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Colorectalcancer is a leading cause of cancer deaths in United States.
Accumulating evidence sggsts that elevated progastrins (R@&yease the risk of colon
carcinogenesjshowever mechnaims involved remaindifined. Recently, ell-surface
AnnexinA2 (CSANXAZ2) was discovered as a n@onventional receptor for progastrin.
Therefore, lhe first goal was to examinehether ANXA2 expresson is required to
mediate proliferative/antapoptotic effects of progastrion target cells. The studies
chapter 2, conclude that ANXA2 mediates growth effects of P@arget cells (including
colonicepitheliatcells), in vitro and in vivo, associaté with upregulation of
stem/progenitor cell markers. Surprisingly, overexpression of autocrine PG iR2BIEEK

cells,imparted tumorigenichetastatic potential to the cellshapter 3).Based on these
Vii



data, thesecondgoal was to investigatéhe phenotypic differences betwee non
transformed and transformed stegll eising noatumorigenic (HEKC) and tumorigenic
(HEK-mGAS) isogenic cellsThe studiesn chapter 3, conclude thatansforned stem
cells unlike normal stem cells, eexpress C&ANXA2 with stemcell-markers
DCAMKL-1/CD44.  Interestingly, CSANXA2 dictates  morphology/growth
characteristics of spheroidal growtirsyitro.

The third goal wasto identify canceistemcell (CSC) marke(s), for developing
targeted theapies against colon cancers.inc® both DCAMKL-1/LGR5 have been
reported as colonic CSC markers, the possiiienotypic/proliferative differences
betweenDCAMKL -1+ve and LGR5+vdiumancolon CSCswas examined. Results in
chapter 4suggest that DCAMKLL+ve cdls are significantly more pliferative than
eitherDCAMK L-1-ve or LGR5+vestem cells. Thus targeting DCAMKL+ve cells may
be more effective in treating/eradicating coltancers; this possibility was examined as
part of my fourth goal.

Although severaltherapies are curregthvailable 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 rélapsberefore
important to develop novel therapiegich are relatively nontoxic and specifically
targetCSCs. Therefore the fourth goal was to examine the inhibitory efficacy ef non
toxic dietary agent (Curcumin) RNAI against DCAMKIL:-1. The results in chapter 5
suggesthatcombination of curcumisiRNA-DCAMKL -1 effectively attenuategrowth
of coloncancercells in vitro and in vivo by synergistically augmenting
autophagic/apoptotic cetleath mechanisms. It isypothesizedhat 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 mhor
epithelial cells which undergperpetualdivisions 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 harsulatad
that the aberrant wpegulation 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 getring progastrins (PG), significantly increase the proliferative and
tumorigenic potential of intestinal epithelial and gastrointestinal cancer cells, by potently
upr egul ating the acti v a-tatemimsigmling rofetulss)., N F HUB
Recently our laboratory reported that annexinA2, present on thesadtce of target
cells (CSANXAZ2), represents a novel, namonventional receptor for progastpeptides
(182).However, the question remained as to whether ANXA2 expression was required to
measure downstream signaling events in response to PG. Therefofestlam of my
dissertation was to examine the role of ANXA2 in mediating biological effects ohPG
vitro and in vivo. The experiments conducted to address this aim aesepted in
Chaper 2 of my dissertationThe results of our studies raled that Annexin A2
(ANXAZ2) is critically required for mediating hyperproliferative effects of PG on colonic
crypts in mice, via activation of the potent transcription facipr6,5 N F @ B-catenind b
Surprisingly, we also observed that ANXA2 mediatedregulatory effects of PG on

stem cell populations, positive for DCAMKL and CD44, in both colonic crypis, vivo,
1



andin vitro in an embryonic epithelial cell line, HER93. Importantly, oveexpresion

of autocrine PG in HER93 cells (HEKmGAS cells), leado a significant increase in
the proliferative potential of the cells compared to that of the control-BEXK cells
(HEK-C). These findings may explain previously reported hyperproliferativecand
carcinogenic effects of elevated progaston colonic crypts of mutant mice by several
laboratories, including our laboratory.

