other hand, demonstrated significant attenuation in activated β-

catenin (Fig 2.3D) and NFκB (Fig 2.3E), compared with that observed in HEK-mGAS 

cells transfected with control siRNA. Thus, even though increased stabilization of total β-

catenin was measured in AnxA2 siRNA transfected HEK-mGAS cells (Fig 2.3C), levels 

of activated β-catenin remained negligible in these cells (Fig 2.3D). The data suggest that 

AnxA2 expression is required for measuring activation of both NFκB/β-catenin at the 

nuclear level, in response to autocrine PG. 
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2.3.4 PG up-regulates stem cell markers DCAMKL/CD44 in vitro in an AnxA2-

dependent manner 

In cells stained with antibodies against DCAMKL-1/CD44, intensity of 

immunohistochemical staining/cell, and proportion of labeled cells were higher in HEK-

mGAS vs HEK-C cells (Fig 2.4A, Fig 2.5). Up-regulation of DCAMKL-1/CD44 

expression in HEK-mGAS cells was further confirmed by immunoblot analysis (Fig 

2.4B-C). To examine the role of AnxA2, cells were transfected with either control or 

AnxA2 siRNA (Fig 2.4B-C). Control siRNA had no effect on the increase in DCAMKL-

1/CD44 seen in HEK-mGAS vs HEK-C cells. Treatment with AnxA2 siRNA, however, 

almost completely reversed stimulatory effect of autocrine PG on DCAMKL-1 levels. 

Surprisingly, CD44 levels remained elevated in AnxA2 siRNA treated HEK-mGAS cells 

(Fig 2.4B-C), suggesting that up-regulation of CD44 may be more distal than stimulatory 

effect on DCAMKL-1. 

 

2.3.5 Activation of both β-catenin and p65NFκB are required for measuring 

proliferative response of HEK-mGAS cells to autocrine PG 

Cells growing in the presence of 1% FCS were treated with siRNA directed 

against either β-catenin or p65NFκB. siGenome non-targeting pool of siRNAs served as 

controls. β-catenin/p65 expression was reduced by >80% in samples treated with target-

specific siRNA (Fig 2.4D). The growth response was examined 48–72 hours after siRNA 

treatment in a cell-count assay. The number of control siRNA transfected HEK-mGAS 

cells was ~2- to 3-fold higher than that of control siRNA transfected HEK-C cells (Fig 

2.4E). Total number of HEK-C cells, transfected with either β-catenin siRNA or 

p65 siRNA, was only slightly lower compared with that of control siRNA transfected 

HEK-C cells (Fig 2.4E). Growth of HEK-mGAS clones was significantly reduced to 
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control levels upon transfection with p65 siRNA and significantly reduced upon 

transfection with β-catenin siRNA (Fig 2.4E). However, growth of HEK-mGAS cells 

transfected with β-catenin siRNA remained elevated compared with HEK-C cells (Fig 

2.4E), suggesting a critical role of p65NFκB for mediating growth effects of PG. 

 

2.3.6    Down-regulation of p65NFκB attenuates β-catenin activation in HEK-mGAS 

clones 

HEK-mGAS cells transfected with control siRNA demonstrated significant 

elevation in p65
276

, total-β-catenin, COX-2, and nuclear-β-catenin, compared with that in 

control siRNA transfected HEK-C cells (Fig 2.6A-B). HEK-mGAS and HEK-C cells, 

transfected with p65 siRNA, were down-regulated for p65 expression by ~80% (Fig 

2.6A-B). Down-regulation of p65NFκB expression attenuated the increase in p65
276

, total 

β-catenin, and nuclear-β-catenin in HEK-mGAS cells (Fig 2.6A-B). Relative levels of 

COX-2, while significantly reduced in p65 siRNA transfected cells, remained elevated in 

HEK-mGAS vs HEK-C clones (Fig 2.6A-B), suggesting that factors in addition to p65/β-

catenin may maintain basal levels of COX-2 in HEK-mGAS cells. 

 

2.3.7 Activation of p65NFκB is independent of β-catenin activation in HEK-mGAS 

cells 

Relative levels of total β-catenin, p65
276

, and cyclin-D1 were significantly 

elevated in control siRNA transfected HEK-mGAS vs HEK-C cells (Fig 2.6C-D). 

Transfection of β-catenin siRNA reduced β-catenin expression by >60%–80% in HEK-

C/HEK-mGAS cells (Fig 2.6C-D). However, loss of β-catenin expression had no effect 

on expression of p65NFκB in either HEK-C or HEK-mGAS cells (Fig 2.6C-D). Relative 

levels of pp65 remained significantly elevated in β-catenin siRNA-transfected HEK-
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mGAS vs HEK-C cells (Fig 2.6C-D), strongly suggesting that phosphorylation-related 

activation of p65NFκB is independent of β-catenin, in response to PG. Relative levels of 

cyclin-D1 in HEK-mGAS cells, transfected with β-catenin vs control siRNA, were 

significantly reduced. However, levels of cyclin-D1 remained slightly elevated in HEK-

mGAS vs HEK-C cells (Fig 2.6C-D). Thus, data in Figure 4 demonstrate for the first 

time that, whereas β-catenin activation is downstream of NFκB, activation of NFκB, in 

response to autocrine PG, is independent of β-catenin, as diagrammatically presented in 

Fig 2.7, in relation to what is known in this field. 

 

2.3.8 AnxA2 expression is required for signaling growth effects of PG to colonic 

crypt cells in vivo 

ANXA2
-/­

/ANXA2
+/+

 mice following genotyping were confirmed (Fig 2.8A). 

Mice were treated with either rhPG or saline as described in Materials and Methods 

section. In response to 1–10 nmol/L rhPG, significant increase in the length of colonic 

crypts was observed in ANXA2
+/+

 but not ANXA2
-/­

 mice. Data obtained with 10 nmol/L 

PG are shown in Fig 2.8B-C, Fig 2.9. Representative immunohistochemical data 

obtained with 10 nmol/L PG are shown in Fig 2.8B, and representative colonic crypts 

isolated from the different groups of mice are presented in Fig 2.9. Relative levels of 

pp65
Ser276

/cellular β-catenin were significantly increased in rhPG vs saline-treated 

ANXA2
+/+

 mice (Fig 2.8D). Relative levels of p65/β-catenin from PG vs saline-treated 

ANXA2
-/­

 mice, on the other hand, were similar (Fig 2.8D), strongly implying that 

AnxA2 expression is required for activating NFκB/β-catenin in colonic crypts of mice, in 

response to PG.  

Relative levels of CD44/DCAMKL-1 were also increased by ~1.5- to 2-fold in 

colonic crypt cells of PG treated ANXA2
+/+

 mice (Fig 2.10A-B) and reflected the 
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increase in percent cells positive for DCAMKL-1/CD44 in colonic crypts of rhPG vs 

saline-treated ANXA2
­/­

 mice (Fig 2.10C-D, Fig 2.11). In ANXA2
­/­

 mice, on the other 

hand, significant differences were not measured in either DCAMKL-1 or CD44 

expression, in response to PG stimulation (Fig 2.10A-B). Percentage of cells positive for 

CD44 in rhPG vs saline-treated ANXA2
­/­

 mice were also not different (Fig 2.10C-D, Fig 

2.11). However, proportion of DCAMKL-1 positive cells remained slightly elevated in 

rhPG vs saline-treated ANXA2
­/­

 mice (Fig 2.10C-D, Fig 2.11). An important finding 

was that cells staining for CD44/DCAMKL-1 were distinctly different and did not co-

stain with each other.  
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Figure 2.1 (A-D). Effect of exogenous progastrin on cell proliferation and activation of 

NFκB and β-catenin in HEK-293 cells. A= The growth response of HEK-293 cells, in culture, 

was examined in response to the indicated doses of progastrin, using an MTT assay as 

described in Methods. Each bar represents data from 6 replicate measurements from a 

representative of a total of 3 experiments. B and C= In panel B, wtHEK-293 cells, in culture, 

were treated with indicated concentrations of progastrin for 3h (based on results in C). For data 

presented in panel C, cells were treated with 10nM progastrin for the indicated time periods. 

Relative levels of activated NFκB were measured in an in vitro DNA binding assay in the 

nuclear extracts of the treated cells, as described in Methods. Each bar represents data from 3 

separate dishes and is representative of 3 experiments. D= HEK-293 cells were transfected with 

either wt reporter-promoter plasmid (TOPFlash) or mutant plasmid (FOPFlash) for measuring 

activation of β-catenin promoter, as described in Methods. After 24h of transfection, cells were 

treated with the indicated concentrations of progastrin, and processed for measuring relative 

levels of luciferase after 48h of progastrin treatment. Each bar represents mean ± SEM of 3 

separate measurements from 1 experiment, and is representative of 3 similar experiments. 

*P<.05 vs control levels measured in the absence of progastrin (PG). 
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Figure 2.2 (A–E) Proliferative potential of HEK-mGAS and HEK-C cells. A= Expression 

of full-length 9-kilodalton progastrin peptide by HEK-mGAS clones. B= Growth response of an 

equal number of HEK-C and HEK-mGAS cells to increasing concentrations of FCS, measured 

in an MTT assay. Absorbance values are plotted against FCS concentrations. Each value 

represents data from 6 separate wells/experiment, from a representative of 2 similar 

experiments. C= Relative levels of proliferating cell nuclear antigen (PCNA) in the cellular 

lysates of subconfluent clones, growing in 5% FCS, measured by immunoblot analysis. A 

representative blot from a total of 6 blots from 3 experiments is presented. D= Basal intensity of 

bands, determined densitometrically, is plotted as percent change in the ratio of PCNA:β-actin 

(ratio for HEK-C cells was arbitrarily designated 100%); data from 6 blots are presented as 

mean ± standard error of mean, in bar graphs. *P < .05 vs HEK-C values. E= Co-localization 

and internalization of progastrin/AnxA2 complexes in response to exogenous progastrin (PG). 

wtHEK-293 cells on glass coverslips were incubated with progastrin for indicated time periods 

and processed for detection of progastrin/AnxA2 by confocal microscopy. Red fluorescence, 

progastrin staining; green fluorescence, AnxA2 staining. Colocalization of progastrin/AnxA2 

appears bright yellow in merged images at 60x magnification. Insets presented for merged 

images are computer enhanced. Colocalized progastrin/AnxA2 on membranes (short arrows) 

and intracellularly (long arrows) are shown. 
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Figure 2.3 (A-E) Activation of p65NFκB/β-catenin in response to autocrine-progastrin in HEK-

mGAS clones. Relative levels of p65Ser
276

/COX-2 (A) and β-catenin/c-Myc/CyclinD1/β-actin (B) in 

cellular lysates of HEK-mGAS vs HEK-C cells, measured by immunoblot analysis, are presented. In A 

and B, data from a representative blot of 4 blots/2 experiments are presented. In A and B, percent change 

in ratio of the indicated proteins to β-actin are presented as mean ± standard error of mean of data from 4 

blots, as described in Figure 2.2 legend. In each case, *P < .05 vs HEK-C values. C= Down-regulation of 

AnxA2 in HEK-mGAS cells results in loss of relative levels of p65NFκB and β-catenin. HEK-C/HEK-

mGAS clones were treated with either control siRNA or AnxA2 siRNA, and cellular lysates were 

processed for immunoblot analysis. β-actin was analyzed as an internal control. Representative blots from 

a total of 4 blots/2 experiments are presented in the left panel. In the right panel, data from 4 blots are 

presented as percent change in the ratio of indicated proteins:β-actin as mean ± standard error of mean. 

*P < .05 vs HEK-C values. (D and E) Down-regulation of AnxA2 in HEK-mGAS cells results in loss of 

activation of NFκB and β-catenin. D= HEK-C/HEK-mGAS cells were transfected with either control or 

AnxA2-specific siRNA for 48 hours, followed by transfection with either FOPFlash (lane 1, 2) or 

TOPFlash (lane 3, 4) plasmids. Twenty-four hours after transfection, promoter activity was measured in 

terms of luciferase units, and data from 6 separate samples/2 experiments are presented. E= Cells were 

transfected with either control or AnxA2-specific siRNA for 48 hours, followed by preparation of nuclear 

extracts, and processed for measuring binding of activated NFκB in a DNA-binding assay; data from 6 

separate samples/2 experiments are presented as mean ± standard error of mean. 
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Figure 2.4. (A–E) Autocrine progastrin up-regulates DCAMKL-1/CD44 in HEK-mGAS vs HEK-

C cells in an AnxA2-dependent manner. A= HEK-C/HEK-mGAS cells growing on coverslips were 

stained for the indicated stem cell marker, as described in legend of Figure 2.2E. B-C= HEK-C/HEK-

mGAS cells were transfected with either control or specific AnxA2 siRNA, followed by preparation of 

cellular extracts after 48 hours. Lysates were processed for immunoblot analysis, and data from a 

representative blot from a total of 4 blots/2 experiments are shown in B. Data from 4 blots are presented 

as percent change in the ratio of indicated proteins:β-actin as mean ± standard error of mean in C. *P < 

.05 vs HEK-C values. D-E= Effect of down-regulating β-catenin/p65NF-κB on growth of HEK-C/HEK-

mGAS cells. HEK-C/HEK-mGAS cells in culture were transfected with either control or β-catenin/p65 

specific siRNA. After 72 hours, cells were either processed for immunoblot analysis (D) or counted (E). 

Cell numbers in 6 separate dishes/experiment were measured and presented as mean ± standard error of 

mean in E. Data presented are representative of 3 similar experiments. *P < .05 vs corresponding HEK-

C values; †P < .05 vs corresponding control siRNA values. 
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Figure 2.5. Autocrine progastrin up-regulates relative levels of DCAMKL-

1/CD44 in HEK-mGAS and HEK-C cells. HEK-C and HEK-mGAS cells growing 

on coverslips were stained for the indicated stem cell markers, as described in the 

legend of Figure 2.2E. The bright green fluorescence in each case represents 

specific antibody binding to either CD44 or DCAMKL-1 as shown. 
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Figure 2.6 (A-D) Down-regulation of p65NFκB attenuates β-catenin activation in HEK-

mGAS cells. Cells were transfected with either control siRNA or p65NFκB-specific siRNA and 

processed for immunoblot analysis. Representative blots from a total of 4 blots/2 experiments are 

presented in A. β-actin and histone levels were used as internal controls for cellular/nuclear 

lysates, respectively. Ratio of indicated proteins to either β-actin (total p65/p65
276

/total-β-

catenin/COX-2) or histone (nuclear β-catenin) are presented as mean ± standard error of mean 

from all 4 blots in B, left panel: control siRNA, and right panel: p65-specific siRNA. *P < .05 vs 

corresponding HEK-C values. C-D= Activation of p65NFκB is independent of β-catenin 

activation in HEK-mGAS cells. Cells were transfected with either control siRNA or β-catenin-

specific siRNA and processed for immunoblot analysis of cellular lysates. β-actin levels were 

measured as an internal control. Representative blots of a total of 4 blots/2 experiments are 

presented in C. Ratio of indicated proteins:β-actin, determined from densitometric analysis of 

immunoblot bands, is presented as mean ± standard error of mean of data from all 4 blots in D (as 

described above for B). *P < .05 vs HEK-C values. β-CAT, β-catenin; Cyc-D1, Cyclin D1. 
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Figure 2.7. Diagrammatic representation of cellular/intracellular mechanisms mediating growth 

response of target cells to exogenous or autocrine progastrin: role of ANXA2. Based on our previous 

and current findings, the role of ANXA2 and several signaling molecules/transcription factors/target 

proteins in mediating the growth effects of endocrine/autocrine progastrin peptides is presented as a 

diagrammatic model. Relevant data from other investigators is also presented. Reference numbers or 

figure numbers (current studies) which provide evidence for a role of the indicated molecules (pathways) 

are shown in parentheses. Dashed lines indicate speculative pathway. Solid lines indicate experimentally 

shown in the indicated figure/reference. T lines indicate Inhibition of the indicated pathway. 
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Figure 2.8. ANXA2 expression is required for the growth/signaling effects of 

progastrin in vivo. A= Representative immunoblot data demonstrating absence of 

AnxA2 expression in colonic crypts of ANXA2
-/­

 mice. B= Representative tissue sections 

from midcolons of ANXA2
+/+

/ANXA2
-/­

 mice, treated with either saline (0 nmol/L) or 10 

nmol/L rhPG. Dashed lines represent average length of colonic crypts in the indicated 

mice. (C) To obtain accurate measurements of colonic crypt lengths, colons were 

processed for preparation of isolated colonic crypts (Figure 2.9), and lengths were 

measured as previously described in (5,118). Each bar graph = mean ± standard error of 

mean of 30–50 isolated crypt lengths from 3 to 5 mice. *P < .05 vs control (saline treated) 

mice: †P < .05 vs respective ANXA2
+/+

 levels. D= Isolated colonic crypts from 

midcolons of the indicated genotypes were processed for immunoblot analysis. 

Representative blots of 6–8 blots from 3 to 4 mice are shown in left panel. Percent change 

in the ratio of p65
Ser276

:total p65 and β-catenin:β-actin is shown in right panel; each group 

represents mean ± standard error of mean of data from 3 to 5 separate mice. *P < .05 vs 

corresponding control (0 nmol/L PG) group. 
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Figure 2.9. Annexin A2 expression is required for measuring an increase in the lengths of isolated 

colonic crypts in response to progastrin in vivo. Using FVB/N mice, we had previously reported that 

colonic crypts from the proximal colons of the mice were extremely responsive to the growth 

promoting effects of progastrin (5). However, for reasons unknown, the C57Bl/6J mice do not develop 

tumors in the proximal colon in response to azoxymethane (175), but mainly develop tumors in the 

middle and distal portions of the colon. In initial studies, we therefore confirmed growth effects of 

progastrin on the mid-colons of the C57Bl/6J (C57) mice. For these studies the colons were processed 

for the preparation of isolated intact colonic crypts, as described previously in (5,118). In the next set 

of experiments we examined the growth promoting effects of 10nM PG on the colonic crypts of 

ANXA2
+/+

 and ANXA2
-/-

 mice, as described in the Methods section. Because the mid-colons of the 

ANXA2
+/+

 mice were most responsive to the growth effects of PG, we chose to measure the lengths of 

isolated colonic crypts only from the mid-colons of the mice, and representative images of the isolated 

colonic crypts are presented from the four groups of mice. Data from all the mice in the four groups are 

presented as bar graphs in Figure 2.8C. 
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Figure 2.10 (A-D). AnxA2 expression is required for stimulatory effect of progastrin on 

CD44/DCAMKL-1 expression in colonic crypts. Colonic crypts were isolated from the 

mice and processed for immunoblot analysis as described in Figure 2.8. Immunoblots from a 

representative mouse, of a total of 3–5 mouse blots, are shown in A. Immunoblot data from all 

the mice are presented in B as percent change in the ratio of indicated proteins:β-actin. *P < 

.05 vs corresponding control (0 nmol/L PG) values. C= Mouse colon sections from the 

indicated 4 groups of mice were processed for immunofluorescence staining with either anti-

DCAMKL-1 IgG (green) or anti-CD44 IgG (red) (Figure 2.11). Representative enlarged 

images from stained colonic crypts of indicated mice are presented in C. Relative staining/cell 

for both DCAMKL-1/CD44 appears to be increased in PG-treated ANXA2
+/+

 colonic crypts, 

but no significant differences were observed in PG-treated ANXA2
­/-

 mice compared with 

corresponding controls (D-C, Figure 2.8). The percent cells (within a viewing field at 20x 

magnification) positive for either DCAMKL-1 or CD44 were counted in 10 sections from 3 to 

5 mice. Data are presented as mean ± standard error of mean in D. *P < .05 vs corresponding 

control mouse sections; †P < .05 vs corresponding ANXA2
+/+

 levels. 
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Figure 2.11. AnxA2 expression is required for stimulatory effect of progastrin on 

CD44/DCAMKL-1 expression in colonic crypts. AnxA2
+/+

/AnxA2
-/-

 mice were treated with either 

saline (0nM) or 10nM-rhPG. Colons were removed at the time of sacrifice and processed for making 

tissue sections, as described in Methods. Mouse colon sections from the indicated 4 groups of mice 

were processed for immunofluorescence staining with either anti-DCAMKL-1-IgG (green) or anti-

CD44-IgG (red). Representative images from stained sections of colons from indicated mice are 

presented at 20x magnification. Enlarged images (60x) from a representative portion of each section, 

are also presented in Figure 2.10C. Red and green staining shows cells staining for CD44 and 

DCAMKL-1, respectively, along the lengths of the colonic crypts, at 20x. DAPI shows the nucleated 

cells within the viewing field. As can be seen, the relative staining for CD44 and DCAMKL-1 per cell 

was highest in progastrin treated ANXA2
+/+

 mice, compared to all other groups. The total number of 

cells, positive for the two stem/progenitor cell markers, within a viewing field were also the highest in 

ANXA2
+/+

 mice, compared to all other groups. The quantitative analysis of the data, obtained from 

these images, are presented in Figure 2.10. A curious finding was that while down-regulation of 

ANXA2 in vitro in HEK-mGAS cells did not completely attenuate the increase in CD44 levels in 

response to autocrine PG (Fig 2.4C), the loss of ANXA2 expression in ANXA2-/- mice resulted in 

complete attenuation of PG stimulated increase in CD44 levels, in vivo. The differences in the relative 

effects on CD44 levels in vitro versus in vivo may reflect the fact that CD44 expression was increased 

robustly in vitro in HEK-mGAS cells (Figure 2.4B-C), but was not increased to the same extent in 

ANXA2+/+ mice in response to PG (Figure 2.10C-D). 
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2.4 DISCUSSION 

Proliferative effects of precursor gastrins (PG/glycine-extended gastrins) are 

reportedly mediated by novel receptor mechanisms, distinct from cholecystokinin type 1 

receptor (CCK1R)/cholecystokinin type 2 receptor (CCK2R) in vitro (175,115,185,188) 

and in vivo (189,190). Several years ago, our laboratory had identified a 33- to 36-

kilodalton protein with high affinity for PG/gastrin peptides (111). Recently, our 

laboratory discovered that AnxA2 represents the novel p36 “receptor” protein (182). 

Unlike CCK2R antibodies, AnxA2-antibodies blocked growth effects of PG on target 

cells in vitro (112,182). In addition, AnxA2 expression was required for the growth 

effects of PG on colon cancer cells (182). Only proliferative/antiapoptotic effects of PG 

have been reported (175). Amidated gastrins, however, either stimulate (191) or inhibit 

(192) growth of target cells in vitro via CCK2R. Proapoptotic effects of amidated gastrins 

via CCK2R have also been reported in vivo (191,193); a recent study, however, reported 

that CCK2R expression may be required for measuring co-carcinogenic effects of 

pharmacologic levels of PG on colons of transgenic hGASmice (68).    

In the current studies, we demonstrate for the first time that AnxA2 expression is 

required for activating both NFκB and β-catenin signaling pathways and for the 

hyperproliferative effect of PG on colonic crypts in vivo. Because anti-AnxA2 antibodies 

block binding of AnxA2 to PG, and significantly attenuate growth effect of exogenous 

PG on AR42J/IEC-18 cells in vitro (112,182), we hypothesized that membrane-

associated extracellular AnxA2 is required for growth effects of PG. Presence of 

extracellular, membrane-associated AnxA2 has been reported on several cancer cells 

(194-198). Results of our studies, so far, provide further evidence for the presence of 

membrane-associated AnxA2 on HEK-293 cells and other target cells of PG, suggesting 

that PG-AnxA2 complexes are rapidly internalized after binding (Figure 2,2E). (current 
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studies, 187).  Interestingly, in prostate cancers, cytoplasmic staining of AnxA2 was 

detected, whereas in benign prostatic glands, AnxA2 was localized to plasma membranes 

(199) TM601, a 36-amino acid synthetic peptide, specifically binds extracellular AnxA2 

on endothelial and tumor cells and was reported to be internalized by proliferating 

endothelial cells, resulting in neoangiogenesis (197). Paracrine/endocrine PG induces 

hyperproliferation of proximal colonic crypts associated with internalization of AnxA2, 

whereas, in the nonresponsive distal crypts, AnxA2 remains localized to plasma 

membranes (5). Thus, internalization of AnxA2/ligand complexes may represent a 

hallmark of cells responsive to proliferative agents, such as PG and TM601. Because 

AnxA2 lacks transmembrane domain(s), mechanisms mediating internalization of 

AnxA2/PG remain speculative. AnxA2 may be anchored to the cell surface by AnxA2 

receptor (200) (as diagrammatically represented in Figure 2.7). Binding of AnxA2 to 

AnxA2 receptor is reportedly essential for metastasis of prostate cancer cells (201). 

Knockdown of AnxA2 inhibits metastatic invasion of breast cancer cells (202). It remains 

to be determined whether AnxA2 receptors play a role in the observed effects of PG. 

Activation of both NFĸB and β-catenin was required for achieving maximal 

growth effect of autocrine PG (Figure 2.4E). Whereas p65NFĸB activation increased ~2- 

to 3-fold in response to autocrine PG, COX-2 increased ~6-fold (Figure 2.3A). CD44 

amplifies transcriptional activity of p65/β-catenin by up-regulating acetyl-transferase 

activity of p300, which acetylates β-catenin/p65NFĸB (203) (Figure 2.7). Thus, PG 

mediated nuclear translocation of NFĸB/β-catenin, resulting in up-regulation of CD44 

(Figure 2.4A-B), may enhance transcriptional activity of NFĸB/β-catenin, thus 

amplifying COX-2 expression. Similarly, in colorectal cancer cells, activation of β-

catenin in response to autocrine PG up-regulated stem/progenitor cell markers 

(CD133/CD44) (183), as well as Jagged1 (Notch-ligand)
 
(41) (Figure 2.7). Accumulating 
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evidence confirms a critical role of activated p65NFĸB in mediating direct growth effects 

of PG on target cells (112,118,192,204) and current studies. Elevated 

activation/expression of NFĸB/COX-2 is observed in aggressive colorectal cancers (205), 

which also express PGs (175,176), providing further support for a central role for 

activated NFĸB, downstream of autocrine PG, in cancer growth. Progastrin also up-

regulates β-catenin in colon cancer cells, HEK-293-cells, and proximal colonic crypts 

(41,118,109) and current studies. Results of our previous in vivo studies suggest that β-

catenin activation may be downstream of activated p65NFĸB (5). Our current in vitro 

studies confirm that β-catenin activation is downstream of NFĸB (Figure 2.6A-B). 

However, down-regulation of β-catenin had no effect on levels of activated p65 (Figure 

2.6C-D). Thus, we demonstrate for the first time that, whereas β-catenin activation is 

downstream of activated NFĸB, p65 activation is independent of β-catenin, in response to 

direct in vitro stimulation with PG (Figure 2.7). Cross talk between IĸB kinase 

(IKK)α/β/NFĸB and Wnt signaling pathways has been reported by several investigators 

(206-208). Activated IKKβ blocks both canonical and noncanonical degradation of β-

catenin (209). During morphogenesis of hair follicles, NFĸB directly up-regulates 

Wnt10b (210) (Figure 2.7). Wnt5a promoter has conserved NFĸB binding sites, and its 

expression is up-regulated by activated NFĸB and other signaling pathways (211) 

resulting in activation of β-catenin. Our previous in vivo studies suggested that down-

regulation of IKKα/β/NFĸB results in Tyr-phosphorylation of glycogen synthase kinase 3 

beta (GSK3β) (and hence deactivation of GSK3β), which can potentially activate β-

catenin (118) (Figure 2.7). It remains to be determined whether Tyr-phosphorylation of 

GSK3β is down-regulated by Wnt10b/Wnt5a in response to PG activated NFĸB. 

DCAMKL-1 is believed to be a marker for quiescent stem cells within intestinal crypts 

(20,67). In PG overexpressing hGAS mice, a significant increase in DCAMKL-1 
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expressing colonic crypt cells was reported (68). In the current study, we suggest the 

novel possibility that AnxA2 expression is required for measuring a significant increase 

in the cell numbers and relative levels of DCAMKL-1 expression in direct response to 

PG stimulation in vitro and in vivo. It remains to be determined whether DCAMKL-1 up-

regulation in response to PG is mediated via NFĸB and/or β-catenin signaling pathways. 

In summary, resulted of our studies, presented in this chapter, strongly suggest that 

AnxA2 expression is required for mediating activation of both p65NFĸB and β-catenin in 

vitro and in vivo and that both transcriptional factors are required for observing maximal 

growth effects of PG.      

We demonstrated for the first time that AnxA2 expression is required for PG-

mediated up-regulation of stem/progenitor cell markers DCAMKL-1 and CD44, in both 

colonic crypts, in vivo, and in an embryonic epithelial cell line, HEK-293 in vitro. Given 

that the over-expression of PG in HEK-mGAS cells resulted in the up-regulation of stem 

cell expression and in an increase in the proliferative potential of HEK-mGAS cells, I 

was next interested in examining whether the tumorigenic and metastatic potentials of 

these cells were also increased. This goal was addressed in chapter 3 wherein athymic 

nude mouse were used as a model. 
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CHAPTER 3 

 

PROGASTRIN OVEREXPRESSION IMPARTS 

TUMORIGENIC/METASTATIC POTENTIAL TO 

EMBRYONIC EPITHELIAL CELLS: PHENOTYPIC 

DIFFERENCES BETWEEN TRANSFORMED AND 

NON-TRANSFORMED STEM CELLS 

 

3.1   INTRODUCTION 

Our results, so far, strongly suggest that AnnexinA2 (ANXA2) represents a non-

conventional ‘receptor’ for PG/gastrin peptides (51,112,182), and mediates activation of 

p65NFκB/β-catenin in response to PG, as presented in the previous chapter (51). Based 

on the published reports from our laboratory, we already know that ANXA2 expression is 

required for inducing proliferative/anti-apoptotic effects of PG on target cells in vitro 

(51,112,182). My results in chapter 2, additionally confirmed that ANXA2 mediates 

proliferative effects of PG on intestinal crypt cells, in vivo, as well, which were published 

last year by us (51). We additionally discovered that cell-surface-ANXA2 (CS-ANXA2) 

mediates endocytotic internalization of PG, which is required for measuring biological 

effects of PG (51,213).  

Our results in chapter 2, as recently reported (51) demonstrated that over-

expression of gastrin-cDNA (PG) in HEK293-cells (HEK-mGAS cells) significantly 

increased activation/expression of NFκBp65/β-catenin, associated with increased 

proliferation of the cells. As a continuation of these studies, I next examined if the 

dramatic changes measured in HEK-mGAS cells, in response to autocrine PG, can 

perhaps increase clonogenic/tumorigenic potential of cells. Our results, as presented in 
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this chapter, demonstrate for the first time that over-expression of autocrine-PG in 

embryonic HEK293-cells, imparts tumorigenic/metastatic potential to cells. 

Our results in chapter 2, as recently reported (51), also demonstrated a significant 

increase in the relative expression levels of DCAMKL-1/CD44/ANXA2 in HEK-mGAS 

vs HEK-C cells; in the studies presented in this chapter, we examined if % cells 

expressing the indicated markers are also elevated. A critical role of CS-ANXA2 in 

metastasis of epithelial-cancers has been reported (195,214,215). Since HEK-mGAS cells 

developed metastatic potential, we examined the possibility if HEK-mGAS derived stem-

cells had acquired the ability to co-express CS-ANXA2.  We report for the first time that 

a high % of CS-ANXA2 positive HEK-mGAS cells, co-expressed stem-cell-markers, 

CD44 and DCAMKL-1, which may represent the transformed phenotype of stem-cells.  

Non-adherent cell cultures, select for growth of stem-cells as spheroids (216). 

Surprisingly, we discovered that HEK-C cells formed well-rounded spheroids with a 

distinct, rim-like, perimeter encircling the spheroid, while HEK-mGAS cells formed 

amorphous spheroids, without a distinct rim-like perimeter. Elevated levels of CS-

ANXA2 are associated with increased expression of matrixmetalloproteinases (MMPs) 

and invasion (217). Since we measured high levels of CS-ANXA2/MMPs in HEK-

mGAS vs HEK-C cells (current studies), we examined the impact of altering expression 

levels of CS-ANXA2/ANXA2 on spheroid-morphology. Our results demonstrate that 

either down-regulation of ANXA2/CS-ANXA2, or enrichment of cells for CS-ANXA2, 

significantly altered spheroid-morphology, suggesting the novel possibility that 

phenotypic differences in spheroidal growths may predict tumorigenic/metastatic 

potential of cells.  
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3.2  Materials and Methods  

 

In this section, only reagents and methods that have not been described in 

previous chapters are listed below. 

 

3.2.1 Materials 

  Antibodies used included anti-GPCR-GPR49 (LGR5) for FACS, anti-Ki67 

(Abcam, Cambridge, MA),  anti-LGR5/GPR49 for IF (Abgent, San Diego, CA). 

Recombinant human PG (rhPG) and anti-PG-antibodies were generated in our laboratory 

as described (115). Anti-immunoglobulin G (IgG), coupled to horseradish peroxidase, 

were from Amersham. Alexa Fluor-488 and Alexa Fluor-594 coupled secondary IgG 

were from Invitrogen (Carlsbad, CA). Luciferase reporter plasmids for measuring 

activation of β-catenin (TOPFlash wild type and FOPFlash mutant) were obtained from 

Dr. Bert Volgestein (Johns Hopkins, Baltimore, MD). Smart Pool of target-specific small 

interfering RNA (siRNA) and Non-Targeting (control) siRNA Pool was purchased from 

Dharmacon (Lafayette, CO). Lentiviral shRNA plasmid for targeting hANXA2 was 

obtained from Open Biosystems Products, Huntsville, AL. 

 

3.2.2 Cell-culture and generation of PG-expressing HEK-mGAS clones   

 HEK293 and HCT-116 cells, obtained from ATCC, were maintained in 

DMEM/F12 as described (51,182). Eukaryotic expression plasmid containing full-length 

coding sequence for triple-double mutant hGAS gene (R57A-R58A, K74A-K75A, 

R94A-R95A) (53), was transfected into HEK293-cells to create stably-expressing hPG-

clones (HEK-mGAS), and confirmed, as described (51). Vector-transfected clones (HEK-

C) were used as control.  
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3.2.3 In vitro growth assays and in vivo tumorigenic/metastatic assays   

 Cell growth was measured in an MTT (3-4,5-Dimethylthiazol-2-yl) or soft-agar 

assay (clonogenic growth) as described (114). Cells were inoculated in athymic 

(SCID/Nude) mice to grow either sub-dermal xenografts, or orthotopic-growths in 

cecum, or metastatic-growths in liver/lung after intrasplenic-inoculations.   

  

3.2.3.1 Preparation of cells for inoculation into the athymic (SCID/Nude) mice 

Sub-confluent cells in cultures were scraped and re-suspended in phosphate 

buffered saline (PBS) as single cell suspensions. 5x10
6
 cells/100 l PBS were inoculated 

on right and left flanks of female athymic SCID mice (Harlan Sprague Dawley) for 

inducing growth of sub-dermal xenografts. Similarly, 5x10
6
 cells were inoculated in the 

cecum, after making a <1cm vertical incision in the abdomen of the anesthetized mice 

(by our approved IACUC protocols), followed by suturing the dermis and clipping the 

skin with wound clips. For intrasplenic inoculations, 2x10
6
 cells/50 l PBS were 

inoculated in the tip of the spleens, after making a <1cm incision on the dorsal side (left 

of center, right below the ribs); the incision was sutured and clipped as described above. 

Mice receiving intrasplenic inoculations were subjected to splenectomy after 24h of 

inoculation to avoid splenic/peritoneal growths. Majority of mice inoculated with HEK-C 

clones did not show palpable growths even after 6wks. After 4-6wks from time of 

inoculation, tumors were harvested, dissected free of host tissue, patted dry and weighed. 

Where indicated, mice were also inoculated with cells, stably expressing firefly-luciferase 

(Luc); Luc-expressing tumors were imaged in vivo, as described below. 
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3.2.4 Preparation of lentiviral-plasmids encoding firefly luciferase (Luc) 

Plasmid encoding Luc in lentivirus packaging plasmid was generated by 

amplifying the gene by PCR. The plasmid pFB-Luc (Stratagene; La Jolla, CA) was used 

as a template for this purpose. Primers used contained the sequences for flanking 

restriction endonucleases (BamHI and ApaI) and the resulting product was ligated into 

the lentivirus packaging plasmid pLenti6 (Invitrogen; Carlsbad, CA). The resulting 

pLenti6-Luc construct was confirmed by DNA sequencing in the recombinant core 

facility at UTMB.  

     

3.2.4.1 Lentivirus preparation 

Lentiviruses were generated by transfecting 293FT cells with the ViraPower 

packaging mix (encodes HIV structural proteins and the glycoprotein of vesicular 

stomatitis virus) into 293FT cells, together with the firefly packaging plasmids described 

above. After 2 days viruses were collected in the culture supernatant and concentrated by 

centrifugation at 35,000 x g in a swinging bucket rotor for 45 minutes at 4 °C. The viral 

pellet was then resuspended in Dulbeco’s PBS to 10
6
 particles/ml. The viral titer was 

determined by serial dilution of virus and by infecting HEK293 cells. Our previous work 

has shown that 100 cps corresponds to approximately 1 cfu and this correlation was used 

to estimate titer. 

     

3.2.4.2 Cell infection for establishing Luc stable transfectants 

Cells were grown in DMEM medium supplemented with 2.0 mM L-Glutamine 

(Invitrogen; Calsbad, CA), penicillin/streptomycin (Invitrogen; Carlsbad, CA) and 10% 

heat-inactivated FBS (HyClone; Logan, UT). The cells were plated at 20% confluence 

onto 6-well plate. 24h later, virus was added to give a multiplicity of infection of 0.1 



 70 

(infection rate of 10%). 48h post-infection, cells were split to 10% confluence and the 

culture medium was replaced with medium containing blasticidin (1.5 ug/mL). The cells 

were then cultured for 14 additional days, exchanging culture medium every 2 days. 

During this time most cells died and the remaining drug resistant cells were expanded. 

Luciferase-expression by cells was confirmed in luciferase assays measured as described 

(51,112). Briefly, firefly luciferase-activity was measured using Steady-Glo Luciferase 

Assay Reagent, as recommended by manufacturer (Promega, Madison, WI). The same 

assay was used to measure luciferase expression in cells transfected with TOP/FOP 

plasmids, for results presented in Fig 3.12C. 

 

3.2.5 In vivo imaging of Luc-expressing tumors 

 Athymic nude mice were inoculated with HEK-mGAS-Luc cells (generated as 

described above) for growing either primary sub-dermal xenografts or orthotopic growths 

in the cecum, as described above. To examine the growth of Luc-expressing cells as 

either sub-dermal vs orthotopic tumors, mice were injected s.c. with 30mg/kg XenoLight 

D-Luciferin Potassium Salt substrate (Caliper Life Sciences; Hopkinton, MA) in saline 

and 15min later in vivo Luc activity was visualized using Kodak In-Vivo MS FX PRO 

Imaging System (Carestream Health, Inc.; Rochester, NY) according to manufacturer 

suggestions. The in vivo imaging of Luc-expressing tumors was conducted after 4-6wks 

of tumor inoculation to compare the growth of equal number of Luc-expressing cells as 

either orthotopic or sub-dermal tumors.  HEK-mGAS, HEK-C and HCT-116 cells 

express CS-ANXA2 and bind PG with high-affinity (51,182), followed by internalized 

(51,213). Based on a previous report (180), we confirmed binding/biological effects of 

PG26 (26 amino-acids at C-terminal end of PG). PG26-peptide was conjugated to Lys-

(5/6-FAM) at N-terminal end (FAM-PG26) by Peptide Core Facility 
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(http://www.tucf.org). The high relative-binding-affinity of FAM-PG26 for displacing 

binding of 
125

I-rhPG to HEK-C cells was confirmed as previously described (115).  

Internalization of FAM-PG26 was also confirmed in target-cells, as a functional readout 

(Fig 3.1A-C). FAM-PG26 was then used for detecting primary/metastatic tumors as 

described. 

 

3.2.6 Detection of primary/metastatic tumors in athymic nude mice using FAM-PG26  

Mice were inoculated with HEK-mGAS cells for growing as either sub-dermal 

xenografts or metastatic tumors as described above. 4wks after inoculation, possible 

homing of FAM-PG26 to primary/metastatic growths was examined to determine if 

labeled PG26 peptide can potentially be used for diagnosing the presence of 

primary/metastatic tumors in proof-of-principle experiments. FAM (carboxy-fluorescein) 

is similar to FITC (fluorescein-isothyosionate) with similar excitation/emission. Mice 

were injected with 50nM of FAM-PG26 through tail vein, and the appearance of 

fluorescence at the sub-dermal tumor sites detected in Real Time in anesthetized mice 

using LT-9500 Illunatool Tunable Lighting System (Lightools Research 

http://lightools.com/It9500.html). The homing of FAM-PG26 to the tumor site was 

examined at 5,15,30,60min after tail vein injection. Since the fluorescence from FAM is 

not very strong, presence of metastatic tumors could not be examined in live animals 

using the fluorescence illuminator. Thus mice inoculated sub-dermally or intrasplenically 

(as described above) were sacrificed at an optimal time-period (15min) after tail vein 

injection with 50nM FAM-PG26, and sub-dermal tumors (from mice inoculated sub-

dermally), and liver/lung tissues (from mice inoculated intrasplenically) were dissected 

http://www.tucf.org/
http://lightools.com/It9500.html
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out, washed with chilled PBS in culture dishes and examined directly using the 

illuminator described above. 

 

3.2.7  Co-immunoprecipitation (Co-IP) of ANXA2 with anti-PG-Antibodies (Abs) 

from sub-dermal xenografts   

Tumors were immediately frozen after removal from mice in liquid nitrogen. The 

tissues were homogenized in Precellys24 (Breved Bertin Technologies, Biomedical, 

Miami, FL) at 4ºC, and processed for preparation of cellular lysates, as described 

previously (115), followed by co-IP of ANXA2 with anti-PG-Abs as described below. 

The lysates were pre-cleared for non-specific binding by incubating with 5µg of normal 

rabbit serum for 2h at 4 C, followed by incubating with 50µl sepharose H/C beads for 1h. 

The lysate was then incubated at 4 C overnight with 5µg of anti-PG monospecific 

polyclonal antibody (generated in our laboratory as described previously in (115). The 

bound complex was pulled down with Protein A sepharose beads for 6h at 4 C followed 

by washing the beads with RIPA buffer. The beads were suspended in 2X SDS sample 

buffer, boiled and processed for Western Blot analysis for ANXA2 and PG. 

 

3.2.8 Analysis of % cells positive for expression of stem cell markers (DCAMKL-

1/LGR5/CD44) and/or ANXA2/CS-ANXA2 

Several methods were used to analyze presence of stem cell markers±ANXA2 as 

diagrammatically presented in Fig 3.5A. These methods are described in detail below.   

 

3.2.8.1 Method I: Analysis of labeled-cells cytospun on glass slides  

 HEK-C and HEK-mGAS cells were cultured in 6-well plates. At ~70% 

confluency, cells were treated with 0.25% Trypsin-EDTA for ~30s, followed by addition 
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of growth medium containing 10% serum. Cells were then harvested into 15ml conical 

tubes, centrifuged at 300g for 5min, followed by two washes with PBS. Cells were finally 

re-suspended in growth medium containing 1% BSA (Bovine Albumin Serum), and 

incubated for 1h on a rocking platform with antibodies against either ANXA2, 

DCAMKL-1, CD44 or LGR5, tagged to a fluorophore (DyLight
TM

 488 NHS-Ester) 

(Thermo Scientific, Rockford, IL). The primary antibodies were tagged to fluorophores 

using the DyLight
TM

 Microscale Antibody Labeling Kit (Thermo Scientific). Cells were 

washed 3 times with medium containing 1% BSA. Cells were then cytospun at 300g for 

5min onto Superfrost®/Plus microscope slides (Fisher Scientific, Pittsburgh, PA) using a 

Shandon CytoSpin III cytocentrifuge (Cheshire, England). Images were acquired using 

Zeiss Axioplan epifluorescent microscope (META). Images were analyzed using 

METAMORPH, v6.0 software (Molecular Devices).   

   

3.2.8.2 Method II: IF analysis of cells growing on cover slips 

Cells were grown on glass cover slips in 24-well plates as described previously 

(51). At ~70% confluency, cells were processed for IF staining as previously described 

(5,51). Cells were fixed using a 1:1 ratio of acetone:methanol solution at -20˚C for 20 

min. Cells were then washed 3x with 1X PBS, and blocked with 5% goat serum for 1h. 

Cells were then stained with either ANXA2-antibody (1:200), anti-DCAMKL-1-antibody 

(1:200), anti-CD44-antibody (1:100) or anti-LGR5-antibody (1:100). Excess antibody 

was washed off, and cells were incubated with either goat anti-rabbit-IgG coupled to 

Alexa Fluor 488 (for detecting DCAMKL-1 and LGR5) or goat anti-mouse-IgG coupled 

to Alexa Fluor 594 (for detecting ANXA2 and CD44). Excess antibody was washed off 

and cells were incubated with 4’, 6-diamidino-2-phenylindole (DAPI) for 2 minutes. 

Cover slips were then mounted onto glass slides using FluorSave
TM

 Reagent 
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(CALBIOCHEM, La Jolla, CA), and images acquired using Zeiss Axioplan 

epifluorencent microscope and images analyzed using as described above.  

 

3.2.8.3 Method III: Analysis of cells by FACSorting and FACScan 

HEK-C and HEK-mGAS cells were cultured in 6-well plates, and processed for 

labeling with primary antibodies as described above in Method I. Primary antibody 

labeled cells were analyzed using either the Becton-Dickinson FACSaria I (for 

FACSorting) or the LSII Fortessa (for FACScan) (Carlsbad, CA) in the FACS Core 

Facility at UTMBHealth. In a few experiments, cells FACSorted into 2 distinct 

populations of CS-ANXA2(+) or CS-ANXA2(-), using anti-ANXA2 antibody, were 

grown as 3D-spheroids in non-adherent cultures as described below. Cells subjected to 

FACScan analysis were analyzed for % cells positive for specific markers expressed on 

the cell surface; co-expression of dual markers on the cell surface was examined by this 

method. 

 

3.2.9 In Vitro growth of cells as spheroids 

 HEK-C and HEK-mGAS cells were plated at a density of 5000 cells/well into 24-

well ultra low-attachment plates (Costar, Corning NY). Cells were suspended in serum-

free media containing DMEM/F12(1:1) + 1% Anti-Anti Antibiotic-Antimycotic’ 

supplemented with B-27 (50X) (all from Invitrogen), epidermal growth factor (EGF) 

20ng/ml and fibroblast growth factor (bFGF) (10ng/ml)  (both from Sigma-Aldrich, St 

Louis, MO). Media was changed every 2-3 days and the formation of spheroids 

monitored daily. Spheroids were imaged at 4x, 10x and 40x using white light microscopy 

(Nikon Eclipse TS100, Melville, NY). 
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3.2.10 Processing of spheroids for embedding, sectioning and staining 

 Spheroids floating in non-adherent cultures, at days 6-14 of growth, were gently 

washed with PBS and fixed overnight using 10% formalin. Spheroids were then re-

suspended in 2% agar gel containing 0.05% sodium azide. Agar gel was allowed to 

solidify at 4˚C for 20min prior to processing the samples for paraffin embedding and 

sectioning. Embedding and sectioning was performed in the Research Histopathology 

Core at UTMBHealth, and the sections were processed for H&E (hemotoxylin and 

eosin), immunohistochemistry (IHC) and immunofluorescent (IF) staining for specific 

protein markers (as published previously, 51). 

 

3.2.11 Western Blot (WB) analysis 

 Cells growing either as 2D-cultures, 3D-spheroids or sub-dermal tumors in mice 

were harvested and processed for preparing cellular-lysates, followed by electrophorosis 

and transfer to PVDF-membranes as described (51,182). Blots were cut into horizontal 

strips containing target or loading-control proteins, and processed for WB (as described 

previoulsy, 51). Antigen-antibody complexes were detected with chemiluminescent 

reagent kit (GE Health Care). Membrane-strips containing either target or loading-control 

proteins were simultaneously exposed to autoradiographic films. Relative band-density 

on scanned autoradiograms was analyzed using Image J program 

(rsbweb.nih.gov/ij/download), and expressed as a ratio of β-actin in the corresponding 

samples. 

 

3.2.12 Transient-transfection of cells with oligonucleotides 

 HEK-C/HEK-mGAS cells, seeded in 96-well plates were transfected with 5pmol 

of either DCAMKL-1 or control siRNA using Lipofectamine
TM

 2000 (Invitrogen), as 
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described (51). Transfected cells were propagated in normal growth medium containing 

10% FCS, and growth examined after 48h in an MTT assay. In a few experiments, pre-

transfected cells were washed and transiently-transfected with promoter-reporter-

plasmids (TOPFlash or FOPFlash) to measure relative activation of β-catenin, as 

described (51).  

 

3.2.13 Statistical analysis 

Data are presented as mean±SEM of values obtained from 4-8 samples/2-3 

experiments. To test for significant differences between means, nonparametric Mann-

Whitney test was employed using Statview
 
4.1 (Abacus Concepts, Inc., Berkeley, CA); P 

values were considered statistically significant if less than 0.05. 

 

 

3.3 RESULTS 

3.3.1 Clonogenic/tumorigenic potential of HEK-mGAS vs HEK-C clones   

 HEK-mGAS clones were confirmed to stably express full-length PG as previously 

described (51). Clonogenic growth of HEK-mGAS/HEK-C clones on soft-agar is 

presented in Fig 3.2Ai. Number of colonies formed/dish from HEK-mGAS clones 

(mGAS1-3) vs an HEK-C clone increased from ~2-fold (1% FCS) to >4-fold (10% FCS) 

(Fig 3.2Aii). Tumorigenic-potential of cells was examined in vivo as described in 

Methods. Representative sub-dermal tumors from nude mice are shown in Fig 3.2Bi. 

Only 20% mice inoculated with HEK-C cells developed palpable tumors (Fig 3.2Bii), 

suggesting negligible tumorigenic potential of HEK-C cells, similar to wtHEK293-cells. 

All mice inoculated with HEK-mGAS/HCT-116 cells formed sub-dermal tumors with 

almost identical weights (Fig 3.2Bii-iii). Thus overexpression of PG in the background of 
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HEK293-cells resulted in significantly increasing tumorigenic potential of cells. HEK-

mGAS-Luc cells, stably expressing firefly-luciferase, were inoculated orthotopically 

(ORT) within the cecal wall and imaged as described in Methods (Fig 3.2Ci). 

Orthotopic-tumors were slightly smaller than sub-dermal tumors (P), but gave rise to 

metastatic (MET) growths in the liver (Fig 3.2Ci-ii). These results suggest that orthotopic 

tumors can potentially metastasize, mimicking metastatic spread of in situ colorectal-

adenocarcinomas (CRC). Intrasplenic inoculation of HEK-mGAS/HEK-mGAS-Luc cells 

resulted in metastatic lesions in the livers, within 3-4wks of inoculation; representative 

visual (Fig 3.2Di) and bioluminescent (Fig 3.2Dii) images of HEK-mGAS/HEK-mGAS-

Luc tumors, are shown, respectively. Presence of metastatic-lesions in liver/lung was 

confirmed by H&E and IF staining (Fig 3.32A-C). Since HEK-mGAS cells express 

autocrine-PG, both primary (Fig 3.3Di) and metastatic-lesions (Fig 3.3B-E) were 

positive for PG staining, while sub-dermal HEK-C tumors were negative (Fig 3.3Di); 

normal (NOR) livers from mice were negative for PG expression, as expected (Fig 3.3E). 

Co-immunoprecipitation of ANXA2 with PG was confirmed in Western-Blots of sub-

dermal HEK-mGAS tumors (Fig 3.3Dii). ANXA2 strongly co-localized with PG in 

HEK-mGAS metastatic-lesions, confirming metastasis to lungs/liver (Fig 3.3B-C). 

 

3.3.2 Primary/metastatic lesions diagnosed with fluorescently-labeled PG 

 High-affinity-ligands of CS-ANXA2 have been developed to detect tumors (197). 

Since PG binds CS-ANXA2 with high-affinity (51,112,182), we examined if labeled-PG 

peptides can detect primary/metastatic-tumors. FAM-PG26, confirmed to be biologically 

active (Fig 3.1), was used for reasons described in Methods. FAM-PG26, injected intra-

tumorally, was retained for ~30min (representative image at 15min shown in (Fig 3.4Ai). 

Tail-vein injection of FAM-PG26 resulted in increasing accumulation of peptide at the 
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tumor-site from 0-15min followed by a rapid decline; representative images from a single 

mouse at 0,5,15,30 min, after tail-vein injection of FAM-PG26, are shown in Fig 3.4Bi; 

relative fluorescence-intensity from 3 mice are presented in Fig 3.4Bii. HCT116-

xenografts also accumulated FAM-PG26 peptide from 0-15min, followed by a rapid 

decline; representative image at 15min is shown in Fig 3.4Aii. Representative images 

from resected tumors after 15min of tail-vein injection with either FITC (used as control) 

or FAM-PG26 are shown in Fig 3.4Ci-ii, demonstrating focal uptake/retention of 

labeled-peptide. Metastatic lesions in liver and lung specimens were detected after 15min 

of FAM-PG26 injection (Fig 3.4Di-ii); once again the lesions were positive for FAM-

PG26 up-take in focal areas. 

 

3.3.3  Up-regulation of % cells expressing CS-ANXA2/ANXA2 and stem-cell-markers 

in HEK-mGAS vs HEK-C cells     

Three separate methods (Methods I-III) (described in Fig 3.5A) were used to 

define % cells positive for stem-cell-markers and CS-ANXA2/ANXA2. Representative 

staining of cells growing on cover slips, for the indicated markers (Method-II) are 

presented in Fig 3.6A. Representative results with FACSorting of cells (Method-III), 

using antibodies against stem-cell-markers (DCAMKL-1/CD44/LGR5), and ANXA2, are 

presented in Fig 3.5B. Results with all three methods from 2-3 separate experiments are 

presented as % cells positive for the indicated proteins in Fig 3.6B. Percent cells positive 

for ANXA2/CS-ANXA2 and the indicated stem-cell-marker(s) were significantly 

increased in HEK-mGAS vs HEK-C cells (Fig 3.6B; Fig 3.5B). Importantly, all three 

methods gave similar results.  
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3.3.4 High % of ANXA2 positive cells co-express DCAMKL-1/CD44 

 IF staining of cells, by Method-II, suggested that significant % of HEK-C/HEK-

mGAS cells co-express ANXA2 with a stem cell marker (Fig 3.7A). To further confirm 

this finding, cells were FACSorted with Anti-ANXA2-Abs, and cells positive (ANXA2+) 

or negative (ANXA2-) for CS-ANXA2, were stained for stem-cell-markers (Fig 3.7B). 

HEK-C cells were negative, while HEK-mGAS cells were positive for PG staining, 

irrespective of ANXA2 status; PG strongly co-localized with ANXA2 in HEK-mGAS 

ANXA2+ve cells (Fig 3.7B; Fig 3.8A). ANXA2-ve cells stained poorly while 

ANXA2+ve cells stained strongly for ANXA2 (Fig 3.7B). Staining intensity for 

LGR5/DCAMKL-1/CD44 was highest in ANXA2(+) HEK-mGAS cells (Fig 3.7B; Fig 

3.8B-C). Percent cells co-expressing ANXA2 and a stem-cell-marker, were quantified by 

FACScanning (as described in Methods), and results are presented in Fig 3.7C-E. 

Significantly higher % of HEK-mGAS cells co-expressed ANXA2 and the indicated 

stem-cell-marker (Fig 3.7C). Results were recalculated as % ANXA2+ve cells which co-

expressed DCAMKL-1/CD44/LGR5; surprisingly almost all ANXA2+ve cells co-

expressed CD44 in both HEK-C/HEK-mGAS cells, while a lower % co-expressed 

DCAMKL-1/LGR5 (Fig 3.7D). Percent cells positive for a stem cell marker along with 

CS-ANXA2 were also analyzed by FACScan (Fig 3.7E). Once again almost all 

CD44+ve cells co-expressed CS-ANXA2, while ~50-80% of DCAMKL-1+ve cells co-

expressed CS-ANXA2; much lower % of LGR5+ve cells co-expressed CS-ANXA2 (Fig 

3.7E). Importantly, significantly higher % of DCAMKL-1/LGR5 positive HEK-mGAS 

cells co-expressed CS-ANXA2 (Fig 3.7E), suggesting that combined expression of these 

proteins may impact tumorigenic/metastatic potential of cells. 
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3.3.5 Morphological differences in spheroidal growths of HEK-C/HEK-mGAS cells   

Stem cells from normal/cancerous tissues have inherent potential of amplifying 

and forming spheroidal structures in non-adherent cultures (216,218). Since stem cell 

populations were significantly up-regulated in HEK-mGAS cells, we examined possible 

increase in rate of spheroid-formation by HEK-mGAS vs HEK-C cells. Both HEK-

C/HEK-mGAS cells formed spheroidal structures at days 5-6, with significant 

morphological differences (Fig 3.9A). Non-adherent growth of HEK-mGAS cells was 

more pronounced at initial time-points (24-48h), but appeared to even out by day 6 (Fig 

3.9A). HEK-C spheroids appeared well-rounded with a distinct, rim-like, perimeter 

(arrows), while HEK-mGAS spheroids lacked a distinct, rim-like, perimeter and were 

more amorphous in shape (Fig 3.9A). Since wtHEK-mGAS spheroids were amorphous 

and appeared to be less well aggregated, especially at the periphery of the spheroids, we 

could not process intact HEK-mGAS spheroids for staining. Representative sections of 

HEK-C spheroids, stained with specific-Abs are presented in Fig 3.9B. Surprisingly, 

DCAMKL-1+ve and LGR5+ve cells were present along the periphery of the spheroids, 

while CD44(+) cells were present throughout the spheroids. None of the stem cells 

(positive for CD44/DCAMKL-1), co-expressed ANXA2 in HEK-C spheroids, while 

clumps of HEK-mGAS spheroids, leftover after processing, co-expressed ANXA2 with 

CD44/DCAMKL-1 (representative data shown in Fig 3.10A). Anti-Ki67-Abs stained 

HEK-C spheroidal cells both at the periphery and within the spheroids (Fig 3.9B), 

suggesting proliferating cells are present at the periphery and within the spheroids. 

DCAMKL-1+ve cells were also observed mainly around the edges of sub-dermal tumors 

from HEK-mGAS cells (Fig 3.9B), suggesting that stem cell populations may be 

primarily present along the outer edges of tumors/spheroids (Fig 3.9B; Fig 3.10B). Focal 

areas of the sub-dermal tumors, derived from HEK-mGAS cells, were also heavily 
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stained for CD44/ANXA2 by IHC, and the two proteins appeared to be expressed in the 

same areas (Fig 3.10C); IF staining highlighted significant co-expression of CD44 and 

ANXA2 in these focal areas at the outer edges of the sub-dermal tumors (Fig 3.10D).  

 

3.3.6 Role of ANXA2 expression on spheroidal growths 

 We next examined the hypothesis that overexpression of CS-ANXA2/ANXA2 

may have resulted in the inability of HEK-mGAS cells to form well-rounded spheroids. 

HEK-C cells expressing CS-ANXA2 were enriched by FACSorting with anti-ANXA2-

Abs. Surprisingly, CS-ANXA2(+) HEK-C cells grew as amorphous-spheroids, while 

HEK-C cells negative for CS-ANXA2 continued to grow like wtHEK-C cells (Fig 3.9C). 

Alternatively, HEK-mGAS cells were down-regulated for ANXA2 expression by 

transiently transfecting the cells with ANXA2-shRNA plasmids. HEK-mGAS cells 

transfected with control-shRNA developed amorphous-spheroids, while HEK-mGAS 

cells down-regulated for ANXA2 formed more compact spheroids, which could be 

processed for sectioning/staining more successfully (Fig 3.9D). Importantly, MMP2/7 

expression in HEK-mGAS spheroids, down-regulated for ANXA2 expression, was 

significantly attenuated compared to that in HEK-mGAS spheroids, treated with control-

shRNA (Fig 3.9E), suggesting the possibility that ANXA2 may regulate 

secretion/expression of MMPs.  

 

3.3.7 Relative expression of stem cell markers by HEK-mGAS vs HEK-C cells  

 Based on our current and previous studies (12), we now know that PG over-

expression in HEK-mGAS cells significantly up-regulates relative expression levels of 

stem cell markers and ANXA2 and activates β-catenin/NFκBp65. It is, however, not 

known if enhanced expression/activation is maintained in HEK-mGAS cells growing as 
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spheroids/tumors. Cells growing either as 2D-cultures, 3D-spheroids or xenografts were 

processed for WB analysis. Representative data from 2-3 experiments are presented in 

Fig 3.11A; % change in the ratio of target proteins/β-actin in HEK-C vs HEK-mGAS 

samples was determined, wherein the ratios obtained for HEK-C samples was arbitrarily 

assigned a 100% value (dashed lines in each panel of Fig 3.11B). Enhanced expression of 

DCAMKL-1/LGR5/CD44 and ANXA2/β-catenin/pNFκBp65 in HEK-mGAS vs HEK-C 

cells was similarly increased in cells growing either as monolayer-cultures (M), 3D-

spheroids (S) or tumors (T) (Fig 3.11A-B). HEK-mGAS cells growing as 

spheroids/tumors expressed significantly higher levels of PG than cells growing as 

monolayer-cultures, suggesting the novel possibility that HEK-mGAS cells growing as 

3D-structures (in vitro/in vivo) may increasingly express endogenous PG.  

 

3.3.8 Down-regulation of DCAMKL-1 attenuates activation of β-catenin and growth 

of HEK-C/HEK-mGAS cells in culture 

Recent reports suggest that DCAMKL-1 may play an important role in growth of 

cancer cells (73,74). Cells were treated with either DCAMKL-1 siRNA or control siRNA 

(Fig7A). Even though HEK-C cells expressed low levels of DCAMKL-1 (Fig 3.6B; Fig 

3.11A), proliferation of both HEK-C/HEK-mGAS cells was significantly down-regulated 

in DCAMKL-1 siRNA vs control siRNA treated cells (Fig 3.12B), providing evidence 

that DCAMKL-1 may play an important role in proliferation of 

immortalized/transformed HEK293-cells. Surprisingly, activation of β-catenin (measured 

in a promoter-reporter assay) was also significantly attenuated in DCAMKL-1 siRNA vs 

control siRNA treated cells; activity of the mutant plasmid (FOP) remained unchanged 

(Fig 3.12C). These results for the first time suggest that DCAMKL-1, may play a 

functional role in supporting proliferation of cells, via perhaps facilitating activation of β-
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catenin, by as yet unknown mechanisms. Thus a possible cross-talk between stem cell 

markers and signaling pathways needs to be further examined in relation to 

proliferation/tumorigenesis of cells. 
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Figure 3.1 (A-C): Biological activity of FAM-PG26. We have previously reported specific binding 

of PG with CS-ANXA2 followed by rapid internalization of the peptide/ANXA2 complexes 

(5,51,112,182,213), which was required for measuring activation of NFκB/β-catenin in HEK-293 

and IEC-18 cells (51,213). Relative binding affinity (RBA) of FAM-PG26 for displacing the 

binding of 
125

I-rhPG was determined to be slightly higher than that of rhPG, by our published 

methods (115) (data not shown). Biological activity of FAM-PG26 was further examined in terms of 

binding and internalization of the peptide in IEC-18 cells, as previously described (51,213). Briefly, 

IEC-18 cells were seeded on glass cover slips and grown overnight. Cells were washed with PBS 

and incubated with 10nM FAM-PG26 for 0 and 10min. Cells were washed with chilled PBS and 

fixed in acetone:methanol. Immunostaining was done with Anti-PG-Abs and Anti-ANXA2-Abs by 

our published methods (51). Images were acquired using Carl Zeiss Axioplan epifluorescent 

microscope. Images were analyzed using METAMORPH, v6.0 software. Representative data, 

demonstrating binding and strong co-localization of FAM-PG26 with CS-ANXA2 at 0min (A), 

followed by internalization of FAM-PG26 in association with ANXA2 at 10min (B) are shown from 

1 of 2 similar experiments. Co-localization of FAM-PG26 with ANXA2 appears bright yellow in 

the merged images (A,B). C= IEC-18 cells were also subjected to live cell imaging after incubating 

the cells with FAM-PG26. For live cell imaging, IEC-18 cells were grown overnight in black-well-

dishes with transparent bottoms in growth medium containing 10% serum. Cells were washed with 

chilled PBS and incubated on ice for 20min to remove all serum. FAM-PG26 (10nM) was added in 

growth medium containing 0.1% serum, and cells moved to 37ºC. Cells were then washed with PBS 

and fresh medium added to the cells. Within 5-10min of adding FAM-PG26 to the cells, these 

dishes were transferred to the microscope stage equipped with Real Time imaging capabilities to 

capture images every 2min (BD Biosciences Pathways, 855, BD Biosciences, San Jose, CA). 

Representative images at ~10-15min are presented in C. Red outlined cells are positive for 

internalization of PG while yellow circled cells were negative for internalization, perhaps reflecting 

absence of CS-ANXA2 in these cells. 
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Figure 3.2 (A–D): Clonogenic/tumorigenic/metastatic potential of HEK-mGAS vs HEK-C-cells. 

A= Clonogenic growth of HEK-mGAS vs HEK-C-cells on soft agar, in response to increasing 

concentration of FCS. Ai =Representative images of colonies/well; Aii =Mean±Sem of # of 

colonies/5 wells from indicated clones. B. Growth of HEK-mGAS/HEK-C-cells as sub-dermal 

tumors. Bi =Representative images of tumors formed from equal # of cells. Bii =% tumor 

incidence/10 inoculations/5 mice. Biii =Mean±Sem of tumor weights from either 2 (HEK-C) or 10 

(HEK-mGAS/HCT-116) tumors, resected 6wks after inoculation. C= Representative bioluminescent 

images of mice bearing either orthotopic (ORT) cecal tumors with metastasis (MET), or sub-dermal 

(P, primary) tumors, derived from HEK-mGAS-Luc cells; relative luminescence, gauged from the 

heat-map. D. Representative images of liver METs from mice inoculated intrasplenically with either 

HEK-mGAS (Di=visual) or HEK-mGAS-Luc (Dii=bioluminescent) cells. 
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Figure 3.3 (A-E): Primary and metastatic tumors from HEK-mGAS-cells are positive for PG. 

A=liver and lung tissues were removed 4wks after intrasplenic inoculation of mice with HEK-mGAS 

cells and processed for paraffin embedding. Tissue sections from either normal livers and lungs, or 

tumor sections from metastatic lesions in liver and lungs were processed for H&E staining, and 

representative sections from either normal (NOR) or metastatic (MET) lesions are shown. B-

C=liver/lung tissue sections (from A), confirmed to contain metastatic lesions, were processed for IF 

staining with anti-PG-Abs and anti-ANXA2-Abs as described previously (5,51). Representative sections 

from liver/lung tissues containing Met lesions, from 4 different mice, are presented in B (liver) and C 

(lung). D=sub-dermal primary tumors, 4wks after inoculation, were resected and processed for paraffin-

embedding. Tumor sections (5μm) were processed for IF staining with anti-PG-Abs (Di) to confirm the 

stable expression of PG by HEK-mGAS tumor cells; HEK-C tumors were negative for PG staining as 

expected. Dii=co-immunoprecipitation of ANXA2 with anti-PG-Abs in HEK-C/HEK-mGAS tumors. 

Tumors were resected from mice as described above, and processed for co-immunoprecipitation of 

ANXA2 with anti-PG-Abs as described in methods. The Mr of ANXA2 and PG is shown on the right 

hand side; rhPG (recombinant human PG), was run as a control in lane 3. E. Liver tissues were removed 

4wks after intrasplenic inoculation of mice with either vehicle control (NOR liver) or with HEK-mGAS 

cells (MET liver) and processed for paraffin embedding, sectioning and staining with anti-PG-Abs by 

IHC, as described (5). While no staining was observed in normal livers (as expected), strong staining 

was observed in the metastatic lesions within the liver. The black outlined box in the middle panel was 

further enhanced as shown in the right-hand panel. 
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Figure 3.4 (A–D): Detection of primary/metastatic tumors with FAM-PG26. Fluorescense 

detection of FAM-PG26 in tumors derived from HEK-mGAS (Ai,B,C,D) and HCT-116 (Aii) cells. 

FAM-PG26 was injected either intratumorally (Ai) or in tail veins (Aii,B,Cii,D). Images were 

taken after indicated time-points either in intact anesthetized mice (A,B) or after resection of 

tumors/tissues(C,D). (B) =Time-dependent uptake of FAM-PG26 by sub-dermal tumors. Bi = 

fluorescent images from a representative mouse; Bii =Mean±Sem of relative fluorescence intensity 

at tumor site from 3 mice (described in methods). *=p<0.05 vs 0min values. (Ci,Cii) =sub-dermal 

tumors from mice injected with either FITC (Ci, control) or FAM-PG26 (Cii). (D)=liver/lung 

samples containing metastatic-lesions from mice injected with FAM-PG-26.  
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Figure 3.5 (A-B). A= Diagrammatic chart describing the 3 methods (I, II, III) 

that were used to analyze % cells positive for stem-cell-markers (DCAMKL-

1, CD44, LGR5) and ANXA2/CS-ANXA2 in HEK-C vs HEK-mGAS-cells. 

Details for the methods used are described in methods. Over 1000 cells were 

analyzed/experiment for each method, and a total of 2-3 experiments were 

conducted/method. B=. Cell populations positive (+) or negative (-) for the 

indicated proteins analyzed by FACSorting. HEK-C/HEK-mGAS-cells, 

fluorescently labeled with specific antibodies against the indicated proteins (as 

described in Methods) were sorted using the Becton-Dickinson FACSaria I. X-

axis of the graphs represents the site scatter (SSC) while the Y-axis represents the 

fluorescence intensity of the cells. Cells with relatively high intensity (above 

background levels) were delineated from cells poorly labeled. 
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Figure 3.6 (A–B): HEK-mGAS vs HEK-C-cells positive for ANXA2/DCAMKL-

1/CD44/LGR5. A =Representative images of cells growing on glass slides, stained for the 

indicated proteins (40x).  B =% cells positive for indicated proteins, measured by 3 separate 

methods (I-III, described in Fig 3.5A); bar-graphs =Mean±Sem of 3-4 experiments. *=p<0.05 

vs HEK-C values. 
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Figure 3.7 (A–E): Expression of stem-cell-markers and ANXA2/CS-ANXA2 in HEK-

mGAS/HEK-C cells. A =Representative images of cells growing on cover-slips (Method II), stained 

for indicated proteins. B =Representative images of cells (from 2-3 experiments), FACSorted for 

ANXA2(-)/ANXA2(+) populations after staining for the indicated proteins; images from a wider field 

shown in Fig 3.8. Co-localization of ANXA2/PG in CS-ANXA2(+)HEK-mGAS cells is shown in inset 

(yellow image). Arrows highlight staining. C-E =% cells co-expressing ANXA2 and the indicated 

stem-cell-markers were calculated as described in methods; results are presented as Mean+Sem from 2-

3 experiments. *=p<0.05 vs HEK-C values. 
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Figure 3.8 (A-C): Relative abundance of HEK-mGAS vs HEK-C cells co-expressing ANXA2 with 

stem-cell-markers. PG expression and co-localization of PG with ANXA2 was confirmed in almost all 

HEK-mGAS cells, FACSorted to be positive for CS-ANXA2 (A). Cells FACSorted to be positive(+) or 

negative (-) for CS-ANXA2 with anti-ANXA2-Ab (as described in legend of Fig 3.7) were processed 

for IF staining with the indicated stem-cell-markers. Representative data from 1 of 2 separate 

experiments, demonstrating the extent of co-staining in ANXA2(+) and ANXA2(-) cells for CD44 and 

DCAMKL-1 (B), and for LGR5 (C) are shown from HEK-mGAS vs HEK-C cells. As can be seen, 

ANXA2(+)HEK-mGAS cells had the highest % cells which co-stained for CD44; % cells co-staining 

with ANXA2 and a stem-cell-marker was in the order of CD44>DCAMKL>LGR5. A high % of cells 

positive for CS-ANXA2 were also positive for both CD44 and DCAMKL-1 in HEK-mGAS cells 

(lower-most panel in B).  
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Figure 3.9. (A–E): Morphology of HEK-C/HEK-mGAS spheroids in presence or absence of ANXA2 

expression; effect on MMP levels. A= Cell growth in non-adherent cultures after indicated time-points. 

B=Representative images of H&E/IF stained sections (5μm) from HEK-C-spheroids. C=HEK-C-cells, 

FACSorted for presence(+) or absence(-) of CS-ANXA2, and grown as spheroids, using equal # of cells; 

representative images at day 7. D =Representative images of spheroids from HEK-mGAS-cells, transfected 

with either control or ANXA2-shRNA plasmids; H&E stained spheroid sections shown in the last panel. 

Arrows point to enhanced images. E =relative levels of indicated proteins by WB analysis of HEK-mGAS-

spheroids in D (day 7); data is representative of 4 blots from 2 experiments.  
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Figure 3.10 (A-D): A=Co-expression of ANXA2 and stem-cell-markers, CD44/DCAMKL-1 in HEK-

C vs HEK-mGAS spheroids. The HEK-C and HEK-mGAS spheroids were processed as described in 

methods. As described in the text, since the HEK-C-spheroids were compact and surrounded by a 

perimeter, they remained intact during processing (upper panels), while the HEK-mGAS-spheroids 

largely disintegrated during processing but clumps of spheroidal cells remained which were processed for 

staining (lower panels). The sections and clumps of cells were subjected to IF staining for the indicated 

markers. As can be seen, the HEK-C-spheroidal cells did not co-stain for ANXA2 and the indicated stem 

cell marker in Ai. However, the HEK-mGAS spheroidal cells co-stained for ANXA2 and the indicated 

stem cell markers in Aii. The data presented are representative of >10 sections from 2 separate 

experiments. B= IHC staining for DCAMKL-1 in HEK-mGAS tumor sections. Sub-dermal tumors of 

HEK-mGAS-cells were processed for staining with anti-DCAMKL-Abs by IHC, as described (5.51). The 

brown staining for DCAMKL was largely concentrated at the outer edges of the tumors (left hand panel), 

which could be better observed at a higher magnification (right hand panel). We were unable to stain the 

sections by IHC for LGR5 using the available anti-LGR5-Abs. C-D= IHC and IF staining for 

CD44/ANXA2 in HEK-mGAS tumors. HEK-mGAS tumor sections were processed as described above 

and stained for either CD44 or ANXA2, as shown. Data are representative of 6 sections from 3 different 

mouse tumors. As can be seen, both CD44 and ANXA2 staining was observed in focal areas  of the tumor 

by IHC (C), which was confirmed by IF staining of the sections (D); yellow color in merged images 

suggests co-expression of CD44 and ANXA2 in the indicated focal areas.  
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Figure 3.11  (A–B): Percent increase in relative levels of stem-cell-markers, β-

catenin/pNFκBp65, ANXA2/PG and PCNA in monolayer-cultures (M), 3D-spheroids (S) or 

sub-dermal tumors (T) of HEK-mGAS vs HEK-C cells. A =Representative WBs of indicated 

proteins from 1 of 3 similar experiments; C=HEK-C-cells; PG=HEK-mGAS-cells.  B =Mean±Sem 

of % change in ratio of indicated protein/β-actin in cellular samples from 3 experiments; ratios 

measured in HEK-C samples were arbitrarily assigned 100% values. *=p<0.05 vs HEK-C values 

(shown as dashed lines in each panel). β-cat (T)=total cellular levels of β-catenin. 
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Figure 3.12  (A–C): Down-regulation of DCAMKL-1 significantly reduces activation of β-

catenin and growth of HEK-C/HEK-mGAS cells. A=representative autoradiogram of WB data 

from 1 of 3 experiments, demonstrating relative levels of DCAMKL-1 in cells treated with either 

control (Con) or DCAMKL-1 specific siRNA; β-actin run as a loading control. B=growth (in terms of 

absorbance in an MTT assay) of indicated cells; each bar-graph=Mean±Sem of data from 8 

wells/2experiments. C=activation of β-catenin (relative luminescence) measured in a reporter-

promoter (TOP) assay in indicated cells. Data in bar-graphs=Mean±Sem from 6 

samples/2experiments. Cells transiently-transfected with FOP-plasmid served as negative-controls. 

*=p<0.05 vs values measured in control-siRNA treated cells. 
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3.4   DISCUSSION 

In the current studies, we demonstrate for the first time that PG expression in 

immortalized embryonic cells increases tumorigenic/metastatic potential of these cells. 

Over-expression of autocrine PG, however, was not effective in transforming 

immortalized intestinal-epithelial cells (IEC-18), as previously reported by our laboratory 

(184). It is thus possible that HEK293-cells, unlike IEC18-cells, are positive for an 

initiating event, and over-expression of PG facilitates transformation of HEK293-cells. 

Transgenic mice over-expressing PG are at an increased risk for colon-carcinogenesis in 

response to azoxymethane (53,68,117). Gastrin gene (PG) expression is normally 

repressed in colonic epithelial-cells, but is increasingly expressed during 

hyperplastic/adenoma/carcinoma sequence of colon-carcinogenesis (175). It is thus 

possible that increasing expression of autocrine PG contributes to colon-carcinogenesis of 

‘initiated’ cells; our current findings provide evidence for this novel possibility.  

Membrane associated CS-ANXA2, recently discovered as a novel receptor for PG 

(51,112,182), binds several ligands and is present on endothelial 

cells/keratinocytes/epithelial cancer cells (195,198,214,215,217,219). Functional 

significance of CS-ANXA2 in proliferation/metastasis of cancer-cells is becoming 

increasingly evident (195,198,214,215,217). Progression of pancreatic/breast cancer 

disease is associated with a switch from cytoplasmic to cell-surface expression of 

ANXA2 (196,220). Exosomes, secreted by cancer cells, contain ANXA2 (221), and may 

be the source of CS-ANXA2 and soluble-ANXA2 measured in conditioned-

medium/serum of cancer-cells/patients (219,221-223). We also measured 2-3fold 
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increase in percent cells positive for CS-ANXA2 in HEK-mGAS vs HEK-C cells (Fig 

3.6), supporting the notion that wounding/immortalization/oncogenic transformation is 

conducive to increasing CS-ANXA2 on epithelial cells 

(196,198,214,215,217,219,220,221,224,current studies). 

Radiolabeled peptide-ligands for membrane-receptors are being developed for 

diagnostic/therapeutic purposes (225). We demonstrate for the first time that iv injected 

labeled-PG-peptide (FAM-PG26) effectively and specifically homed to 

primary/metastatic HEK-mGAS/HCT-116 tumors within 5-15min of injection (Fig 3.4). 

Even though HEK-mGAS/HCT-116 cells over-express autocrine PG (51,114,175,212), 

high concentrations of FAM-PG26 competed effectively with autocrine PG, perhaps 

reflecting higher binding-affinity of FAM-PG26 for CS-ANXA2 than PG (213), and/or 

rapid turnover of CS-ANXA2. Accumulation of FAM-PG26 was localized to focal areas 

of primary/metastatic tumors (Fig 3.4), which may reflect over-expression of CS-

ANXA2 at these sites, as strongly suggested from results with ANXA2 staining of HEK-

mGAS xenografts (Fig 3.10C-D). Thus labeled/conjugated molecules with high-affinity 

for CS-ANXA2 may be useful for diagnosing/treating epithelial cancers. 

Several signaling molecules/transcription factors are activated in target-cells in 

response to PG in vitro and in vivo (including: Src,PI3K,Akt,JAK2,STAT5/3, ERKs, 

p38MAPK, NFκB, β-catenin, Jagged1) (5,41,51,118,175,226). ANXA2 mediates 

signaling and proliferative effects of PG (51,112,1827), and anti-ANXA2-Abs attenuate 

growth effects of exogenous/autocrine PG on pancreatic/colon-cancer cells (112,182). 

Current studies additionally demonstrate a significant (3-8fold) increase in relative-levels 
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of potent transcription-factors (β-catenin/pNFκBp65) and stem/progenitor cell markers 

(DCAMKL-1/LGR5/CD44) in HEK-mGAS vs HEK-C cells, growing either as mono-

layer cultures, 3D-spheroids or xenografts in mice (Fig 3..11). Thus cells growing as 3D-

structures in vitro and in vivo maintain parental expression profiles. Surprisingly, ratio of 

PG expression in HEK-mGAS vs HEK-C cells significantly increased in 

spheroids/tumors compared to that in mono-layer cultures, suggesting the novel 

possibility that gastrin gene (PG) expression is up-regulated by factors (stress?) 

associated with 3D-growths. Percentage of stem/progenitor cells positive for DCAMKL-

1/CD44/LGR5 were also significantly increased in HEK-mGAS vs HEK-C cells in the 

order of CD44>DCAMKL-1>LGR5 (Fig 3.6). The most interesting finding was that 

almost all CS-ANXA2+ve cells co-expressed CD44 and vice versa (Fig 3.6D-E), 

suggesting that similar pathways may up-regulate cell-surface expression of CD44/CS-

ANXA2.  

The smallest CD44-isoform that lacks variant exons (CD44s) is abundantly 

expressed by normal and cancer cells, while variably glycosylated CD44v-isoforms 

(CD44v1-v10) are mainly expressed by cancer cells (107). Chondroitin-sulfate/heparin-

sulfate modifications enables CD44v-isoforms to bind growth-factors/CS-

ANXA2/MMPs (107,227,228), which dictates cellular-functions 

(migration/growth/survival) of CD44, as evidenced by loss of growth/metastasis of 

colonic-tumors, treated with anti-CD44v6-antibodies (229). Clustering of CD44 on tumor 

cells reportedly traps MMPs, which imparts invasive potential to epithelial cancer cells 

(228). At the same time, CS-ANXA2 expression is critically required for metastasis of 
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tumors (195,202,214,215,217). CS-ANXA2 on hepatocellular-cancer-cells (HCC) (230), 

binds CD147-like-proteins resulting in secretion of MMPs and metastasis of HCC cells 

(217). Thus, CS-ANXA2 plays an equally important role in proliferation/metastasis of 

cancer-cells, which may be mediated by binding to specific ligands, such as 

tPA/plasminogen/PG/CD147 (51,182,195,217,202). Since both CS-ANXA2/CD44 

appear to up-regulate/activate MMPs (as discussed above), significant increase in 

MMP2,7 levels in HEK-mGAS vs HEK-C cells (Fig 3.9E), may reflect increased 

presence of CS-ANXA2/CD44 on cell-surface of HEK-mGAS cells (Fig 3.7). 

Surprisingly, down-regulation of ANXA2 attenuated MMP2,7 expression in HEK-mGAS 

cells, by unknown mechanisms, which may have resulted in re-formation of rounded, less 

amorphous spheroids by HEK-mGAS cells (Fig 3.9D); HEK-C cells, enriched for CS-

ANXA2, on the other hand, developed amorphous-spheroids (Fig 3.9C). Based on our 

current understanding of interactions between CD44/CS-ANXA2/MMPs on tumor cells 

(as discussed above), it is speculated that loss or gain of CS-ANXA2/MMPs in CD44+ve 

stem cells may impact metastatic behavior of cancer cells, and dictate morphology of 

spheroidal growths. In a recent study, down-regulation of LGR5 in CRC-cells reportedly 

altered expression/distribution of MMPs/CD44, associated with invasion/migration of 

cells, resulting in formation of amorphous spheroids (87). The above findings support the 

novel concept that spheroid morphology may reflect tumorigenic/metastatic potential of 

cells.  

Several cell-surface markers have been used to identify colonic CSCs (including 

CD44,CD133,CD166,LGR5,DCAMKL-1) (73,102). Accumulating evidence suggests 
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that CD133/CD166 may not be robust markers of cancer stem cells (CSCs) (45). CD44, 

however, is a strong marker for CSCs with a functional role in CSC biology (45), 

including cancer-cell migration. Our results additionally suggest that CD44 and CS-

ANXA2 may be co-expressed by highly tumorigenic/metastatic cells (Fig 3.7).  

Functional role of LGR5 in CSC biology remains unclear. LGR5 expressing cells 

in small intestine generate structures resembling intestinal crypts in vitro, and intestinal 

tumors can arise from LGR5+ve cells in APC mutant mouse models (218), suggesting 

LGR5+ve cells may represent intestinal CSCs. Surprisingly, down-regulation of LGR5 

enhanced tumorigenesis of CRC cells, while over-expression of LGR5 increased cell-cell 

adhesion (87). These confounding results provide evidence that LGR5 may be a marker 

for CRC cells due to increased Wnt activity (supported by current findings); Walker et al 

(87) speculate that LGR5 may regulate Wnt response and maintain colonic-crypt 

structures by inhibiting EMT. Since <20% CS-ANXA2+ve cells co-expressed LGR5 (Fig 

3.7), presence of CS-ANXA2 does not appear to be linked to expression of LGR5, unlike 

co-expression of CD44/CS-ANXA2 (Fig 3.7D-E). 

We observed that ~50% of CS-ANXA2(+) HEK-mGAS cells co-expressed 

DCAMKL-1 and >75% DCAMKL-1+ve HEK-mGAS cells co-expressed CS-ANXA2, 

suggesting a significant linkage between DCAMKL-1/CS-ANXA2 expression (Fig 3.7D-

E). DCAMKL-1 is a microtubule-associated kinase and regulates spindle formation and 

mitotic cell-division in neuroblasts (64). Down-regulation of DCAMKL-1 induces 

apoptosis in neuroblastoma cells (62). Thus DCAMKL-1 plays an important role in 

neuroblastoma/neuronal biology. DCAMKL-1 is up-regulated in CRC and down-
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regulation of DCAMKL-1 results in growth arrest of tumors (73). Pancreatic cancer stem 

cells increasingly express DCAMKL-1 and down-regulation of DCAMKL-1 results in 

loss of c-Myc/Kras and EMT (74), suggesting that DCAMKL-1 may play an important 

functional role in pancreatic/colorectal cancers. We similarly observed that down-

regulation of DCAMKL-1 significantly reduced proliferation of HEK-C/HEK-mGAS 

cells by ~50-70% (Fig 3.12B), suggesting that DCAMKL-1 is required for maintaining 

growth of embryonic epithelial-cells as well. Our studies additionally suggest the novel 

possibility that DCAMKL-1 is required for maintaining β-catenin activation (Fig 3.12C). 

DCAMKL-1 expression levels were significantly increased in colonic-crypts of 

mice in response to elevated levels of circulating PG, resulting in hyperproliferation of 

colonic-crypts (51). In the current studies, we measured a significant increase in 

DCAMKL-1+ve cells, co-expressing CS-ANXA2 and/or CD44 in HEK-mGAS cells (Fig 

3.7), which may represent a pool of highly tumorigenic/metastatic stem cells.  

Interestingly, DCAMKL-1/LGR5 staining cells were present mainly around 

perimeters of HEK-C spheroids, while CD44+ve cells were present both at the periphery 

and within the spheroids, resembling Ki67 staining (Fig 3.9B). Co-expression of ANXA2
 

with DCAMKL-1
 
was not observed in HEK-C spheroids (Fig 3.10A), resembling the 

profile seen in normal colonic crypts (51). Processing of HEK-mGAS spheroids resulted 

in loss of intact structures (Fig 3.9D), but the remaining clumps of HEK-mGAS 

spheroids co-stained for DCAMKL-1/CD44 (Fig 3.10A), suggesting that the expression 

profile of transformed HEK-mGAS stem cells observed in 2D-cultures (Fig 3.7), is 

maintained in 3D-growths of HEK-mGAS cells.  
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In conclusion, we demonstrate a significant increase in % stem cell populations 

co-expressing DCAMKL-1/CD44/CS-ANXA2 in PG-overexpressing HEK-mGAS cells, 

in association with increased expression of MMPs which may contribute to increased 

tumorigenic/metastatic potential of HEK-mGAS cells and formation of amorphous-

spheroids in vitro. Since almost all CD44(+) HEK-mGAS cells, growing either as 

monolayer-cultures/3D- spheroids or xenografts, co-expressed CS-ANXA2 (Fig 3.7; 

3.10A,C,D), it is possible that co-expression of CD44/CS-ANXA2 by stem cells may 

facilitate growth/metastasis of transformed cells, and represent a hallmark (phenotype) of 

transformed stem cells. Previous and current findings confirm a functional role of 

DCAMKL-1 for maintaining proliferation of normal/cancer cells; this may be linked to 

the surprising finding that β-catenin activation is attenuated in cells down-regulated for 

DCAMKL-1 expression. Since down-regulation of either ANXA2, DCAMKL-1 or CD44 

(73,107,182, current studies) attenuates proliferative/tumorigenic/ metastatic potential of 

transformed/cancer cells, targeting all three factors may provide an efficient approach for 

diagnosing/treating epithelial-cancers. Based on our findings we also postulate that 

labeled-ligands, demonstrating high-affinity for CS-ANXA2, may provide a selective 

tool for diagnosing/treating epithelial-cancers, since a majority of epithelial-cancers over-

express CS-ANXA2 at leading edges of the tumors.  

One of the main challenges in treating cancer is the inability to differentiate 

between normal and cancer cells. In the current studies, we demonstrated for the first 

time a phenotypic difference between non-transformed/normal and 

transformed/tumorigenic stem cells. Researchers are also focused on identifying stem 
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cells markers which would enable them to recognize normal versus cancer stem cells. 

Since our studies with tumorigenic vs non-tumorigenic HEK293 cells strongly suggested 

significant differences in the phenotype of stem cells positive for DCAMKL-1 and 

LGR5, in the next set of studies (chapter 4), we investigated the role of DCAMKL-1+ve 

versus LGR5+ve cancer stem cells, using colon cancer cell lines, and examined 

phenotypic/proliferative differences, if any, in order to identify the most potent cancer 

stem cell marker, for purposes of developing targeted therapies against cancer stem cells 

(chapter 5).  
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CHAPTER 4 

 

CHARACTERIZATION OF DCAMKL-1 AND LGR5 

POSITIVE CELLS IN COLON CANCER STEM CELLS 

 

4.1 INTRODUCTION  

Colorectal cancer is one of the most common and leading causes of death in the 

United States (231). Although several therapies are currently being used to treat this 

disease, recurrence remains a challenge. It has been speculated that cancer stem cells 

within the tumors are responsible for the relapse of this disease given their resistant 

properties to currently available therapies. Cancer stem cells (CSCs) are believed to 

originate from normal adult stem cells which eventually transform and adopt an 

aberrant/malignant phenotype. It is therefore important to understand the biology and 

regulatory molecules which mediate transformation of stem cells from a benign to a 

malignant phenotype.      

In recent years, researchers in this field have focused on identifying markers 

which would allow for the enrichment of stem cell populations in order to examine these 

cells in more depth. To date, several normal and cancer stem cell markers have been 

identified in the small and large intestinal crypts (Table 1.1, Chapter 1), including 

DCAMKL-1 and LGR5 (20,23).    

Within the colonic crypts, DCAMKL-1+ve cells were found to be located at the 

+4 position and represent the quiescent stem cells (20). In contrast, Lgr5+ve cells were 

found to be located at the base of the crypts and represent the actively cycling stem cells 

which are clearly distinct from the +4 positioned cells (76). Both DCAMKL-1 and LGR5 

have been shown to be overexpressed in various cancers, including colon cancer (72,84). 
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However, the specific contributions of DCAMKL-1+ve and LGR5+ve stem cells towards 

the growth of cancer cells remain unknown. During the course of my investigations, 

within the past year, it has been reported that down-regulation of DCAMKL-1 in 

pancreatic and colon cancer xenografts resulted in attenuating the growth of these tumors 

in vivo, suggesting that DCAMKL-1 may play an important role in supporting the growth 

of cancer cells, and that DCAMKL+ve cancer cells may represent cancer stem cells. This 

possibility is supported by our findings with HEK-mGAS cells in chapter 3.Therefore, 

my next goal was to characterize the phenotype of cancer stem cells positive for the two 

putative stem cell markers and further examine the role of DCAMKL-1 and LGR5 in the 

growth of colon cancer cells.        

 To address the above goals, I first established an in vitro spheroidal growth assay 

in our laboratory, which is believed to select for the growth of cancer stem cells as 

tumorospheres (216), to better mimic the 3D pattern of growth of tumors in vivo, as 

developed by several investigators in this field. The results of the current studies 

demonstrate that DCAMKL-1 and LGR5 expressing cells are located on the outer 

periphery of tumorospheres and along the leading edges of the colon cancer xenografts, 

resembling our findings with transformed HEK-mGAS cells.  Our findings also strongly 

suggest that DCAMKL-1 and LGR5 expressing cells likely represent two distinct stem 

cell populations with differential proliferative potential, growth patterns and phenotypic 

characteristics.          

In chapter 3, we reported an important role for ANXA2 in the formation of HEK-

mGAS tumorospheres. Down-regulation of ANXA2 resulted in the formation of more 

compact spheroids which revealed an essential role for ANXA2 in the proliferative and 

tumorigenic potential of HEK-mGAS cells. In this chapter, we similarly examined the 

role of ANXA2 in the formation of tumorospheres arising from colon cancer cell lines. 
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The results demonstrated a differential growth pattern of tumorospheres in the presence 

and absence of ANXA2 expression, and confirm our findings with HEK-mGAs cells, 

suggesting the novel possibility that cell surface associated AnnexinA2 may play a 

critical role in the metastatic spread of cancer cells.  

 

 

4.2 MATERIALS AND METHODS 

 

In this section, only reagents and methods that have not been described in previous 

chapters are listed below. 

 

4.2.1 Materials 

 Antibodies used included anti-phospho-p65NF-κB(Ser
536

), anti-phospho-β-

catenin (Ser
552

) (Cell Signaling Technology, Danvers, MA), anti-phospho-β-

catenin(Tyr
142

) (Abcam, Cambridge, MA), anti-active caspase-3 (Millipore, Temecula, 

CA). 

 

4.2.2 Cell Culture 

 HCT-116, DLD-1 and HT-29 cells were purchased from the American Tissue 

Culture Collection (ATCC) (Manassas, VA) and maintained in DMEM medium as 

described in Chapters 2 and 3. 

  

4.2.3 Cell Viability Assay   

4.2.3.1 Method 1 
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 HCT-116 cells were grown either as monolayers or tumorospheres. Cells were 

stained using trypan blue and viability was measured using the Cellometer
TM

 Auto T4 

(Nexcelom Bioscience, Lawrence, MA).  

 

4.2.3.2 Method 2  

Dissociated monolayers or tumorospheres cells were cytospun at 300g for 5min 

onto Superfrost®/Plus microscope slides (Fisher Scientific, Pittsburgh, PA) using a 

Shandon CytoSpin III cytocentrifuge (Cheshire, England). Cells were then fixed and 

stained for the apoptotic marker activated caspase-3 by IF following the same methods 

described in Chapters 2 and 3. 

 

4.2.4 In vitro growth of cells as primary and secondary spheroids 

 HCT-116, DLD-1 and HT-19 cells were plated at a density of 5000 cells/well 

respectively into 24-well ultra low-attachment plates (Costar, Corning NY). Cells were 

maintained as described in Chapter 3. The growth of secondary spheroids was performed 

by dissociating the first generation of primary tumorospheres into single cells. The single 

cells were then replated in a low-attachment plate using and maintained as described in 

Chapter 3. 

 

4.2.5 Processing of spheroids for embedding, sectioning and staining   

  As described in Chapter 3. 

 

4.2.6 Immunofluorescent (IF) staining   

 As described in Chapters 2 and 3. 
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4.2.7 Western Blot (WB) analysis 

 As described in Chapters 2 and 3. 

 

4.2.8 Analysis of cells by FACScaning and FACSorting 

 As described in Chapter 3. 

 

4.2.9 Statistical analysis 

 Data are presented as mean±SEM of values obtained from 6 samples/3 

experiments. To test for significant differences between means, nonparametric Mann-

Whitney test was employed using Statview
 
4.1 (Abacus Concepts, Inc., Berkeley, CA); P 

values were considered statistically significant if less than 0.05. 

 

 

4.3  RESULTS 

4.3.1   Expression of stem-cell-markers, DCAMKL-1, CD44 and LGR5 in HCT-116 

colon cancer cells   

 In chapter 3, we learnt that the expression pattern of stem cell markers, 

DCAMKL-1, CD44 and LGR5 in a non-tumorigenic human embryonic cell line (HEK-

C) was significantly different than that of isogenic cell line (HEK-mGAS) which was 

rendered tumorigenic due to overexpression of progastrin (PG). Since a majority of colon 

cancers express autocrine PG (175), we examined if human colon cancer cell lines have a 

similar stem cell phenotype as HEK-mGAS cells. A human colon cancer cell line (HCT-

116) was chosen, since our laboratory has demonstrated that growth of the 

cells/xenografts is dependent on autocrine expression of progastrin (114).  Relative 

expression of DCAMKL-1, CD44 and LGR5 was examined in HCT-116 cells by western 
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blot analysis (Fig 4.1Ai). Ratios of target proteins to loading control, β-actin, are 

presented as a bar graph (Fig 4.1Aii).  The results confirmed significant expression of 

DCAMKL-1, CD44 and LGR5 in HCT-116 cells. We next investigated the localization 

of the three markers in HCT-116 cells, growing as monolayers in 2D cultures. HCT-116 

cells were stained by IF for DCAMKL-1, CD44 and LGR5. DAPI was used to stain the 

nucleus (Fig 4.1B). Our results demonstrated that all three stem cell markers were present 

on the cell membranes of the cells, as expected, since all three are known to have 

extracellular and transmembrane domains. To further examine the stem cells, HCT-116 

cells were FACSorted with labeled primary antibodies against DCAMKL-1, CD44 or 

LGR5, and analyzed for % cells positive or negative for the specific markers. The 

quantitative graphs demonstrated a clean separation between the positive (top green) and 

negative (bottom grey) cell populations (Fig 4.1Ci). The % cells positive for the specific 

markers is presented as a bar graph (Fig 4.1Cii), and demonstrated that 2.7%, 1.9% and 

2% of HCT-116 cells were positive for DCAMKL-1, CD44 and LGR5 respectively. Thus 

the % cells positive for the three stem cell markers ranged from 1-3% which is in 

conformity with the expected range of stem cell populations, reinforcing the validity of 

using DCAMKL-1, CD44 and LGR5 as cancer stem cell markers. 

 

4.3.2     Optimization of an in vitro assay for growing tumorospheres from colon 

cancer cells  

 The formation of tumorospheres in vitro is a well established assay which selects 

for the growth of stem cells. In vitro monolayer cell cultures do not simulate well the in 

vivo 3D growths of tumors (232). Spheroidal assays provide a 3D in vitro model which 

mimics morphological conditions, as seen in tumors in vivo. The number of cells required 

to form tumorospheres vary from 10-20000 and is contingent on various factors including 
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cell type and media additives (232). Therefore, our goal was to optimize an assay which 

would allow for the growth of colon cancer cells as tumorospheres, in a reasonable time 

period. HCT-116 cells were plated in low-attachment 24-well plates at different 

concentrations (50, 100, 500, 1000, 2000, 5000, 10000 and 20000 cells/well 

respectively). The growths of the tumorospheres were imaged at 24 hours, day 7 and day 

10. Our results demonstrated that HCT-116 cells grew tumorospheres with a well defined 

outer perimeter (resembling a basement membrane) in approximately 8-10 days (Fig 

4.2A).  The size of the tumorospheres reflected plating cell density. For example, 5000-

20000 cells/well formed significantly larger spheroids (300-500µm) compared to 50-

2000 cells/well (100-200µm). Furthermore, the increases in cell density lead to an 

increase in number of tumorospheres, as expected (Fig 4.2B). On an average, plating of 

10,000 HCT-116 cells/well lead to the formation of 30 tumorospheres within 7days.  

Secondary spheroids have been reported to have higher % of stem cells (233). The 

expectation is that “non-stem cell” populations remaining in culture in the first generation 

of spheroidal growths would be eliminated, to examine this possibility; we next examined 

the growth of secondary versus primary tumorospheres. HCT-116 primary tumorospheres 

were dissociated into single cells and re-plated in low-attachment plates, to allow for the 

growth of secondary spheroids. Cells were plated at a density of 50, 100, 500, 1000, 

2000, 5000, 10000 and 20000 cells/well respectively. The formation of secondary 

tumorospheres was imaged at 24 hours, 72 hours and at day 4 (Fig 4.2C).  Our results 

revealed that secondary tumorospheres grew at a faster rate than primary tumorospheres. 

The formation of secondary spheroids at 72 hours was equivalent to that of the primary 

tumorospheres at day 10. These results confirm the notion that stem cell populations are 

enriched as a result of selection during growth of primary spheroids, and thus give rise to 

faster growing secondary tumorospheres. The size and number of secondary 
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tumorospheres also increased as the cell density increased, which is consistent with the 

findings with primary tumorospheres (Fig 4.1A). Apart from the rate of tumorosphere 

formation, no significant differences were observed in the morphology of primary versus 

secondary tumorospheres. To confirm these findings, a cell viability assay was performed 

on cells arising from both primary and secondary tumorospheres. Primary and secondary 

spheroids were dissociated into single cells and stained with trypan blue. The dissociated 

secondary tumorosphere cells were 98% viable compared to 91% viability of dissociated 

primary tumorosphere cells (Fig 4.2D).  Dissociated primary and secondary 

tumorospheres cells were cytospun onto glass slides and stained by IF for the apoptotic 

marker, activated caspase-3. DAPI was used to stain the nucleus. No significant staining 

for activated caspase-3 was observed, suggesting the lack of apoptotic cell death in 

tumorospheres formed from cancer stem cells, in the time frame of our studies. On the 

other hand organoids formed from primary normal colonic crypt stem cells, grow and 

differentiate rapidly, and undergo apoptotic death (234), as observed by us in related 

studies (unpublished data from our lab). These findings confirmed that primary and 

secondary tumorospheres formed from colon cancer stem cells are viable and functional 

entities which can be used in further studies. 

 

4.3.3 Differential growth of tumorospheres from colon cancer cell lines as a 

reflection of PG expression 

In chapter 3, we demonstrated differences in the spheroidal growths of HEK-C 

versus HEK-mGAS cells. HEK-C spheroids grew more compact tumorospheres with a 

well defined perimeter, whereas HEK-mGAS spheroids grew amorphous spheroids. The 

differential morphology observed was believed to be due to over-expression of progastrin 

which rendered HEK-mGAS cells tumorigenic and metastatic. Therefore, we examined 
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spheroidal growth of colon cancer cell lines, expressing different levels of progastrin. 

DLD-1 is a colorectal adenocarcinoma cell line which expresses high levels of progastrin 

similar to HCT-116 cell line (235). In contrast, HT-29 is a human colon adenocarcinoma 

grade II cell line which expresses low levels of progastrin (235).  DLD-1, HCT-116 and 

HT-29 cells were grown as primary tumorospheres at a density of 10000 cells/well. 

Spheroids were imaged at 4x and zoomed insets are shown (Fig 4.3A). DLD-1, HCT-116 

and HT-29 cells formed primary tumorospheres, but at different rates, and could be 

observed at days 4, 6 and 11, respectively, for the three cells lines (Fig 4.3A). Cells 

expressing higher levels of progastrin (DLD-1 and HCT-116) formed tumorospheres at a 

faster rate compared to HT-29 cells expressing much lower levels of PG. These results 

suggest that autocrine expression of growth factors, such as PG, likely up-regulates stem 

cell populations (as supported by our findings in chapters 2 and 3), resulting in  

differences in rate of tumorosphere formation.  

 

4.3.4   Morphological/cellular features of tumorospheres, formed from colon cancer 

cell  lines   

During the process of our investigations, several laboratories have examined the 

gross morphology of the tumorospheres formed from colon cancer cell lines (236, 237). 

Our results confirm many of their findings; however the morphology of tumorospheres 

grown from different colon cancer cell lines has not been examined. Additionally, 

cellular features of the tumorospheres, and specific localization of molecular markers has 

not been examined in sufficient detail. Our laboratory developed a method for fixing and 

embedding intact tumorospheres in paraffin. Sections were stained by H&E and images 

taken at 20x magnification. The spheroids from HCT-116 and DLD1 cells were well 

rounded with a well defined perimeter; in contrast to HT-29 spheroids which were 
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slightly asymmetrical (Fig 4.3B). Thus in the case of cancer cell lines, unlike embryonic 

cells, higher expression of autocrine PG did not result in formation of amorphous 

spheroids, but only appeared to impact the rate of spheroid formation.   

   Next the localization of stem cell markers in the colon cancer 

tumorospheres was investigated. Tumorospheres were processed and stained by IF for the 

specific stem cell markers.  DCAMKL-1 and LGR5 positive cells were expressed on the 

outer edge of the spheroids whereas CD44 positive cells were scattered throughout the 

entire sphere including the outer layer of cells (Fig 4.3C). These results are consistent 

with the findings in Chapter 3 and reiterate the notion that DCAMKL-1+ve and 

LGR5+ve cells may represent stem cells whereas CD44+ve cells likely represent 

progenitor stem cells.   In chapter 2, we demonstrated that overexpression of 

progastrin in HEK-mGAS cells lead to up-regulation of NFκBp65 and β-catenin 

signaling molecules. The results were associated with a significant increase in the 

expression of stem cell markers, and the resultant increase in proliferative potential of 

HEK-mGAS cells. In the current studies, we investigated the localization of cells, up-

regulated for activated NFκBp65 and stabilized β-catenin, in relation to cells positive for 

proliferative versus apoptotic markers in HCT-116 tumorospheres. HCT-116 cells were 

grown as tumorospheres and stained by IF for the expression of phosphorylated 

(activated) NFκBp65 and total/activated β-catenin. Total β-catenin and activated pβ-

catenin (Ser
552

) were exclusively expressed in the peripheral layer of cells. In contrast, 

pβ-catenin (Tyr
142

), activated via the non-canonical pathway, was expressed in cells 

throughout the sphere (Fig 4.4A). Activated pp65NFκB
s276

 and pp65NFκB
s536

 was also 

surprisingly expressed by cells  throughout the entire core and perimeter of the sphere 

(Fig 4.4B), suggesting that the activation of NFkBp65 may be a ubiquitous and perhaps 

unique feature of cancer stem cells growing as tumorospheres, which needs to be further 
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examined. Since DCAMKL+ve and LGR5+ve cells were located primarily at the 

periphery of the spheroids along with cells positive for NFĸB, β-catenin and proliferation 

markers, it is possible that these stem cells represent initiating stem cells, which perhaps 

give rise to all other cells, including progenitor cells (positive for CD44), which move 

inwards and form the bulk of the spheroidal structures.  

It has been reported that the outer peripheral layer of cells in tumorospheres are 

actively proliferating whereas the inner core cells are slightly necrotic (232).  To confirm 

these reports, we investigated the localization of apoptotic and proliferative cells within 

the HCT-116 tumorospheres by IF staining. Our data revealed that apoptotic cells were 

indeed located within the core of the sphere as depicted by the IF staining for activated 

caspases-3 (green) (Fig 4.4C). In contrast, cells positive for the proliferation marker Ki67 

(green) and PCNA (red) were exclusively expressed on the perimeter of the spheroids 

(Fig 4.4D), which coincidence with the findings of several other studies. 

 

4.3.5 Phenotype of DCAMKL-1+ve and Lgr5+ve cells in colon cancer cell lines   

 Our results in chapters 2 and 3 demonstrated that HEK-293 cells, over-expressing 

progastrin, were rendered more proliferative, tumorigenic and metastatic. These changes 

in phenotype were associated with increased co-expression of DCAMKL-1/CD44 with 

CS-ANXA2 by transformed stem cells in HEK-mGAs cells, which were not observed in 

non-transformed, HEK-C cells. Since both DCAMKL-1 and LGR5 mark stem cells, one 

of my goals was to examine if the phenotype of DCAMKL-1+ve cells was significantly 

different from that of LRG5+ve cells, and if these differences impacted growth patterns 

of the two stem cell populations.         

 Therefore, we examined whether cancer stem cells co-expressing DCAMKL-1 

with CD44 were also positive for PCNA, by IF staining. Results in Fig 4.5A confirmed 
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that cells co-expressing DCAMKL-1 and CD44 were proliferating (Fig 4.5B), confirming 

their stem/progenitor cell status. In contrast, cells positive for LGR5 seldom co-expressed 

CD44 and were not as strongly positive for PCNA (Fig 4.5B). Therefore, even though 

LGR5 is a target protein of the Wnt signaling pathway, it may not always represent the 

proliferating pool of stem cells, since the Wnt pathway may not be the main driver of 

proliferation in colon cancer cells, which are genotypically wildtype for both APC and β-

catenin (238,239). HCT-116 cells are wildtype for the Wnt pathway. A major driving 

force in the case of colon cancer cell lines, such as HCT-116, is their mismatch repair 

(MMR) deficient genotype (240) and their expression of autocrine PG (241, 242), which 

may explain our findings in Fig 5.    

Since tumorospheres possess heterogeneity similar to tumors xenografts in vivo 

(232), we additionally examined expression pattern of DCAMKL-1 and LGR5 in HCT-

116 xenografts. HCT-116 cells were grown in vivo as xenografts and processed/ stained 

by IHC for DCAMKL-1 and LGR5. Images were taken at 4x, 10x and 20x. DCAMKL-1 

was highly expressed at leading edges of the tumor (Fig 4.5C-top panel), just as we had 

observed with HEK-mGAs xenografts in Chapter 3.  The latter findings are consistent 

with the notion that stem cells remain in close proximity to peripheral regions of the 

tumors, allowing contact with signals from the host/microenvironment. Similarly, LGR5 

expression was exclusively observed on the outer edges of the tumor (Fig 4.5C-bottom 

panel), albeit at lower levels compared to DCAMKL-1, which may reflect the genotype 

of HCT-116 cells, as discussed above. Importantly these results once again confirm our 

previous findings that DCAMKL-1 and LGR5 positive cancer stem cells represent 

different population of cells, in both tumorospheres and tumors, despite their postulated 

function as stem cell markers, which may reflect the molecular/mutant signature of the 

cells.   
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We next determined the % cells which were positive for DCAMKL-1 and/or 

LGR5. Cells were FACScanned and analyzed for % cells positive for DCAMKL-1 and/or 

LGR5. As illustrated in Fig 4.6A, 3.4% of HCT-116 cells were positive for LGR5, 3.3% 

HCT-116 cells were positive for DCAMKL-1 and only 0.4% were positive for both 

DCAMKL-1 and LGR5. These results once again reiterated our findings that the majority 

of DCAMKL-1+ve and Lgr5+ve cancer stem cells represent distinct population of cells. 

However, a small minority of cells co-expressed DCAMKL-1 and LGR5, which is 

unique to transformed/colon cancer cells and different from the pattern we and others 

have observed in normal colonic crypt cells (20, 23) and non-transformed HEK-C cells 

(51, and chapter 3). It is possible that normal/non-transformed cells do not co-express the 

extracellular domain of the two stem cell markers simultaneously and/or do not process 

the stem cell markers completely within the same cells, based on specific cues from the 

normal niche of colonic crypts (as described in Fig 1.10 in chapter 1). Cancer cells, on 

the hand lose the normal cues, and hence may have the potential to co-express the stem 

cell markers within the same cell population. These and other possibilities need to be 

further examined in future studies. 

  

4.3.6 Differences in growth of DCAMKL-1+ve and LGR5+ve cells as tumorospheres 

Our results so far strongly suggest that the majority of cancer stem cells are 

positive for either DCAMKL-1 or LGR5. Therefore we next examined whether the 

growth pattern of these cells as tumorospheres, was also different. HCT-116 cells were 

FACSorted into pure populations, expressing the extracellular domain of either 

DCAMKL-1 or LGR5, the enriched cells were grown in vitro as tumorospheres and 

imaged at imaging at 24, 48, and 72 hrs and finally at day 7. DCAMKL-1+ve cells grew 

larger and faster tumorospheres compared to Lgr5+ve cells, which appeared to form very 
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few aggregates (Fig 4.6Bi). This stark difference in the potential to form and grow 

tumorospheres may be due to the co-expression of CD44/CS-ANXA2 by DCAMKL-

1+ve cells, which may be required for formation/aggregation of cells as tumorospheres; 

this is based on the findings in chapter 3 which demonstrate that CS-ANXA2 may be 

playing a critical role in motility and invasive properties of stem cells. Surprisingly, 

Lgr5-ve cells grew compact tumorospheres at a much faster rate than LGR5+ve cells, 

while DCAMKL–ve cells were the least aggressive of all other populations (Fig 4.6Bi). 

These surprising findings may be due to the presence of DCAMKL-1+ve cells within the 

Lgr5-ve population, as confirmed by us (Fig 4.7Diii). The absence of tumorosphere 

formation by DCAMKL-ve cells even by day 7 can be appreciated from images 

presented in Fig 4.6Bii. Importantly, LGR5-ve cells had formed large intact spheroids by 

day 7, while LGR5+ve cells remained loosely aggregated (Fig 4.6Bii), once again 

suggesting that the genotype and phenotype of the two cell populations is likely very 

different, and needs to be examined in future studies.       

 Possible differences in the phenotype of DCAMKL-1 and LGR5 cells were 

further examined. Cells FACSorted for either DCAMKL-1 or LGR5 were cytospun and 

stained by IF for DCAMKL-1, CD44, LGR5 and PCNA. Images were taken at 10x and 

40x magnification. DCAMKL-1+ve cells significantly co-stained with CD44 (Fig 4.7Ai) 

and PCNA (Fig 4.7Bi) compared to DCAMKL-1-ve cells which did not express CD44 

(Fig 4.7Aii) or PCNA (Fig 4.7Bii).  Lgr5+ve cells, unlike DCAMKL-1+ve cells, did no 

co-stain with CD44 (Fig 4.7Ci) or PCNA (Fig 4.7Di). Surprisingly, Lgr5-ve cells 

expressed CD44 (Fig 4.7Cii) and PCNA (Fig 4.7Dii). The data reaffirms our findings in 

(Fig 4.5Bi-ii) which illustrated co-expression of DCAMKL-1 with CD44, but a relative 

absence of co-expression of LGR5 with CD44 in HCT-116 tumorospheres. Next, 

we examined if LGR5-ve cells expressed DCAMKL-1, which may explain the co-
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expression of CD44 with LGR5-ve cells in Fig 4.7Diii. Our results confirmed that about 

50% of LGR5-ve cells were positive for DCAMKL-1 which may likely explain the rapid 

growth rate of Lgr5-ve cells as tumorospheres in vitro (Fig 4.6Bi-ii). The % cells co-

expressing DCAMKL-1/CD44/PCNA vs LGR5/CD44/PCNA was analyzed (Fig 4.7Ei-

ii), and demonstrated that 87% and 91% of DCAMKL-1 cells co-stained with CD44 and 

91% PCNA, respectively. However, only 7% of DCAMKL-1-ve cells co-stained with 

CD44 and 9% with PCNA (Fig 4.7Ei). However, only 8% and 11% of LGR5+ve cells 

co-stained with CD44 and PCNA, respectively, while 75% and 87% of Lgr5-ve cells co-

stained with CD44 and PCNA, respectively (Fig 4.5Eii), resembling the profile of 

DCAMKL-1+ve cells. These results suggest that DCAMKL-1+ve and Lgr5-ve cells may 

represent the same population of stem cells, which significantly co-express CD44 and are 

highly proliferative. These novel findings may explain the rapid formation of 

tumorospheres from DCAMKL+ve and LGR5-ve cells while both LGR5+ve and 

DCAMKL-ve cells are much less potent towards formation of tumorospheres (Fig 4.6Bi-

ii). It is thus possible that co-expression of CD44 by stem cells may dictate proliferative 

and tumorosphere formation potential of the cells.  

 

4.3.7    Role of ANXA2 expression on spheroidal growths of colon cancer cell lines   

 Results with the transformed embryonic cells in chapter 3, demonstrated that 

over-expression of cell-surface ANXA2 (CS-ANXA2) may lead to de-stablization of 

spheroids, resulting in the formation of ‘amorphous’ structures. Down-regulation of 

ANXA2, on the other hand, resulted in attenuation of MMP levels and in the formation of 

more compact HEK-mGAS spheroids. We therefore examined if ANXA2 has a similar 

role in the formation of tumorospheres from colon cancer cell lines. ANXA2 expression 

was confirmed in HCT-116 cells by Western blot analysis (Fig 4.8A). HCT-116 
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tumorospheres were down-regulated for ANXA2 expression by transiently transfecting 

the cells with ANXA2-shRNA plasmids.  HCT-116 tumorospheres, transfected with 

control-shRNA, formed less well rounded tumorospheres by Day 2, while HCT-116 

tumorospheres, treated with ANXA2-shRNA, formed more compact rounded spheroids 

(Fig 4.8Bi); down-regulation of ANXA2 was confirmed by western blot (Fig 4.8Bii).  

However, by Day 7, both control and ANXA2-shRNA treated spheroids had formed 

compact spheroids, which may reflect the loss of transiently transfected shRNA in the 

spheroids. In future studies, the role of ANXA2 will be examined by transfecting the 

spheroids with viral particles expressing shRNA, which are being prepared by us in the 

laboratory. 

 

4.3.8    High % of CS-ANXA2 positive cells co-express DCAMKL-1, CD44 and LGR5  

Based on our findings in chapter 3 and results presented above, we further 

examined the % CS-ANXA2+ve cells, which are also expressing stem cell markers 

DCAMKL-1, CD44 and LGR5.  HCT-116 cells were FACSorted using Anti-ANXA2-

Abs. The % cells positive for CS-ANXA2 was measured as 3.6% of the total cell 

population (Fig 4.8C). CS-ANXA2+ve and CS-ANXA2-cells were stained by IF for the 

specific stem cell markers. Enrichment and separation of CS-ANXA2+ve cells from CS-

ANXA2-ve cells was confirmed by IF staining for ANXA2 (Fig 4.8D). A high % of CS-

ANXA2+ve cells co-expressed DCAMKL-1, CD44 and LGR5, while CS-ANXA2-ve 

cells were not positive for the indicated stem cell markers (Fig 4.8D). These results 

mimic our findings with HEK-mGAS cells as presented in chapter 3, suggesting that an 

increased co-expression of CS-ANXA2 with stem cell markers may be a hallmark of 

transformation, which likely impacts tumorigenic and metastatic potential of colon cancer 

cells as well. An important difference between transformed embryonic cells and colon 
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cancer cells, however, was that CS-ANXA2 also co-localized with LGR5 in colon cancer 

cells (Fig 4.8D), while transformed embryonic cells did not demonstrate this feature (Fig 

4B, chapter 3). The later findings further suggest the novel possibility that co-expression 

of stem cell markers DCAMKL-1/CD44 with CS-ANXA2, may represent a common 

phenotype of all epithelial cancer stem cells, which could be used for diagnosing 

circulating cancer stem cells; our laboratory has completed preliminary studies 

developing this diagnostic assay (243), and a patent has been filed (“Diagnosis of Benign 

and cancerous growths by measuring circulating tumor stem cells and serum annexinA2”, 

final patent application number D6987 UTMB-SING-P-10B, filed on June 29th 2011).  

In future studies, I will further analyze the % colon cancer cells which co-express CS-

ANXA2 with either DCAMKL-1,CD44 and LGR5, as a function of tumorigenic and 

metastatic potential of the cells, and examine the effect of chemotherapeutic modalities 

on the co-expression profiles, which may serve as a means to diagnose therapeutic 

efficacy in the clinic.  
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Figure 4.1. (A–C): Expression of stem-cell-markers, DCAMKL-1, CD44 and LGR5 in 

HCT-116 colon cancer cells. Ai=representative autoradiogram of WB data, demonstrating 

relative levels of DCAMKL-1, CD44 and LGR5 in HCT-116 cells grown as 2D 

monolayers. β-actin was run as a loading control. Aii =% change in ratio of indicated 

proteins/β-actin in cellular samples from 3 experiments. B= Relative levels of DCAMKL-1 

(green), CD44 (red) and LGR5 (green) in HCT-116 cells grown on coverslips and stained 

by IF. Blue=DAPI stained nucleus. Images were taken at 40x with epifluorescent 

microscopy. Ci= Cell populations positive(+) or negative(-) for the indicated proteins 

analyzed by FACSorting. HCT-116 cells, fluorescently labeled with specific antibodies 

against the indicated proteins (as described in Methods) were sorted using the Becton-

Dickinson FACSaria I. X-axis of the graphs represents the site scatter (SSC) while the Y-

axis represents the fluorescence intensity of the cells. Cells with relatively high intensity 

(above background levels) were delineated from cells poorly labeled. Cii= Bar graphs 

illustrating the % cells positive for DCAMKL-1, CD44 and LGR5 based on the FACS 

analysis. Results are presented as Mean+Sem from 2-3 experiments.  
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Figure 4.2. (A–B): Limiting Dilution Assay of Primary Tumorospheres. A= HCT-116 

cells grown as primary tumorospheres in low-attachment plates at different cell densities 

as shown. Cells were imaged at 24hrs, day7 and day 10 at 4x magnification.  B=Bar 

graphs representing the association between the number of cells plated (x-axis) versus the 

number of spheres formed (y-axis) in 7 days. Results are presented as Mean+Sem from 2-3 

experiments.  
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Figure 4.2. (C–D): Limiting Dilution Assay of Secondary Tumorospheres C= 

HCT-116 cells grown as secondary tumorospheres at different cell densities (as 

shown) in low-attachment plates. Cells were imaged at 24hrs, 72hrs and day4 at 4x.  

D= Cell viability of cells dissociated from primary vs secondary tumorospheres, using 

trypan blue staining. Dissociated cells from spheres were also stained by IF for the 

apoptotic marker, activated caspase-3 (green). Blue=DAPI stained nucleus. Images 

taken at 20x. Results are presented as Mean+Sem from 2-3 experiments.  
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Figure 4.3. (A–C):  Morphological/cellular features of tumorospheres 

formed from colon cancer cell lines. A= Equal number of DLD-1, HT-29 and 

HCT-116 cells were grown as primary tumorospheres. Images were taken at 

days 4, 6 and 10 respectively at 4x. Representative tumorospheres (zoomed in) 

are shown. B= H&E staining from a representative section (5µm) of fixed and 

processed tumorospheres from all 3 colon cancer cell lines. C= IF stained 

sections, for stem cell markers DCAMKL-1, CD44 and LGR5, from 

representative tumorospheres of the three colon cancer cell lines. Blue=DAPI 

stained nucleus. Images were taken at 20x.  
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Figure 4.4. (A–D): Localization of cells, positive for p65NFĸB, β-catenin and 

proliferative markers (Ki67;PCNA) in representative sections of HCT-116 

tumorospheres. A= IF staining for total and activated (pSer
552

;pTyr
142

) β-catenin; 

B= IF staining for total and activated (pSer
276

;pSer
536

) p65NFĸB ; C=IF staining 

for apoptotic marker, activated capsase-3 (as shown by white arrows); D= IF 

staining for proliferative marker, Ki67 and PCNA. Blue=DAPI stained nucleus. 

Images were taken at 20x magnification using an epifluorescent microscope. 
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Figure 4.5. (A–C): Co-Localization of DCAMKL-1(A) or LGR5 (B) positive stem 

cells with either CD44 or PCNA, in representative sections of HCT-116 spheres.       

A-B=IF staining for observing co-expression of the indicated markers are shown in 

merged images. Co-localization is depicted by white arrows. Images were taken at 20x 

magnification. Blue=DAPI stained nucleus. C= Representative sections (4-5µm) from 

HCT-116 tumor xenografts were stained by immunohistochemistry for either DCAMKL-1 

or LGR5, as shown. Images in the left hand panels were taken at 4x. Insets were further 

imaged at 10x or 20x as shown in the middle and right hand panels, respectively. 
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Figure 4.6. (A–B):  Growth pattern of HCT-116 cells, FACsorted for either 

DCAMKL-1 or LGR5 cells, as tumorospheres. A= HCT-116 cells analyzed 

for % cells positive for DCAMKL-1 and LGR5 using Fortessa LSII. Red 

circle=cells positive for both DCAMKL-1 and LGR5. B=Growth of equal 

number of cells that were +ve or -ve for either DCAMKL or LRG5 as primary 

tumorospheres. Images at 24hrs, 48hrs and 72hrs, are shown in Bi, and images at 

day 7 are shown in Bii. Images in Bi are at 4x. Images in Bii, Left hand panel is 

at 4x, insets on the right hand represents zoomed images of the left hand panels. 
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Figure 4.7. (Ai-ii): Co-expression of DCAMKL-1(+/-) cells and CD44 in colon cancer 

cells. Ai-ii=HCT-16 cells FACSorted for the stem cell marker DCAKML-1.  DCAMKL-

1(+/-) cells were cytopsun and stained by IF for DCAMKL-1 (green) and CD44 (red). 

Blue=DAPI stained nucleus. Images were taken at 10x and 40x. Yellow color in the 

merged images suggests co-localization of DCAMKL-1 and CD44 in the cells. The data 

presented are representative of >10 sections from 2 separate experiments 
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Figure 4.7. (Bi-ii): Proliferative potential of DCAMKL-1+ve versus DCAMKL-1-ve 

cells in HCT-116 cells. Bi-ii= DCAMKL-1(+/-) cells were cytopsun and stained by IF for 

stem cell marker DCAMKL-1 (green) and proliferative marker PCNA (red). Blue=DAPI 

stained nucleus. Images were taken at 10x and cells depicted by the white dotted circles 

were digitally enhanced as marked by white dotted arrows. Yellow color in the merged 

images suggests co-localization of DCAMKL-1 and PCNA in the cells. The data 

presented are representative of >10 sections from 2 separate experiments. 
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Figure 4.7. (Ci-ii):  Co-expression of LGR5(+/-) cells and CD44 in colon cancer 

cells. Ci-ii=HCT-16 cells FACSorted for the stem cell marker LGR5. LGR5(+/-) cells 

were cytopsun and stained by IF for LGR5 (green) and CD44 (red). Blue=DAPI 

stained nucleus. Images were taken at 10x and 40x. Yellow color in the merged 

images suggests co-localization of  LGR5 and CD44 in the cells. The data presented 

are representative of >10 sections from 2 separate experiments 
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Figure 4.7. (Di-ii):   Proliferative potential of LGR5+ve versus LGR5-ve 

cells in HCT-116 cells. Di-ii= LGR5(+/-) cells were cytopsun and stained by 

IF for stem cell marker LGR5 (green) and proliferative marker PCNA (red). 

Blue=DAPI stained nucleus. Images were taken at 10x and digitally enhanced. 

Yellow color in the merged images suggests co-localization of LGR5 and 

PCNA in the cells. Diii=Relative expression of DCAMKL-1 (green) in LGR5-

ve cells. Imaged at 10x. The data presented are representative of >10 sections 

from 2 separate experiments. 
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Figure 4.7. (Ei-ii):  % DCAMKL-1(+/-) and LGR5(+/-) cells co-expressing 

CD44 and PCNA.  HCT-16 cells were FACSorted for the specific stem cell 

marker using the Becton-Dickinson FACSARIA I. The % DCAMKL-1(+/-) and 

LGR5(+/-) cells co-expressing CD44 (black bar) and PCNA (grey bar) was 

analyzed and  represented as a bar graph Ei and Eii respectively. Results are 

presented as Mean+Sem from 2-3 experiments.  
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Figure 4.8. (A-D):  Role of Annexin A2 in the formation of tumorospheres from colon 

cancer cell lines. A= Representative immunoblot illustrating the relative expression of ANXA2 

in HCT-116 cells bby WB analysis. β-actin was run as a loading control. Bi= Representative 

images of spheroids from HCT-116 cells, transfected with either control or ANXA2-shRNA 

plasmids. Images were taken at 4x and 40x at day 2. Bii= Representative immunoblot 

illustrating the relative expression of ANXA2 in HCT-116 spheres transfected with control vs 

ANXA2-shRNA, by WB analysis. C= Representative graph illustrating  FACSorting analysis of 

HCT-116 cells positive(+) and negative (-) for CS-ANXA2. HCT-116 cells fluorescently labeled 

with anti-ANXA2-Ab were sorted using the Becton-Dickinson FACSAria I. X-axis of the graph 

represent the side scatter (SSC) while the y-axis represent the fluorescence intensity of the cells. 

Cells with relatively high intensity (above background levels) were delineated in green vs cells 

with low intensity (orange). D= Representative images of HCT-116 cells, FACSorted for 

ANXA2(-) /ANXA2(+) populations and cytospun onto glass slides. Cells were stained by IF for 

the relative expression of stem cell markers DCAMKL-1 (green), CD44 (red),LGR5(green) and 

ANXA2/CS-ANXA2 (red). Images were taken at 40x. Blue=DAPI stained nucleus. 
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4.4      DISCUSSION 

Results presented in this chapter demonstrate that DCAMKL-1+ve and LGR5+ve 

cells represent two distinct cancer stem cell populations, which are characterized by 

differences in proliferative potential, spheroidal growth patterns and expression profiles 

for CD44/CS-ANXA2/PCNA.            

DCAMKL-1, CD44 and LGR5 expression levels have been shown to be 

significantly increased in colon cancer tumors, and are increased with progression of the 

disease (72,88,84). In the above studies, we confirmed the presence of all three stem cell 

markers in HCT-116 colon cancer cell line. Cells positive for the specific markers ranged 

from 1-3% of the total cell population, which is in conformity with the range of stem cell 

populations in tumors (Fig 4.1).    

It has been reported that normal stem cells (NSCs) can potentially form organoid-

like structures in vitro, which differentiate into specialized cell types representing the 

organ of origin (234), as confirmed by me in preliminary studies with colonic crypt stem 

cells (data not shown). In contrast, cancer stem cells (CSCs), grown as spheroids result in 

the formation of compact spheroidal structures which are held together by a basement 

membrane (244, 232), as confirmed by us with HEK-mGAS and colon cancer cells 

(chapters 3 and 4). In preliminary studies, we have demonstrated that the well defined 

peripheral membrane, surrounding HCT-116 spheroids is composed of collagen IV and 

several other matrix proteins (data not shown). Importantly, the cancer cell spheroids 

appeared to be solid with relative absence of differentiated features within the time frame 

of our studies. It is expected that long term growth in culture, resulting in very large 

spheroidal structures, may eventually result in cell death and necrosis of inner most cells, 

reflecting lack of nutrition (as observed in my preliminary studies). 
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The size of the spheroids varied when plating low versus high concentrations of 

cells (Fig 4.2A-C). It is possible, that the increase in cell density, leads to the formation 

of numerous small spheroids which aggregate with one another to form even larger 

structures. It has also been reported that a single stem cell is capable of forming an entire 

sphere (245); therefore the correlation between tumorosphere size and cell density may 

merely be caused by an increase in the census of cancer stem cells within the population. 

Unlike the normal stem cells, CSCs are highly proliferative and shown to be continuously 

motile (246), which may explain the rapid sphere formation observed when plating high 

versus low cell densities.    

From our studies in Chapter 3, we learnt that over-expression of PG in HEK-

mGAS cells led to formation of ‘amorphous’ spheroids compared to control HEK-C 

cells, which formed compact spheroids. We also demonstrated that HEK-mGAS cells had 

become significantly more proliferative and tumorigenic compared to HEK-C cells. We 

speculated that these differences in growth patterns may reflect either over-expression of 

PG in HEK-mGAS cells or transformation of normal/non-transformed cells into a 

tumorigenic/transformed phenotype. In here, we examined the growth of 3 different 

colon cell lines, HCT-116, HT-29 and DLD-1, as tumorospheres. Our data demonstrate 

that all 3 cell lines grew tumorospheres (Fig 4.3A); however cells expressing higher 

levels of PG, such as DLD-1 and HCT-116, formed tumorospheres more rapidly 

compared to HT-29 cells expressing low levels of PG (235). It is also possible that HT-29 

cells may have a lower census of stem cells compared to HCT-116 and DLD-1 cells, 

which need to be examined in future studies. Thus, tumorigenic potential, number of stem 

cells and expression of autocrine factors such as PG, may likely dictate the morphology 

and number of spheroids formed from a cell line in a given time.    

 We recently reported the distinct localization of DCAMKL-1 and CD44 



 136 

expressing cells in normal colonic crypts, and demonstrated that cell populations 

expressing these stem/progenitor cell markers are significantly increased in colonic crypts 

of mice in response to PG (51 and chapter 3). Other investigators have also reported 

DCAMKL-1+ve cells in intestinal crypts at +4 position and have demonstrated 

DCAMKL-1 expression in colonic tumors 20, 72). Unlike DCAMKL-1, LGR5+ve cells 

have been reported at the base of intestinal crypts (76), confirming that the two stem cell 

populations are separate and distinct from each other in normal intestinal crypts.  We now 

demonstrate that DCAMKL+ve and LGR5+ve stem cells similarly represent different 

population of cancer stem cells, as observed in HEK-mGAS (chapter 3) and HCT-116 

cells (Fig 4.6A). However, a very small % of colon cancer stem cells may be co-

expressing both stem cell markers (Fig 4.6A), which is a novel finding, the significance 

of which needs to be further examined. 

  Our results in Chapter 3, demonstrated that DCAMKL-1 and LGR5+ve cells were 

localized at the periphery of spheroids formed from non-transformed immortalized HEK-

C cells, while CD44 was localized at both the perimeter and within the spheroids.  

However, we were unable to determine the localization of stem cell markers in 

tumorospheres formed from transformed HEK-mGAS cells, as the spheroids were 

relatively unstable and dissociated easily when processed. We were, however, successful 

in localizing DCAMKL-1, LGR5 and CD44 +ve cells in  tumorospheres formed from 

colon cancer cell lines, which represents a new finding of my studies. We confirmed that 

DCAMKL-1 and LGR5 +ve cells were indeed localized on the outer peripheral layer of  

spheroids, while CD44 was expressed throughout the  spheroids (Fig 4.3C), as we had 

observed in the case of HEK-C cells, suggesting that this pattern of distribution of stem 

cell populations may represent a common feature of all spheroids.  DCAMKL-1, CD44 

and LGR5 were also found to be localized at the leading edges of HCT-116 xenografts 
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(Fig 4.5C), which is similar to the recent findings of other investigators (81, 247), 

suggesting that stem cells may have a propensity of growing at invasive ends, to support 

tumor growth.  

The outer peripheral layer of tumorospheres has been reported to be actively 

proliferating, while cells in the inner core were shown to be necrotic (232). At the same 

time, previous reports suggest that DCAMKL-1 marks quiescent stem cell populations 

whereas LGR5 marks actively cycling stem cells in normal intestinal crypts (67). 

However, proliferative potential of DCAMKL-1 and LGR5 positive cancer stem cells has 

remained unknown so far. Our findings with HCT-116 cells strongly suggest that 

DCAMKL-1+ve cells, co-expressing PCNA, may be significantly more proliferative than 

LGR5+ve cells, which did not co-stain with PCNA as well (Fig 4.5B, 4.7Aii). This 

important finding co-tails with our findings that cancer stem cells enriched for 

DCAMKL-1 grew tumorospheres rapidly while LGR5+ve cells were not as effective (Fig 

4.6Bi-ii), and suggests that the properties of DCAMKL+ve cancer stem cells may be 

quite different from that of DCAMKL+ve normal stem cells, which needs to be further 

explored. 

Our results with colon cancer cell lines further confirmed our findings with HEK-

mGAS cells that, DCAMKL-1+ve cells co-express CD44, while LGR5+ve cells are less 

likely to co-express CD44 (Fig 4.7Ai, Ci). Knockdown of CD44 is known to inhibit cell 

proliferation/invasion of cancer cells, and induces apoptosis of colon cancer cell lines 

(248). Thus our results with HEK-mGAS and HCT-116 colon cancer cells, strongly 

suggest that the increased proliferative potential of these cells may be due to co-

expression of CD44 with stem cell marker DCAMKL-1, which maybe a hallmark of 

tumorigenecity 
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A novel finding of our studies was that HCT-116 cells, enriched for DCAMKL-1, 

grew larger tumorospheres more rapidly, compared to LGR5+ve cells which did not grow 

spheroids as well, and seemed to remain dormant for a while in non-adherent cultures 

(Fig 4.6Bi-ii).     

In a recent study, it was reported that silencing of LGR5 expression surprisingly 

promoted tumorigenesis by up-regulating the Wnt signaling pathway and the epithelial-

mesenchymal pathway (87). Reducing  the expression of LGR5 in colon cancer cells 

resulted in the formation of amorphous spheroids, increased cell migration, increased cell 

motility and rearrangement of cell surface proteins such as CD44 (87).  Thus, our results 

demonstrating that LGR5-ve cells grow larger spheroids than LGR5+ve cells (Fig 

4.6Bii), are in agreement with the findings of Walker et al. 2011 (87), as described above. 

The above findings may be explained by our novel observations that CD44 and 

DCAMKL-1 are co-expressed by a significant population of LGR5-ve cells (Fig 4.7Aii, 

Cii, Diii), which appears to be conducive to proliferation and growth of cancer stem cells 

as tumorospheres.  

The role of CD44 in the growth and metastasis of colon cancer cell lines has been 

reported by many investigators (249, 103). A recent study demonstrated that 

displacement of CD44 from a single focal point to a uniform distribution throughout the 

cell membrane results from of the expression of MMPs in colon cancer cells, which 

apparently leads to CD44 shedding and increased migration/invasion of the cells (87). 

However, another recent study suggests that CD44 is expressed at focal adhesion points 

in invading cancer cells (250). In future studies, I will examine the specific role of CD44 

in dictating growth/invasive effects on DCAMKL+ve and LGR5-ve cancer stem cell 

populations. 
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The activation of NFĸB and β-catenin signaling pathways has been reported to 

play a critical role in regulating the proliferative potential of colon cancer cells (118,251).  

In chapter 2, our studies demonstrated that the down-regulation of p65NFKB or β-catenin 

significantly reduced proliferation of HEK-mGAS cells (51). Elevated levels p65NFβB 

or β-catenin resulted in the increased expression of stem cell markers DCAMKL-1 and 

CD44 in HEK-mGAS cells and colonic crypts in response to PG (51). The localization of 

cells expressing the two potent transcriptional factors in tumorospheres has not been 

reported. We demonstrate for the first time that cells positive for p65NFKB and β-catenin 

are located along the periphery of the tumorospheroids (Fig 4.4A-B). Given that the 

cancer stem cells expressing DCAMKL-1 and LGR5 were also localized along the 

periphery of the tumorospheres, it is possible that cancer stem cells may be activated for 

p65NFKB and/or β-catenin. CD44 is known to activate p65NFKB signaling pathway 

(252), and our laboratory has reported that activated p65NFkB can up-regulate β-catenin 

stablization via non-canonical pathway (118), resulting in proliferation of target cells. 

Since our data strongly suggest that DCAMKL-1+ve colon cancer stem cells co-express 

CD44 and are highly proliferative, compared to LGR5+ve cells, it is possible that 

p65NFĸB and/or β-catenin expressing cells observed at the periphery of the 

tumorospheres represent DCAMKL+ve cells and not LGR5+ve cells. At the same time, 

we now know that LGR5 is a target gene of β catenin (87), suggesting that LGR5+ve 

cells should also be positive for activated (nuclear) β-catenin. There are thus many 

unanswered questions that arise from our novel findings, which need to be further 

investigated in future studies.        

 We have previously reported that AnnexinA2 plays a critical role in mediating 

growth effects of PG on normal and cancerous cell lines (51,112,182), via facilitating 

endocytotic internalization of PG in target cells (187).  Results in chapter 3 additionally 
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suggest that presence of CS-ANAX2 may impact mobility of cells, resulting in the 

formation of ‘amorphous’ spheroids from HEK-mGAS cells; this newly discovered 

function of CS-ANXA2 is quite separate from its role as a receptor for PG, and appears 

to be linked to the increased expression of MMPs by transformed/cancer cells. In order to 

confirm a possible role of ANXA2 in impacting morphology of tumorospheres, as a 

function of MMPs, we repeated the experiments with HCT-116 cells. Down-regulation of 

ANXA2 in HCT-116 cells, resulted in the formation of more compact spheroids 

compared to the control HCT-116 spheroids, confirming our findings with HEK-mGAS 

cells. These results confirm a possible role of ANXA2 in dictating the morphology of 

spheroidal growths. CS-ANXA2 has been reported to be overexpressed in several cancers 

including colon cancers (182), and accumulating literature strongly suggests a critical 

role of CS-ANXA2 in the invasive potential of cancer cells (as discussed in chapter 3).  

Transformed HEK-mGAS cells co-expressed DCAMKL-1/CD44/CS-ANXA2, while 

non-transformed HEK-C cells rarely co-expressed these three proteins. This finding 

demonstrated for the first time a significant difference in the expression profiles of stem 

cells from normal/non-transformed versus transformed/tumorigenic cells. Our results 

with HCT-116 cells confirmed that colon cancer stem cells, co-express as well CS-

ANXA2 and CD44 with DCAMKL-1; however unlike transformed embryonic cells, 

colon cancer stem cells co-expressed CS-ANXA2 and CD44 with LGR5 also, albeit at 

much lower frequency compared to co-expression with DCAMKL-1. The latter findings 

suggest that cancer stem cells may have differences in the specific phenotypes, depending 

on tissue of origin.         

 In summary, DCAMKL-1 and LGR5+ve cancer stem cells represent two distinct 

cell populations, similar to that reported for normal colonic epithelial cells. DCAMKL-

1+ve cancer stem cells form tumorospheres more rapidly than LGR5+ve cancer stem 
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cells, which may reflect the co-expression of CD44/CS-ANXA2 and MMPs by 

DCAMKL+ve cells. A surprising finding was that LGR5-ve cells were almost as potent 

as DCAMKL+ve cells in a tumorosphere bioassay, which likely reflects the expression of 

DCAMKL-1/CD44 by the LGR5-ve cell populations. ANXA2 expression was associated 

with a slight loss in spheroidal structures formed from colon cancer stem cells, which 

may reflect the expression of MMPs in cells expressing CS-ANXA2. Thus co-expression 

of CD44 and CS-ANXA2 by DCAMKL+ve stem cells may impart a more tumorigenic 

phenotype to cancer stem cells, which could be used as a diagnostic/prognostic feature of 

cancer cells/tumors.  
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CHAPTER 5 

 

COMBINATORY EFFECTS OF CURCUMIN ± SIRNA 

DCAMKL-1 ON COLON CANCER STEM CELLS IN 

VITRO AND IN VIVO: NOVEL TREATMENT 

STRATEGY 

 

5.1       INTRODUCTION  

The ultimate goal in the field of cancer is to treat the disease and prevent its 

recurrence. Although several therapies, such as chemotherapy and radiation, are currently 

available for treating cancers, they lack the ability to differentiate between normal and 

cancer cells, and hence elicit many side effects on normal cells functions. Moreover, 

currently available treatment strategies target solely the bulk of the rapidly proliferating 

tumor cells, without eliminating the subpopulation of cancer stem cells, thus resulting in 

tumor relapse. To address these issues, researchers are developing novel therapies which 

not only use of non-toxic drugs but are also aimed at directly targeting cancer stem cells, 

in hopes of preventing tumor recurrence of the disease.  

Curcumin is a natural dietary pigment which is currently being used as a 

chemotherapeutic agent for treating colorectal cancers (253). This non-toxic compound 

exerts anti-inflammatory, anti-proliferative and anti-tumorigenic effects on cancer cells 

(154,155), as reported by our laboratory as well (155) hence, a perfect candidate for our 

studies.   

DCAMKL-1 is a microtubule-associated protein kinase which is overexpressed in 

various tumors types including colorectal cancers (72). In chapters 3 and 4, we 

demonstrated that DCAMKL-1+ve cancer stem cells, may represent a population of 
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transformed stem cells which are highly proliferative and may be involved metastasis of 

the cells. It has been reported that down-regulation of DCAMKL-1 in colon cancer cells 

decreases proliferative potential of tumors, resulting in growth arrest of the tumors (73). 

 In the current studies, we examined the effects of curcumin±siRNA DCAMKL-1 

on the growth HCT-116 cells grown as either2D monolayer cell cultures, 3D- spheroids 

or 3D tumor xenografts. Our results show that colon cancer cells/xenografts treated with 

curcumin demonstrate autophagic cell death, which appears to be regulated by the 

ERK1/2 pathway. However, curcumin alone did not completely eliminate cancer stem 

cells, after curcumin treatment was discontinued, resulting in reformation of 

tumorospheres. DCAMKL-1 siRNA, on the hand, mainly resulted in activation of 

apoptotic cell death resulting in a significant reduction in tumor growth. Combination of 

curcumin+siRNA DCAMKL-1 synergistically increased autophagic and apoptotic cell 

death of colon cancer cells/xenografts, in vitro and in vivo respectively; the reduction in 

tumor growth in response to treatment with the combined regimen was significantly 

higher than that observed with the individual agents. It is thus postulated, that the 

combined regimen of curcumin+siRNA DCAMKL-1 will be a more specific and non-

toxic method for eradicating cancer stem cells populations and reduce the tumor growth. 

 

 

5.2 MATERIALS AND METHODS 

 

In this section, only reagents and methods that have not been described in previous 

chapters are listed below. 
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5.2.1 Materials 

 Antibodies used, include anti-phospho-MEK1/2(Ser
217/221

), anti-phospho-

p38MAPK(Thr 
180

/Tyr
182

) anti-Oct-4, anti-Sox2, anti-Nanog, anti-LC3 A/B (Cell 

Signaling Technology, Danvers, MA),  anti-ALDH1A1 (Abcam, Cambridge, MA). 

Curcumin was purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in dimethyl 

sulfoxide (DMSO). 3-Methyladenine (3-MA) (Sigma-Aldrich, St. Louis, MO), a 

PI3K/autophagy inhibitor was kindly supplied to us by Dr. Jackson laboratory, 

utmbHealth. Smart Pool of target-specific small interfering RNA (siRNA) and Non-

Targeting (control) siRNA Pool were purchased from Dharmacon (Lafayette, CO). 

 

5.2.2 Cell Culture 

 HCT-116 cells were originally purchased from the American Tissue Culture 

Collection (ATCC) (Manassas, VA). Cells were maintained in DMEM as Described in 

Chapters 2, 3 and 4.   

 

5.2.3 Cell Viability and Cell Proliferation Assays 

  HCT-116 cells were grown either as monolayers (2D) or spheroids (3D) in a 96-

well plate. Cells were treated with either DMSO (Control) or Curcumin (25µM) or Non-

Targeting siRNA (control) or siRNA against DCAMKL-1 (100nM). These 

concentrations were optimal effective concentration based on preliminary studies 

performed with increasing concentrations of the agents. After 48 hours, cells were stained 

with trypan blue and cell viability was measured as described in chapter 4. Cell 

proliferation was examined and methods are described in chapter 4. 
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5.2.4    In vitro growth of cells as spheroids 

 As described in Chapter 3.  

 

5.2.5 Processing of spheroids for embedding, sectioning and staining    

 As described in Chapter 3. 

 

5.2.6 Immunofluorescent (IF) staining 

 As described in Chapter 2. 

 

5.2.7 Western Blot (WB) analysis         

 As described in Chapter 2. 

 

5.2.8 Transient-transfection of cells with oligonucleotides      

 As described in Chapter 3. 

 

5.2.9 Animal Studies  

5.2.9.1 Inoculation of cells into the athymic (SCID/Nude) mice    

  At 70% confluency, HCT-116 cells grown as monolayers were scraped and re-

suspended in phosphate buffered saline (PBS) as single cell suspensions. 4x10
6
 

cells/100 l PBS were inoculated on right and left flanks of female athymic SCID mice 

(Harlan Sprague Dawley) for inducing growth of sub-dermal xenografts..  

 

5.2.9.2 Treatment of sub-dermal xenografts  

3 weeks post-injection, xenografts were visible on both sides of the flanks of the 

athymic nude mice and ready for treatment. Tumors were injected every 2 days with 
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either DMSO (Control) or Curcumin (100µM) or Non-Targeting siRNA (control) or 

siRNA against DCAMKL-1 (100nM) or with both Curcumin (100µM) and siRNA 

against DCAMKL-1 (100nM) combined. In my preliminary studies, I first confirmed that 

the doses used were optimal for observing inhibitory effects in vivo. Each treatment was 

injected into 6 tumors in 3 mice/group. Tumor growth was measured every 2 days with 

calipers. Tumor volume was measured in millimeters by using the formula (L x W
2
)/2 

where L=length and W=width. Mice were sacrificed 5 weeks after the first day of 

treatment. Tumors were removed and weighed, half of the sample was frozen for western 

blot analysis and the other half was fixed for IF/IHC analysis immediately.  

 

5.2.10  Statistical analysis 

 Data are presented as mean±SEM of values obtained from 6 separate tumors 

obtained from 3 mice/treatment group. To test for significant differences between means, 

nonparametric Mann-Whitney test was employed using Statview
 
4.1 (Abacus Concepts, 

Inc., Berkeley, CA); P values were considered statistically significant if less than 0.05. 

 

 

5.3    RESULTS 

5.3.1 Effects of curcumin on colon cancer stem cells grown in vitro as tumorospheres  

Our goal is to develop novel therapies which can directly target cancer stem cells 

and prevent tumor relapse. In chapter 4, we established an in vitro assay which selects for 

the growth of stem cells as tumorospheres. In the current studies, we used this assay to 

examine the effect of the non-toxic agent curcumin on cancer stem cells. HCT-116 cells 

were seeded into a 24-well low-attachment plate at a density of 10000cells/well. At day 

7, tumorospheres formed with a well defined perimeter. On day 8, tumorospheres were 
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treated with either DMSO (control), or 10µM curcumin or 25µM curcumin for 48 hours. 

Images were taken at 4x and 10x magnifications. Our results demonstrated that DMSO 

(control) had no morphological effect on tumorospheres (Fig 5.1Ai-top row). In contrast, 

treatment with 10µM curcumin reduced and slightly disintegrated the spheroids as can be 

seen by the necrotic cores of the spheroids in H&E stained sections (Fig 5.1Ai-middle 

row). Treatments with 25µM curcumin resulted in the complete disintegration of the 

spheroids, and only residual cells were observed in H&E stained sections (Fig 5.1Ai-

bottom row). Time lapse images examining the effects of curcumin on spheroids is 

shown in Fig 5.1Aii, wherein HCT-116 tumorospheres were treated with either control or 

25µM curcumin at 24hrs and 48hrs. The number of spheroids decreased to only 25% 

after treatment with 25µM curcumin, whereas the numbers of spheroids did not change in 

control and 10µM curcumin treated spheres as shown in the bar graphs (Fig 5.1B). This 

suggests that although treatment with 10µM curcumin slightly affected the growth and 

morphology of the spheroids, 25µM curcumin represented an optimal concentration for 

observing significant disintegration of the spheroids in vitro. Higher doses of 

curcumin were only slight more effective (data not shown). Next, we examined the 

effects of curcumin on the morphology of spheroids formed from colon cancer cells, in a 

time dependent manner. HCT-116 spheroids were treated with 25µM curcumin for 0hrs, 

24hrs, 48hrs and 72hrs; the spheroids were then processed and sections stained by H&E 

(Fig 5.1C). Our results demonstrated that curcumin gradually disintegrated the spheroids, 

from 24hrs to 72hrs. We also noted curcumin that the treated spheroids had hollow empty 

structures within a ring of cells, which may perhaps represent an autophagic response. 

 We next examined whether curcumin induced cell death in spheroids or just in the 

disintegration of spheroids. HCT-116 cells were treated with or without curcumin were 

examined by western blot analysis, for the relative expression of the apoptotic marker 
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activated caspase-3. Treated spheroids were also analyzed by IF for the apoptotic marker. 

Our results demonstrated elevated expression of activated caspases-3 in HCT-116 

spheroids treated with curcumin, compared to control spheroids, (Fig 5.1Di-ii). These 

results confirm that curcumin activates apoptotic death of cancer cells, even though only 

30% of cells stained for activated caspases-3 (Fig 5.1Dii). However, as noted in Fig 

5.1B, even after treating HCT-116 spheroids with an optimal dose of curcumin, 

approximately 50 spheroids still remained, suggesting that curcumin may not be 

sufficient for eliminating cancer stem cells, which are known to be precursors of 

spheroidal growths. 

 

5.3.2 Curcumin induces an autophagic response in colon cancer tumorospheres   

 Several studies have reported the formation of inclusion structures (hollow empty 

structure) in cells/tumors upon activation of autophagy (254,255). In the current study, 

similar structures were observed in curcumin treated spheroids. Curcumin has been 

reported to induce autophagy in various cancer cells, including colon cancer cells (171). 

We therefore examined if the hollow structures represent autophagosomes-like structures. 

HCT-116 spheroids were treated with curcumin for 0, 24, 48 and 72hrs; the spheroids 

were then processed and stained by IF with DAPI. The results demonstrated that at 0hrs, 

spheroids cells were highly compact and uniform (Fig 5.2A). The first appearance of the 

hollow structures were noted at 24hrs, and increased at 48hrs. However by 72hrs, the 

structures were no longer visible and cells were completely dissociated (Fig 5.2A), 

suggesting that an autophagy-like phenomenon may have been activated within the first 

48 hours of curcumin treatment.        

 Control and curcumin HCT-116 treated spheroids were also stained by IF for the 

autophagic marker LC3 and proliferation marker PCNA. The results demonstrated an 
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absence of autophagic activity in control spheroids, wherein the proliferating cells were 

exclusively expressed on the perimeter of the spheroids (Fig 5.2B-top panel), similar to 

our findings in chapters 3 and 4. In contrast, HCT-116 spheroids treated with curcumin 

for 48hrs demonstrated significant increase in LC3 expression, wherein LC3+ve cells 

were expressed around the hollow structures (Fig 5.2B-bottom panel); presence of LC3 

was confirmed by western blot (Fig 5.2C). The presence of LC3+ve cells around the 

hollow structures strongly suggests that curcumin induces autophagy. Interestingly, 

PCNA+ve cells in curcumin treated spheroids were now present in the core of the 

spheroids rather than the perimeter as observed in the control spheroids (Fig 5.2B-

bottom panel), suggesting the possibility that curcumin-induced autophagy may 

represent an survival mechanism in an effort to rescue the damaged cells from possible 

induction of ROS (a known effect of curcumin in cancer cells (260). 

 

5.3.3 Mechanism mediating inhibitory effects of curcumin on colon cance xenografts  

 Effects of curcumin were examined on colon cancer cells growing as xenografts 

in vivo using athymic nude mice as described in chapter 3. Two weeks after inoculating 

1x10^
6
 colon cancer cells in each flank of the mice, tumor growth visible under the naked 

skin were injected with increasing concentrations of curcumin in 50µL of saline 

containing < 0.1% DMSO. Our preliminary data indicated that doses less than 100µM 

were not effective, we therefore used 100µM as an optimal dose and injected the mice 

once every 3 days for 5 weeks. Control mice received an equal number of injections with 

the vehicle alone. Our results demonstrated a significant reduction in the growth of 

tumors treated with curcumin compared to controls (Fig 5.3A-B). Interestingly, curcumin 

treated tumors appeared to have necrotic lesions within their cores (Fig 5.3A). Tumor 
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weights and volumes were measured and are illustrated as bar graphs (Fig 5.3B). 

Curcumin treated tumors weighed an average of 1.05g versus 1.46g for the control 

tumors (Fig 5.3Bi). Tumor volumes were measured weekly with calipers. Control tumors 

grew to an average volume of 1072mm
3
 compared to curcumin treated tumors which 

only grew to 655mm
3
 (Fig 5.3Bii), demonstrating a ~ 40% decrease in tumor weight and 

tumor volume in response to curcumin treatment.      

 Tumor samples were processed and sections stained by H&E. Our data 

demonstrated the formation of similar hollow structures in curcumin treated tumors, but 

not in the control tumor sections (Fig 5.3C), suggesting presence of autophagy. HCT-116 

tumors sections were stained by IF for autophagic marker LC3 and proliferative marker 

PCNA. In the control, very few cells were positive for LC3 and did not co-localize with 

PCNA (Fig 5.3Ci). In contrast, in curcumin treated tumors, LC3+ve cells were 

significantly increased and lined the hollow structures (Fig 5.3Cii). Interestingly, 

PCNA+ve cells were also found to line these structures; PCNA did not co-localize with 

LC3 in the same cells (Fig 5.3Cii). Our findings suggest that the cells undergoing 

autophagy (LC3+ve), in response to curcumin, are not being rescued, since these cells 

were not positive for PCNA. It is thus speculated that the LC3+ve cells may be 

undergoing autophagic death in the absence of cell rescue. It is possible that ROS 

induced by curcumin in cancer cells, at the concentrations used in our current study, is 

too massive, resulting in failed cell rescue/survival by inducing an autophagic mechanism 

which results in cell death (260). 
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5.3.4    Effects of curcumin on stem/pluripotent cell markers in colon cancer cells   

 Curcumin was reported to be an effective drug to treat cancer as it decreases the 

resistance of cancer stem cells to currently used therapies (256). The stemness potency is 

known to be regulated by proteins used as stem/pluripotent markers. Therefore, we 

examined the effects of curcumin on the expression of a representable set of markers in 

HCT-116 colon cancer cells. Cells were grown either as 2D-monolayers, 3D-spheroids or 

3D-xenografts and analyzed by western blot analysis for relative expression of stem cell 

markers (DCAMKL-1, CD44, LGR5, ALDH1) and pluripotent markers (Nanog, Sox-2 

and Oct-4). Our results demonstrated that curcumin significantly decreased the 

expression of both stem and pluripotent markers in monolayer cell cultures (M), 3D-

spheroids (S), and tumors (T); representative data from 3 experiments are presented in 

(Fig 5.4A). The % change in the ratios of target proteins/β-actin in HCT-116 control 

versus curcumin treated cells were measured, wherein the ratios obtained from the 

control samples were arbitrarily assigned a 100% value (Fig 5.4B). Our findings 

confirmed that curcumin significantly reduced the relative expression levels of the 

indicated markers in HCT-116 cells. However, the noted reduction was less than 100%, 

suggesting that curcumin by itself may not be sufficient for completely eradicating stem 

cell population positive for the stem/pluripotent markers. 

  

5.3.5     Effects of curcumin on the expression of NFĸB and β-catenin in colon cancer 

cells  

In chapters 2 and 3, we demonstrated that overexpression of progastrin in HEK-

mGAS cells up-regulated activation of NFκBp65 and β-catenin, and significantly 

increased the relative expression of stem cells markers, associated with increased 

proliferation of HEK-mGAS cells. Similarly, in chapter 3, we discovered that DCAMKL-
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1+ve and LGR5+ve cells also co-express NFĸB, β-catenin and proliferation markers. 

Curcumin is a well known inhibitor of NFĸB pathway as shown by several investigators 

including our laboratory (155,257). We therefore examined if curcumin similarly inhibits 

activation of NFκBp65 and β-catenin in HCT-116 cells grown either as 2D-monolayers, 

3D-spheroids or 3D-xenografts. Relative levels of total and activated NFκBp65 and β-

catenin are presented in (Fig 5.5A). The % change in control versus curcumin treated 

samples are shown (Fig 5.5B) Our results demonstrated that curcumin treatment 

decreased the expression of total β-catenin, activated pβ-catenin (Ser
552

) and, pβ-catenin 

(Tyr
142

), as well as the expression of total and activated pp65NFκB
s276

 and pp65NFκB
s536

 

in HCT-116 cells grown as monolayers (M), 3D-spheroids (S) and tumors (T) (Fig 5.5A-

B). The inhibitory effects of curcumin on p65NFĸB and β-catenin pathways were also 

demonstrated by IF staining (Fig 5.5C). Since both NFĸB and β-catenin are essential 

factors in cell survival and proliferation, we showed that the reduction in NFĸB and β-

catenin levels in response to curcumin resulted in the loss of viability and proliferative 

treated HCT-116 cells (Fig 5.5D-E).  

  

5.3.6   Curcumin induced autophagy is regulated by ERKs expression in colon cancer 

cells  

The role of ERK pathway in nutrient deprivation-induced autophagy has been 

well documented in cancer cells (258). However, the role of ERK pathway in curcumin-

induced autophagy remains ill-defined. We therefore examined whether expression of 

ERKs, in colon cancer cells, mediates autophagy in response to curcumin. HCT-116 cells 

grown either as 2-D monolayers, 3-D spheroids or xenografts were treated with or 

without curcumin and analyzed by western blot analysis for relative levels of ERK1/2, 

ppMAPK38 and activated caspase-3. Representative data from 3 experiments are 
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presented in (Fig 5.6Ai-ii). The % change of target proteins/β-actin in HCT-116 control 

versus curcumin treated cells were measured, wherein the ratios obtained for the control 

samples were arbitrarily assigned a 100% value as depicted in the bar graphs (Fig 5.6B). 

The results demonstrated a significant decrease in ERK1/2 and pp38MAPK levels (Fig 

5.6Ai), and an increase in activated caspase-3 levels (Fig 5.6Aii) in HCT-116 cells 

treated with curcumin for 48hrs.        

To examine the role of ERKs in autophagy, HCT-116 monolayer cells were 

treated with curcumin for 0hrs, 24hrs, 36hrs and 48hrs. Levels of ERK1/2, activated 

caspase-3 and LC3 were measured by western blot. The results demonstrated that 

ERK1/2 levels remained unchanged at from 0hrs to 36 hrs, but significantly decreased by 

48 hrs (Fig 5.6C). In contrast, levels of activated caspase-3 gradually increased from 0hrs 

to 48 hours, with the lowest levels observed at 0hrs and highest at 48 hours (Fig 5.6C). 

No expression of LC3 was noted at 0hrs; however, elevated LC3 expression was 

observed from 24 to 36hrs and then decreased by 48 hours (Fig 5.6C). The results lead us 

to speculate that autophagy is activated within the first 24 hours as a cell survival 

mechanism; however the long lasting deleterious effects of curcumin eventually down-

regulates ERKs 48hrs, triggering a death signal, since cancer cells may be too damaged to 

be rescued, hence undergo autophagic death. 

 

5.3.7 Curcumin induced autophagy is an anticancer response and not a protective 

mechanism of cancer cells   

 In cancer cells autophagy is usually suppressed, however, it can be activated in 

response to various anticancer therapeutic drugs including curcumin (170).  It has been 

reported that curcumin suppresses tumor growth by inducing autophagy in various 

cancers (173,174). However, it is not known if curcumin-induced autophagy in cancer 
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cells represents a survival mechanism or a cell death mechanism. To examine this 

question, we used 3-methylalanine (3-MA), an inhibitor of autophagy. HCT-116 were 

treated with or without curcumin in the presence or absence of 3-MA. In the absence of 

3-MA viability and proliferative potential of curcumin treated HCT-116 cells was 

decreased by ~50% as shown in Fig 5.6Di-ii. However, in the presence of 3-MA (2mM), 

viability and proliferative potential of curcumin treated cells were decreased by only 

~25% as shown in Fig 5.6Di-ii, suggesting that curcumin induced autophagy is likely 

required for promoting cell death. Thus, curcumin induced autophagy in cancer cells may 

represent an anti-tumor effect and not a protective effect. 

 

5.3.8 Curcumin treatment is insufficient in preventing tumor relapse in colon 

cancers   

In Fig 5.1B, our results show that the total number of tumorospheres decreased 

from 200 to 50 spheroids. We also observed that curcumin reduced cell viability and cell 

proliferation by ~50% compared to the control cells (Fig 5.5D-E) and did not completely 

eradicate the expression of stem/pluripotent markers. These findings suggest that 

curcumin alone may not be sufficient to target cancer stem cells and prevent tumor 

relapse. To further confirm this possibly, HCT-116 cells were grown as tumorospheres 

and treated with either control (DMSO) or 25µM curcumin once every 2 days for 3 

weeks in vitro. Primary tumorospheres were then collected, dissociated and reseeded to 

form secondary spheroids in fresh media with no curcumin. Our results demonstrated that 

cells originating from control non-treated spheroids (group 1) formed secondary 

tumorospheres within 4 days which increased in numbers through day 45 (Fig 5.7A). In 

contrast, cells originating from curcumin treated primary spheroids (group 2) showed no 

growth at day 4, however secondary spheroids were visible by day 30 which grew larger 
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by day 45 (Fig 5.7A). Viability of cells within the secondary spheroids was measured as 

shown in (Fig 5.7B). Cells in group 1 (control) were 80-90% viable at all days examined 

compared to cells in group 2 (curcumin treated) which were only 25%, 52% and 63% 

viable on days 4, 30 and 45, respectively (Fig 5.7B). We also examined the expression of 

stem cell markers, DCAMKL-1 and LGR5, in both groups by western blot analysis. Our 

results demonstrated that relative levels of DCAMKL-1 and LGR5 remained unchanged 

at days 4 and day 30 in group 1 samples (Fig 5.7Ci), whereas in group 2, relative levels 

of DCAMKL-1 and LRG5 were significantly reduced on day 4 which gradually 

continued to increase by day 45 (Fig 5.7Cii). Based on these results, I speculate that 

curcumin is ineffective in eradicating all the cancer stem cells and thus results in 

regrowth of tumorospheres, resembling relapse of the disease. 

 

5.3.9  Effects of DCAMKL-1 down-regulation on colon cancer stem cells in vitro  

 It has been reported that stem cell marker DCAMKL-1 is over-expressed in 

various tumor types including colorectal cancers and that its down-regulation inhibits cell 

proliferation and induces tumor growth arrest (72,73). We therefore examined the effects 

of down-regulating DCAMKL-1 in colon cancer cells in vitro. Initially, we examined the 

viability and proliferative potential of HCT-116 cells in response to treatment with either 

control or DCAMKL-1 siRNA for 48hrs. Cells treated with control siRNA remained 95-

100% viable both in the floating and attached cell population in monolayer cultures. In 

contrast, cells treated with DCAMKL-1 siRNA were only ~ 48% viable in both floating 

and attached cells (Fig 5.8A). Proliferative potential of cells treated with DCAMKL-1 

siRNA was ~50% of that observed with cells treated with control siRNA (Fig 5.8B). 

DCAMKL-1 siRNA treated cells were confirmed to be significantly down-regulated for 

DCAMKL-1 expression by western blot analysis (Fig 5.8C). Expression levels CD44, 
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LGR5 and PCNA were also significantly reduced in cells treated with DCAMKL-1 

siRNA (Fig 5.8D). Our findings thus demonstrate for the first time that DCAMKL-1 may 

be playing a functional role in maintaining the proliferation of cancer cells by perhaps 

regulating expression levels of LGR5 and CD44.      

 In our chapter 3vstudies with HEK-C/HEK-mGAS cells, we observed that loss of 

DCAMKL-1 expression resulted in loss of β-catenin activation. Therefore, I examined 

the effects of DCAMKL-1 siRNA on activation of β-catenin in HCT-116 cells using a 

reporter promoter assay as described in chapters 2 and 3. Our results, with HCT-116 

cells, confirmed our findings with HEK-293 cells, demonstrating a significant decrease in 

the activation of β-catenin in response to DCAMKL-1 siRNA (Fig 5.8E). The latter data 

was confirmed by IF staining for total and activated β-catenin levels as shown in (Fig 

5.8F). Based on these results, I conclude that DCAMKL-1 likely plays an important role 

in the proliferation of cells by perhaps facilitating activation of β-catenin by an as yet 

undefined mechanism.  

 

5.3.8 Effects of DCAMKL-1 siRNA the growth of tumorospheres and xenografts 

derived from HCT-116 colon cancer cells 

 HCT-116 tumorospheres were treated either with control or siRNA DCAMKL-1 

(100nM) for 48 hours. Our results demonstrated that compact spheroids with well defined 

perimeters were formed from cells treated with control siRNA (Fig 5.9Ai). In contrast, 

spheroids treated with DCAMKL-1 siRNA were reduced in size and disintegrated (Fig 

5.9Ai). Spheroids treated with DCAMKL-1 siRNA were confirmed to be down-regulated 

for DCAMKL-1 expression by western blot analysis (Fig 5.9Aii).    

 .We next examined the effects of DCAMKL-1 siRNA on the growth of 

xenografts in vivo.  Xenografts were grown as described above and injected either control 
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or DCAMKL-1 siRNA once every 2 days for a total of 4 weeks as described above for 

curcumin treatment. Tumors treated with DCAMKL-1 siRNA significantly decreased in 

size compared to tumor treated with control siRNA (Fig 5.9B). The weights and volumes 

of the tumors, at sacrifice, were also significantly reduced in response to DCAMKL-1 

siRNA compared to the controls (Fig 5.9Ci-ii). These findings once again confirm that 

DCAMKL-1 is not only a stem cell marker but appears to play an important role in 

maintaining proliferative potential of tumor cells.     

The effects of DCAMKL-1 siRNA were next examined on the relative expression 

levels of stem/pluripotent markers by western blot analysis. As expected, significantly 

lower levels of stem cells markers (DCAMKL-1, CD44, LGR5, ALDH1) and pluripotent 

markers (Nanog, Sox-2,Oct-4) was significantly decrease in samples treated with 

DCAMKL-1 siRNA versus control siRNA (Fig 5.9Di-ii). Thus these results suggest that 

DCAMKL-1 play an important role directly or indirectly in maintaining pluripotency of 

cancer stem populations.      

Our studies demonstrated that autophagic death may explain the inhibitory effects 

of curcumin on tumor growth. We therefore examined if DCAMKL-1 siRNA can 

similarly induce autophagic death of tumor cells. Surprisingly, DCAMKL-1 siRNA did 

not induce expression of LC3 and there were no hollow structures (Figs 5.9E and 

5.13Ciii) as observed with curcumin treatment (Fig 5.13Cii). However, relative levels of 

activated caspase-3 were significantly increased in tumor samples treated with 

DCAMKL-1 siRNA (Figs 5.12A and 5.13Diii). These results suggest the novel 

possibility that while curcumin induces autophagic/apoptotic death, loss of DCAMKL-1 

primarily induces apoptotic death of cancer cells. 
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5.3.9   Combined effects of curcumin+siRNA DCAMKL-1 on colon cancer cells in vitro 

HCT-116 tumorospheres were treated with either control vehicle containing 

<0.1% DMSO, or 25µM curcumin±100nM siRNA DCAMKL-1. The combined regimens 

of curcumin+DCAMKL-1 siRNA were significantly more potent than either agent alone 

towards inhibiting the growth and disintegration of spheroids, as illustrated in (Fig 

5.10A). The proliferative potential of HCT-116 cells growing as monolayer cultures was 

also significantly decreased by ~50%, 45% and 80% in response to curcumin, 

DCAMKL-1 siRNA or both curcumin+DCAMKL-1 siRNA, respectively (Fig 5.10B). 

Similarly, relative expression of activated NFĸBp65 and total β-catenin were more 

potently reduced in cells treated with the combined regimens (Fig 5.10C). Interestingly, 

relative expression levels of DCAMKL-1 were further reduced in response to the 

combined regimen vs DCAMKL-1 siRNA alone, which may likely be due to the 

inhibitory effects of curcumin itself on the expression of DCAMKL-1 (Fig 5.10C). These 

findings suggest that combined regimen of curcumin+siRNA DCAMKL-1 is more 

efficient than either alone, in targeting cancer stem cells or in decreasing proliferative 

potential of the cells. 

 

5.3.10 Combinatory effects of curcumin+ siRNA DCAMKL-1 on xenografts in vivo  

Tumors were generated and treated as described above with either the control 

vehicle,  100µM curcumin, 100nM siRNA DCAMKL-1 or both curcumin+siRNA Our 

results demonstrated that the combined treatment was more potent than the single agent 

in reducing tumor size and volumes as shown in Fig 5.11A-C. The results thus 

demonstrate that while curcumin or DCAMKL-1 siRNA alone decreased the size of the 

tumors by ~ 35% and 68% respectively, the combined regimen decrease by ~ 82% in the 

time frame of our studies. Based on these studies, I concluded that the combined regimen 
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of curcumin and DCAMKL-1 siRNA may be highly effective in attenuating the growth 

of the tumor, which may perhaps result in complete eradication. 

 

5.3.11 Effects of curcumin+siRNA DCAMKL-1 on stem/pluripotent cells markers and 

proliferative/apoptotic potential on colon cancers 

Tumor xenografts were treated (described above in section 5.3.10) and processed 

for measuring the relative expression of indicated stem cell and pluripotent markers (Fig 

5.12A). Once again the combined regimen was most potent in reducing the relative 

expression levels of the indicted stem/pluripotent markers compared to the individual 

agents (Fig 5.12A). Similarly relative levels of activated NFĸB and total β-catenin were 

most significantly reduced in response to the combined treatments (Fig 5.12). Even 

though DCAMKL-1 siRNA alone did not induce expression of LC3, in combination with 

curcumin the expression of LC3 was synergistically increased beyond levels measured 

with curcumin alone (Fig 5.12A). In addition, curcumin or DCAMKL-1 siRNA 

treatments alone significantly up-regulated the expression of activated caspase-3, while 

the combined regimen synergistically increased activation of caspase-3 by several fold 

(Fig 5.12A). These results once again demonstrate that the combined regimen is 

significantly more potent than the individual agents against tumor growth, likely because 

the combined regimen synergistically increases both autophagic and apoptotic death.  

 

5.3.12 Effects of curcumin±DCAMKL-1 siRNA on the localization of stem cell 

markers in vivo 

 Our results in chapter 3 and 4, demonstrated that tumorigenesis or transformation 

of HEK-293 cells was associated cells with co-expression of CD44 with DCAMKL-1+ve 

stem cells. We therefore examined if treatment with curcumin±DCAMKL-1 siRNA can 
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potentially alter the phenotype of cancer stem cells. HCT-116 xenografts treated with 

curcumin±DCAMKL-1 siRNA were processed and stained by IF for indicated markers as 

shown in (Fig 5.13). We observed cells co-expressing DCAMKL-1 and CD44 at the 

leading edge of the control tumors (Fig 5.13Ai). In contrast, DCAMKL-1 was expressed 

around the hollow/autophagic structures in curcumin treated tumors, while significantly 

reduced staining of CD44 was present at the edges of these tumors (Fig 5.13Aii). 

Surprisingly, in tumors treated with either siRNA DCAMKL-1 or curcumin+DCAMKL-

1 siRNA, we did not observe any expression of DCAMKL-1 or CD44 (Fig 5.13Aiii-iv). 

Our results suggest that the tumorigenic phenotype of co-expression of DCAMKL-

1/CD44 is lost upon treatment with combined regimen, thus supporting our hypothesis 

that the combined regiment may more effectively target cancer stem cells.  

 Co-staining of LGR5 and CD44 was also observed at the edges of the control 

tumors (Fig 5.13Bi). Curcumin treatment resulted in the expression of LGR5 exclusively 

around the hollow structures and CD44 was no longer present at the edges of the tumors. 

However CD44 staining was observed towards the center core of the tumor, which was 

largely necrotic, suggesting that CD44 staining may be present within infiltrating cells 

(Fig 5.13Bii). In tumors down-regulated for DCAMKL-1, staining for LGR5 and CD44 

was significantly reduced but still co-stained on the leading edge of the tumor (Fig 

5.13Biii). In tumors treated with curcumin+DCAMKL-1 siRNA, staining for LGR5 and 

CD44 was significantly reduced at the edges of the tumors but some staining was seen 

within the core (Fig 5.13Biv). These results once again demonstrate that that the 

tumorigenic phenotype of co-expression of LGR5/CD44 was abolished upon treatment of 

the combined regimen.         

 In order to localize autophagic versus apoptotic cells in relation to proliferating 

cells, we stained tumor sections for LC3, activated-capase-3 and PCNA. Control tumors 
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were negative for LC3 staining, while cells positive for PCNA were present along the 

edge of the tumors (Fig 5.13Ci). In curcumin treated tumors, cells positive for either LC3 

or PCNA were localized around the hollow structures; the cells however did not co-

express LC3 and PCNA (Fig 5.13Cii). The latter results suggest that autophagy in 

response to curcumin does not represent a cell survival mechanism but rather a cell death 

mechanism. Interestingly, tumors down-regulated for DCAMKL-1 were negative for 

LC3 and PCNA staining (Fig 5.13Ciii); once again confirming that down-regulation of 

DCAMKL-1 siRNA does induce autophagy. However, tumors treated with 

curcumin+siRNA DCAMKL-1 were positive for LC3 staining around the autophagic 

structures but remains negative for PCNA staining (Fig 5.13Civ). Our results confirm 

that curcumin induces an autophagic response whereas loss of DCAMKL-1 siRNA 

attenuated cell proliferation.          

 We next examined localization of activated caspase-3 and PCNA. Our results 

demonstrated that PCNA+ve cells were located at the outer edge of the control tumors 

with absence of apoptotic cell (Fig 5.13Di).  In curcumin treated tumors, apoptotic cells 

were mainly located at the leading edge of the tumors and also observed within the core 

of the tumors, unrelated to PCNA staining (Fig 5.13Dii). In tumors down-regulated for 

DCAMKL-1, significant staining for activated caspase-3 was observed at the edge of the 

tumors and a few cells within the core; PCNA staining was not observed as described 

above (Fig 5.13Diii). In tumors treated with curcumin+siRNA DCAMKL-1, very few 

proliferative cells were observed, while a significant increase in apoptotic cells was 

observed (Fig 5.13Div). Based on our results so far, I speculate that curcumin treatment 

likely activates autophagy as a mean to rescue cells, however it fails and activates a cell 

death mechanism, including apoptotic cell death. 
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Figure 5.1. (A-D): Effects of curcumin on the growth of colon cancer tumorospheres. Ai= 

Representative images of HCT-116 cells grown as tumorospheres were treated either with no 

curcumin, 10µM curcumin or 25 µM curcumin for 48 hrs. Images were taken at 10x and 20x. H&E 

staining of the tumorospheres were imaged at 40x magnification. Aii= Representative time lapse 

images of HCT-116 spheres treated with 25 µM curcumin at 0hrs, 24hrs and 48hrs. B= 

Representative bar graph of number of tumorospheres remaining in response to no curcumin, 10µM 

curcumin or 25 µM curcumin ater 48 hrs. C= H&E stainings illustrating the time lapse effects of 

curcumin on HCT-116 tumorospheres at 0hrs, 24hrs, 48hrs and 72 hrs. Images were taken at 20x 

magnification. Di= Representative autoradiogram of western blot data  demonstrating relative 

levels of apoptotic marker activated caspase-3 in HCT-116 control vs 25µM curcumin spheres, β-

actin was run as a loading control. Dii= IF staining illustrating the relative levels of activated 

caspase-3 in HCT-116 dissociated cells arising from control or 25µM curcumin treated spheres for 

48 hrs. Blue= nucleus stained with DAPI. Images were taken at 20x with epifluorescent 

microscopy. *P < .05 vs corresponding HCT-116 control values. 
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Figure 5.2. (A-C): Curcumin induces autophagic response on colon cancer tumorospheres. A= 

IF staining illustrating time lapse effects of curcumin on HCT-116 tumorospheres at 0hrs, 24hrs, 

48hrs and 72 hrs. Blue=DAPI stained nucleus. Images were taken at 20x with epifluorescent 

microscopy. B= IF staining illustrating relative levels of LC3 (green) autophagic marker and PCNA 

(red) proliferative marker in HCT-116 control vs curcumin treated spheres for 48 hrs. Images were 

taken at 20x magnification and digitally enhanced as insets. C= Representative autoradiogram of 

western blot data, demonstrating relative levels of autophagic marker LC3 in HCT-116 control vs 

25µM curcumin spheres. β-actin was run as a loading control. 
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Figure 5.3. (A-C): Curcumin reduced colon cancer tumor growth by inducing autophagy. A= 

Representative images of HCT-116 xenografts grown sub-dermally in the flanks of athymic nude mice, 

treated with either control or 100µM curcumin for 5 weeks as noted by the dotted circle. Palpable tumors 

are marked by circles and removed tumors are depicted by dotted arrows. Bi= Representative bar graph 

illustrating final tumor weights of extracted HCT-116 xenografts treated with either control or 100µM 

curcumin. Bii= Representative bar graph illustrating final tumor volume of HCT-116 xenografts treated 

with either control or 100µM curcumin measured weekly over a period of 5 weeks. Ci-ii= H&E staining 

of the control and curcumin xenografts taken at 4x, 40x and digitally enhanced. IF staining illustrating 

relative levels of LC3 (green) autophagic marker and PCNA (red) proliferative marker in HCT-116 

control vs curcumin treated xenografts. Images were taken at 40x magnification and merged. *P < .05 vs 

corresponding HCT-116 control values. 
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Figure 5.4  (A–B): Percent decrease in relative levels of stem cell and pluripotent markers in 

monolayer-cultures (M), 3D-spheroids (S) or sub-dermal tumors (T) in HCT-116 curcumin 

versus control treated cells. A =Representative WBs of indicated proteins from 1 of 3 similar 

experiments; Con=HCT-116 control treated cells; Cu=HCT-116 curcumin treated cells. B 

=Mean±Sem of % change in ratio of indicated protein/β-actin in cellular samples from 3 experiments; 

ratios measured in HCT-116 control samples were arbitrarily assigned 100% values. *=p<0.05 vs 

HCT-116 control values (shown as the first bar in the graphs in each panel).  
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Figure 5.5 (A–B): Percent decrease in relative levels of total and activated β-catenin and 

NFĸBp65 in monolayer-cultures (M), 3D-spheroids (S) or sub-dermal tumors (T) of 

HCT-116 control versus curcumin treated cells. A= Representative WBs of indicated 

proteins from 1 of 3 similar experiments; Con=HCT-116 control treated cells; Cu=HCT-116 

curcumin treated cells. B =Mean±Sem of % change in ratio of indicated protein/β-actin in 

cellular samples from 3 experiments; ratios measured in HCT-116 control samples were 

arbitrarily assigned 100% values. *=p<0.05 vs HCT-116 control values (shown in the first bar 

of each graph panel).  
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Figure 5.5 (C-E): Curcumin decreases the viability and proliferative potential of colon 

cancer cells in vitro. C= IF staining of HCT-116 control versus curcumin treated cells for 

the indicated markers. Images were taken at 40x magnification by epifluorescent 

microscopy. D= growth (in terms of absorbance in an MTT assay) of HCT-116 cells in 

response to control versus 25µM curcumin, Mean±Sem of data from 8 wells/2experiments. 

*P < .05 vs corresponding HCT-116 control values. E=Representative graph illustrating the 

% cell viability of floating and attached HCT-116 cells in response to control versus 25µM 

curcumin. 
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Figure 5.6 (A–C): Curcumin induced autophagy regulated by ERK pathway. A= Representative 

WBs illustrating relative levels of p38MAPK, ERK and activated caspase-3, in monolayer-cultures 

(M), 3D-spheroids (S) or sub-dermal tumors (T) in HCT-116 curcumin versus control treated cells 

from 1-3 similar experiments Con=HCT-116 control treated cells. B=Mean±Sem of % change in ratio 

of indicated protein/β-actin in cellular samples from 3 experiments; ratios measured in HCT-116 

control samples were arbitrarily assigned 100% values. *=p<0.05 vs HCT-116 control values (shown 

as the first bar in the graphs in each panel). C= Representative WBs from 1-3 experiments illustrating 

relative levels of ERK1/2, activated capase-3 and LC3 autophagic marker in 2D monolayer-cultures 

treated with 25µM curcumin for 0hrs, 24hrs, 36 hrs and 48hrs. β-actin was run as a loading control.  
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Figure 5.6 (Di-ii): Viability and proliferative potential of control vs curcumin treated 

cancer cells in response to autophagic inhibitor 3-methylalanine. Di= Representative 

graph illustrating the % cell viability of HCT-116 control versus curcumin treated cells in 

response ±3-methyladenine (3-MA), autophagy inhibitor. Dii= =growth (in terms of 

absorbance in an MTT assay) of HCT-116 control vs curcumin cells in response to 3-MA 

inhibitor; each bar-graph=Mean±Sem of data from 8 wells/2experiments. *P < .05 vs 

corresponding HCT-116 control values. 

 

 

* 
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Figure 5.7 (A-C): Curcumin treatment insufficient in preventing tumorospheres and stem cell 

expression relapse. A= Representative images of HCT-116 secondary spheres grown from primary 

spheres treated with either control or curcumin for 3 weeks. Images were taken at days 4, 30 and 45 

at 4x and 10x magnifications. B= Representative bar graph illustrating the % cell viability of HCT-

116 secondary spheres originating from either control or curcumin treated primary spheres. Cell 

viability was measured at days 4, 30 and 45. Ci-ii= Representative WBs from 1-3 experiments 

illustrating relative levels of LGR5 and DCAMKL-1 at days 4, 30 and 45 in HCT-116 secondary 

spheres originating from either control or curcumin treated primary spheres. β-actin was run as a 

loading control.  

 



 171 

 

 

 

 

 

Figure 5.8 (A-F): Effects of DCAMKL-1 down-regulation in HCT-116 colon cancer cells.                

A= Representative graph illustrating the % cell viability of floating and attached HCT-116 cells in 

response to either, no treatment, siRNA control or siRNA DCAMKL-1. B= growth (in terms of 

absorbance in an MTT assay) of HCT-116 in response to either, no treatment, siRNA control or siRNA 

DCAMKL-1, each bar-graph=Mean±Sem of data from 8 wells/2experiments. *P < .05 vs corresponding 

HCT-116 control values. C= Representative WBs from 1-3 experiments confirming successful 

knockdown of DCAMKL-1 levels in 2D monolayer-cultures treated with siRNA control or siRNA 

DCAMKL-1. β-actin was run as a loading control. D/ F= Representative images of HCT-116 cells 

growing on glass slides and treated with either siRNA control or siRNA DCAMKL-1 and stained by IF for 

the indicated proteins (40x). E=activation of β-catenin (relative luminescence) measured in a reporter-

promoter (TOP) assay in indicated cells. Data in bar-graphs=Mean±Sem from 6 samples/2experiments. 

Cells transiently-transfected with FOP-plasmid served as negative-controls. *=p<0.05 vs values measured 

in control-siRNA treated cells.  
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Figure 5.9. (A-C): DCAMKL-1 down-regulation decreases the growth of colon cancer 

tumorospheres and xenografts. Ai=HCT-116 cells grown as tumorospheres were treated with 

either no treatment, siRNA control or siRNA DCAMKL-1 for 48 hrs. Images were taken at 10x and 

20x magnifications. H&E staining of the tumorospheres were imaged at 20x magnification. Aii= 

Representative WB confirming successful knockdown DCAMKL-1 levels in 3D spheres treated 

with siRNA control or siRNA DCAMKL-1. β-actin run as a loading control. B= Representative 

images of HCT-116 xenografts grown sub-dermally in the flanks of athymic nude mice,, treated 

with siRNA control or siRNA DCAMKL-1 for every 2 days for 4 weeks as noted by the dotted 

circle. Excised tumors are also shown as delineated by the dotted arrows. Ci= Representative bar 

graph illustrating final tumor weights of extracted HCT-116 xenografts treated with siRNA control 

versus siRNA DCAMKL-1. Cii= Representative bar graph illustrating final tumor volume of HCT-

116 xenografts treated with siRNA control versus siRNA DCAMKL-1, measured weekly over a 

period of 4 weeks. *=p<0.05 vs values measured in control-siRNA treated cells. 
 

* 
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Figure 5.9 (D-E)): DCAMKL-1 down-regulation induces an apoptotic mechanism in HCT-116 

xenografts. Di-ii= Representative WBs from 1 of 3 similar experiments; illustrating relative levels of 

stem cell and pluripotent markers in HCT-116 xenografts treated with siRNA DCAMKL-1 versus 

siRNA control. E= Representative WBs from 1 of 3 similar experiments; illustrating relative levels of 

activated caspase-3 and LC3 in HCT-116 xenografts treated with  control vs DCAMKL-1 siRNA. 
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Figure 5.10. (A-C): Effects of curcumin+siRNA DCAMKL-1 on the growth of colon cancer 

tumorospheres. A= Representative images of HCT-116 cells grown as tumorospheres were treated either 

with control, 25 µM curcumin, siRNA DCAMKL-1 or curcumin+siRNA DCAMKL-1 for 48 hrs. Images 

were taken at 10x and 20x magnifications. B= = growth (in terms of absorbance in an MTT assay) of 

HCT-116 in response to either, no treatment, curcumin, siRNA control or siRNA DCAMKL-1, each bar-

graph=Mean±Sem of data from 8 wells/2experiments. *P < .05 vs corresponding HCT-116 control 

values. C= Representative WBs from 1-3 experiments illustrating relative levels of phosphorylated 

NFĸB2, total β-catenin and DCAMKL-1 in 3D spheres treated with the same regimens as just described. 
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Figure 5.11. (A-C): Curcumin±DCAMKL-1 siRNA significantly decreases the growth of colon cancer 

tumorospheres and xenografts. A= Representative images of HCT-116 xenografts grown sub-dermally in 

the flanks of athymic nude mice, treated with control, 100µM  curcumin, siRNA control or 100nM siRNA 

DCAMKL-1 for every 2 days for 4 weeks as noted by the dotted circle. Excised tumors are also shown as 

delineated by the dotted arrows. Bi= Representative bar graph illustrating final tumor weights of extracted 

HCT-116 xenografts treated with the above regimens. Bii= Representative bar graph illustrating final tumor 

volume of HCT-116 xenografts treated with the above regimens, measured weekly over a period of 4 

weeks. C= Representative image comparing the growth of HCT-116 xenografts treated with control vs 

curcumin vs siRNA control vs siRNA DCAMKL-1. *=p<0.05 vs values measured in control treated cells. 
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Figure 5.12  (A–B): Comparative  effects of curcumin±siRNA DCAMKL-1 on the relative levels 

of stem/pluripotent markers, NFĸB/β-catenin and autophagic/apoptotic pathways in HCT-116 

xenografts. A= Representative WBs of indicated proteins from 1 of 3 similar experiments; 

B=Mean±Sem of % change in ratio of indicated protein/β-actin in cellular samples from 3 

experiments; ratios measured in HCT-116 control samples were arbitrarily assigned 100% values. 

*=p<0.05 vs HCT-116 control values (shown in the first bar of each graph panel). ѱ =p<0.05 vs 

HCT-116 curcumin values; Ф=p<0.05 vs HCT-116 curcumin treated cells; ǂ =p<0.05 vs HCT-116 

siRNA DCAMKL-1 treated cells. 
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Figure 5.13 (A): Effects of curcumin±siRNA DCAMKL-1 on relative levels of stem cell markers 

DCAMKL-1 and CD44. A= IF staining of HCT-116 xenografts for relative levels of DCAMKL-1 

(green)  and CD44 (red) when treated either with i) control, ii) curcumin, iii) siRNA DCAMKL-1 and 

iv) curcumin±siRNA DCAMKL-1. DAPI stained the nucleus in blue. Merged imaged illustrate co-

staining of the two molecules. Images were taken at 10x magnification. 
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Figure 5.13  (B): Effects of curcumin±siRNA DCAMKL-1 on relative levels of stem cell 

markers LGR5 and CD44. A= IF staining of HCT-116 xenografts for relative levels of LGR5 

(green)  and CD44 (red) when treated either with i) control, ii) curcumin, iii) siRNA DCAMKL-1 and 

iv) curcumin±siRNA DCAMKL-1. DAPI stained the nucleus in blue. Merged imaged illustrate co-

staining of the two molecules (white box) and are also seen in the zoomed insets (white arrows). 

Images were taken at 10x magnification. 
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Figure 5.13  (C): Effects of curcumin±siRNA DCAMKL-1 on relative levels of autophagic and 

proliferative  markers. A= IF staining of HCT-116 xenografts for relative levels of LC3 (green)  

and PCNA (red) when treated either with i) control, ii) curcumin, iii) siRNA DCAMKL-1 and iv) 

curcumin±siRNA DCAMKL-1. DAPI stained the nucleus in blue. Merged imaged illustrate co-

staining of the two molecules (white box) and are also seen in the zoomed insets (white arrows). 

Images were taken at 10x magnification and digitally enhanced. 
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Figure 5.13  (D): Effects of curcumin±siRNA DCAMKL-1 on relative levels of apoptotic and 

proliferative  markers. A= IF staining of HCT-116 xenografts for relative levels of activated 

caspase-3 (green)  and PCNA (red) when treated either with i) control, ii) curcumin, iii) siRNA 

DCAMKL-1 and iv) curcumin±siRNA DCAMKL-1. DAPI stained the nucleus in blue. Merged 

imaged illustrate co-staining of the two molecules. Images were taken at 10x magnification. 
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5.4  DISCUSSION  

 

Results presented in this chapter demonstrated that the combined treatment with 

curcumin+ DCAMKL-1 siRNA synergistically increases both autophagic and apoptotic 

death of colon cancer cells/xenografts, resulting in a more potent reduction of tumor 

growth and stem cell expression compared to that achieved with the individual agent. A 

major finding was that the inhibitory effects of the two agents were mediated by separate 

cell death mechanisms. 

Treatment of colon cancer spheroids with curcumin resulted in the disintegration 

of tumorospheres, with formation of hollow structures within the spheroids (Fig 5.1A-C). 

Curcumin has been reported to induce autophagy in cancer cells (171,173,259). The 

hollow structures observed by us were lined by cells positive for the autophagic marker, 

LC3, suggesting that these structures may represent an autophagic response to curcumin. 

The significant loss in cell viability/proliferation and the growth of spheroids/tumors, in 

response to curcumin, was only partial (50-60-%), and re-growth of curcumin treated 

spheroids was observed (resembling relapse), suggesting that curcumin alone may not 

eradicate cancer stem cells.        

 In normal cells, autophagy is activated as a rescue/cell survival mechanism; 

however, in cancer cells this mechanism has been described as a double edged sword 

inducing either cell survival or cell death at any given time (171,259,260). Autophagy is 

usually suppressed in cancer cells, and has been shown to be inversely correlated with 

malignant phenotype of tumor cells (170,173,174). However, in response to dietary 
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agents, such as curcumin, cancer cells activate autophagic mechanisms (170). We 

investigated whether curcumin induced autophagy in colon cancer cells was activated as 

a protective and/or anti-tumor mechanism, resulting in cell death. Our results 

demonstrated that inhibition of autophagy, increased viability and proliferative potential 

of colon cancer cells (Fig 5.6D), suggesting that curcumin-induced autophagy is 

activated as an anticancer response and not as a rescue effort by cancer cells, by perhaps 

activating autophagic Type II cell death mechanism.    

Curcumin has been reported to down regulate critical growth 

stimulating/oncogenic pathways in cancer cells, including the NFκB pathway 

(155,163,261), which sensitizes the cells/tumors to a more potent inhibitory response to 

chemotherapy/radiation (256, 264, 265). Since cancer stem cells are likely the major 

cause of relapse of the disease, we examined possible inhibitory effects of curcumin on 

cancer stem cell populations.  We found that curcumin decreased relative levels of 

stem/pluripotent cell markers, associated with a significant loss in activation of potent 

transcription factors, p65NFĸB/β-catenin, (Figs 5.4 and 5.5), known to be critically 

required for maintaining growth potential of colon cancer cells (257). Previous studies 

form many labs, including ours, has demonstrated that curcumin directly targets 

p65NFĸB and β-catenin signaling pathways resulting in tumor growth arrest (257, 262, 

263). Our results further suggest that curcumin can also target cancer stem cells, which 

may explain the significant loss in the growth of tumors/spheroids in response to 

curcumin.  
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Autophagy in cancer cells has been reported to be regulated by mTOR/Akt 

pathway (171). Curcumin has additionally been reported to inhibit the ERK/Akt/mTOR 

pathways in several cancers (171,264,266). The loss of ERK expression in cancer cells 

has been reported to inhibit curcumin-induced autophagy and activate apoptosis (171). 

We therefore further examined whether ERK expression was involved in the activation of 

autophagy and/or apoptosis in colon cancer cells, in response to curcumin. Our results 

demonstrated that autophagy was activated within first 24 hours of curcumin treatment, 

believed to represent survival mechanism in cancer cells, in the absence of activation of 

apoptotic pathways at this time point (Fig 5.6C). However, by 48hrs, activation of ERK 

was completely inhibited, resulting in cell death, once again suggesting that cell death in 

response to curcumin is likely activated by both an autophagy Type II cell death 

mechanism and apoptosis (Fig 5.6A-C). Our results strongly suggest that activation of 

ERK mediated pathways (including downstream activation of NFκB (5,112), in response 

to curcumin, may likely regulate autophagy/apoptosis of colon cancer cells. 

Results in Chapter 3 showed that transformed stem cells co-express DCAMKL-1 

and CD44. Our results in the current chapter demonstrate that co-expression of 

DCAMKL-1 and CD44 was attenuatted in curcumin treated xenografts compared to 

controls (Fig 5.13A), suggesting once again that curcumin may indeed target cancer stem 

cells, resulting in the loss of ’stemness’ of colon cancer cells.   

DCAMKL-1 is a microtubule-associated kinase over-expressed in various cancers 

including colorectal cancers (72). Down-regulation of DCAMKL-1 in HEK-C/HEK-

mGAS cells significantly reduced proliferative proliferation of the cells, suggesting that 
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DCAMKL-1 is required for maintaining growth of immortalized embryonic epithelial-

cells (Chapter 3). In the current chapter we examined whether DCAMKL-1 was essential 

in the growth of colon cancer cells as well. Our results demonstrate that DCAMKL-1 

expression is similarly required for maintaining proliferative potential of colon cancer 

cells/tumors (Fig 5.8 and 5.9). DCAMKL-1 was also shown to be required for 

maintaining β-catenin activation in colon cancer cells (Fig 5.8E-F).  However, down-

regulation of DCAMKL-1expression in colon cancer cells was also only partially 

effective as curcumin alone, and  resulted in reducing the expression levels of 

stem/pluripotent cell markers by ~ 60% , suggesting that treatment with siRNA 

DCAMKL-1 may also not be sufficient for eradicating cancer stem  cells. It is possible 

that since siRNAs are generally not effective in completely down-regulating expression 

levels of a target mRNA for any length of time, due to their transient effects, sustained 

expression of RNAi via stable transfection with DCAMKL-1-shRNA, may likely 

improve the loss of cancer stem cells. We are currently in the process of encapsulating 

lentiviral expressing DCAMKL-shRNA plasmids in nanoparticles to determine if 

sustained targeting of DCAMKL-1 expression will be more effective in eradicating 

cancer stem cells.         

 Since treatment with single agents, curcumin or DCAMKL-1 siRNA, was 

insufficient for eradicating cancer stem cells (Figs 5.7 and 5.8), we examined if the 

combined regimen of the two agents will be more effective. Several investigators have 

reported the use of curcumin in combination with chemotherapeutic drugs as a novel 

approach to treat cancer (163, 266). It is believed that while curcumin sensitizes cancer 
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cells by reducing oncogenic pathways, as discussed above, chemotherapeutic drugs 

become more effective at cancer cell kill at lower doses, thus reducing toxicity to normal 

cells (163, 262). To further improve on the strategy of sparing normal cells while 

targeting cancer stem cells more potently, we examined effects of combining 

curcumin+DCAMKL-1 siRNA. Both these agents are likely to be non-toxic to normal 

cells, and were expected to enhance inhibitory effects on colon cancer cells. Our results 

demonstrate that the combined regimen was extremely effective. This may be due to the 

fact that while curcumin induced Type II autophagic death, co- treatment with 

DCAMKL-1 siRNA synergistically augmented both apoptotic and autophagic death 

mechanisms, resulting in significantly increasing loss of tumor growth and almost 

complete loss in pluripotency of cancer stem cells (Figs 5.12 and 5.13C).   

  In future studies, I will examine if the combined regimen is effective in 

eradicating relapse of the disease, and if the combined regimen has minimal effects on 

normal cell function. Since normal stem cells are also positive for DCAMKL-1, it is 

possible that targeting DCAMKL-1 with a more effective strategy of nanoparticle 

delivery of DCAMKL-1-shRNA may reduce restitution of normal colonic crypts. 

However, in normal colonic crypts, LGR5 plays a more significant role in the 

maintenance of crypt structure (23). Thus loss of DCAMKL-1+ve normal stem cells may 

not have any significant, long lasting, deleterious effects on normal colonic functions, 

while cancer stem cells, on the other hand, may be eradicated. We are currently 

conducting experiments with a colon carcinogenesis model using transgenic mice, 

developed in our laboratory (5,117,118), to examine some of these important questions. I 
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am also contributing to studies in which our laboratory is examining the signature of 

circulating colon cancer stem cells, which are believed to be the seeds of metastatic 

growths. Our studies so far suggest that circulating cancer stem cells also co-express CS-

ANXA2 with stem cell markers, DCAMKL-1/CD44, while LGR5 stem cells are not 

measured in circulation to the same extent in mice and humans bearing human cancer 

metastatic growths (243). Thus targeting DCAMKL-1 rather than LGR5 may prove to be 

a specific treatment for colon cancer stem cells, while sparing normal growth of small 

and large intestinal crypts (Fig 1.10).       

 Our studies, with patient samples, also demonstrate that DCAMKL-1 is co-

expressed with CD44 in the majority of adenomas and adenocarcinoms, unlike 

corresponding normal colonic mucosa from the same patients (223), suggesting that the 

phenotype of co-expressing the two stem cell markers (DCAMKL-1/CD44) may be an 

early event during colon carcinogenesis in humans, and may represent the phenotype of 

colon cancer stem cells. We have submitted a patent application based on these novel 

findings, which is currently in review by the patent office.  
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CHAPTER 6 

 

CONCLUSION 

 

 

6.1 SUMMARY  

The major goal of my dissertation was to examine mechanisms by which 

progastrins up-regulate growth of colonic cells, and to learn about the stem cell 

populations in normal and cancer cells, with a long term aim to develop effective 

inhibitory strategies against colon cancer stem cells. To achieve my major goal, studies 

were conducted to examine the following:  1) the role of ANXA2 in mediating the 

proliferative/anti-apoptotic effects of PG on target cells and in regulation of stem cell 

populations, 2) the role of over-expressing autocrine PG on tumorigenic and metastatic 

potential of embryonic HEK-293 cells and to examine the phenotypic differences 

between non-transformed and transformed stem cell using non-tumorigenic (HEK-C) and 

tumorigenic (HEK-mGAS) isogenic cells 3) the phenotypic/proliferative differences 

between DCAMKL+ve and LGR5+ve  colon cancer stem cells, and 4) the inhibitory  

effects of curcumin±DCAMKL-siRNA on colon cancer cells in vitro and in vivo.   

   

My results revealed that 1) ANXA2 mediates the growth effects of PG on target 

cells (including colonic epithelial cells), in vitro and in vivo, associated with up-

regulation of stem/progenitor cell markers, 2) transformed stem cells, unlike normal stem 

cells, co-express CS-ANXA2 with stem cell markers DCAMKL-1/CD44, 3) DCAMKL-

1+ve cells are significantly more proliferative than either DCAMKL-1-ve or LGR5+ve 

stem cells, and 4) combination of curcumin + siRNA-DCAMKL-1, effectively attenuates 
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growth of colon-cancer-cells in vitro and in vivo, by synergistically augmenting 

autophagic/apoptotic cell-death mechanisms. 

 

 

6.2 FUTURE GOALS 

Immediate Goals: As a result of my studies several additional intriguing questions 

have arisen, and will need to be answered in the future. For example, it remains to be 

determined if up-regulation of DCAMKL-1 in response to PG, is mediated via NFĸB 

and/or β-catenin signaling pathways. Our studies suggested that a minute % of colon 

cancer stem cells were positive for DCAMKL-1 and LGR5; it remains to be determined 

if these cells represent a more tumorigenic phenotype. It also remains to be determined 

whether CD44 and/or CS-ANXA2 mediate the growth and invasive effects on 

DCAMKL+ve cancer stem cell populations, and if down-regulating LGR5/CD44 in 

combination with curcumin may exert a more pronounced inhibitory effect on tumor 

growth compared to siRNA DCAMKL-1+curcumin.  

Long term Goals: To understand the mechanisms by which DCAMKL-1 

functions as a critical stem cell marker and identify factors which regulate its activities     

(ligands). 

 

 

6.3 CLINICAL RELEVANCE 

 The identification of unique cancer stem cell markers is critical as it will allow for 

the development of novel therapeutic approaches which are aimed at directly targeting 

these cells. Once these markers have been identified, antibodies or antagonists tagged to a 

drug may be used to directly target cancer stem cells, within primary/metastatic tumors 
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and/or in circulation. Furthermore, it is important to develop novel therapies that are non-

toxic, which are specific to cancer cells and spare normal cells. Currently, curcumin is 

being tested in Phase II clinical trials for treatment of colorectal cancers. Curcumin, 

however, is not likely to be completely effective as a therapeutic agent by itself, and is 

proposed to be used for sensitizing the cancer cells to more effective treatment with 

chemotherapeutic drugs. Based on my studies, it may be possible to use a non-toxic 

sensitizer, such as curcumin in combination with targeted therapies, which target cancer 

stem cells, and spare normal functions. 
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