Since ovetexpression of PG in HEMNGAS cells resulted in upegulating
proliferative potential of the cells, | next examingdhe tumorigenic and metastatic
potential of the cells was also increased, using athymic nude mouse as a Thedel.
results of these studies are presented in chaptan8 demonstrate for the first time that
overexpression of PG in the background mminmortalizedembryonic 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 maaning normal homoeostasis of cells within
the colonic crypts. It is postulated that upon disruption of the microenvironment and/or
genetic/epigenetic changes in colonic crypigult stem cells lose normal homeostatic
responses and develop a transforrpadnotype, labeled as cancer stem cells. To date,
several stem cell markers have been described, including DCAM&hd LGR5. Stem
cells positive for DCAMKL:1 or LGR5 have been identified in both normal colonic
crypts and colorectal cancers; however phgpiot characteristics of normal versus
cancer stem cells remains-défined. Therefore, mgecond aimwas to investigate
phenotypic differences between nwansformed (normal) stegells and
transformed/tumorigenic stenells, using isogenic cells liness described in Chapter. 3
My results suggest the novel possibility that transformation of stem eslldts in ce

expression of stem celnarkers, DCAMKL-1 and CD44, with C&NXA2, which
2



significantly impacts the morphology of spheroidal grovahsingfrom these cells.

As discussed above, several stem cell markers have been identified, including
DCAMKL-1 and LGR5. However, the role of DCAMKL+ve versus LGR5+ve stem
cells has remained controversial. Thus, tied 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;rémuilts are presented in Chapter My results
suggest that DCAMKLL+ve and LGR5+ve colon cancer stem cells may represent two
distinct cell populations. An unexpected finding was that DCAMKive cells were
significantly more proliferative compared to the LGR5+ve stem cells in spheroidal
assays; surprisingly LGR&e cells were more proliferative than the LGR5+ve cells. My
resultssuggest the novel possibility that DCAMKIL+ve colon cancer stem cells may
have more potent O0stemness®d qual i-veiedlss , and
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 elicitmany side effects on normal cells as well. Another limiting feature of currently
available treatment strategies is that it targets mainly the bulk of the rapdiferating
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-texic drugsbut are also aimed at
directly targeting cancer stem cells, in hopes of preventing recurrence of the iJease

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

Curcumin is a nottoxic, natural dietary agent, wently being used in clinical
trials to treat cancers. In addition, our results demonstrated that DCAMKe& cells
characterize a population of transformed stem cells which are highly proliferative and
possess O6stemness 6 foarth airh of tmy stiwlies washte exaniiner e
whether the combination of curcumii RNAiI methods against DCAMKIL can
effectively attenuate the growth of colon cancer dellgtro andin vivo, compared to the
individual agent itselfMy results,described in chaptes, show that treating colon cancer
cells/xenografts with either DCAMKIL siRNA or an optimal dose of curcumin was
insufficient in significantly reducing the vitro/in vivo growth of colon cancer cells;
however the combined regimen was extremely effeclites may be due to the fact that
while curcumin treatment induced autophagic death, treatment with DCAMERNA
resulted in apoptotic death; combination of the two agents synergistically increased both
autophagic and apoptotic death of colon cancels/gehografts, 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 eahin mydissertation

project are describad 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 elimméton the body Z).
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, transvdse aiad splenic flexure)
and Distal (including descending colon and sigmoid col(8)) (Fig 1.2). Several
investigators have reported differeneeghe growth of cancer iproximal versus dista
colons (4. Our laboratory has also reported differencetheneffects 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 actiyaged 5 NFHIB | evel s,
contrast to distal colonic crypts which were notesponsive (b

Transverse
Colon

Descending
Colon

Sigmoid Colon

Figure 1.2: The Anatomy of the Human Colon



The colonic epithelium is a very dynamic structure composed of columnar cells

which make up the crypts of Lieberkihn6). 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, ®tending downward towards the muscularis mucosa, and enteroendocrine

cells (7). Colonocytes and Goblet cells are thoughdrieefrom a single progenitor/stem

cell situated towards the base of the crypt which gsetwp r ol i f er ati ng &ésten
the lower 1/8' region of the crypt&11) (Fig 1.3). For my dissertation project, | focused

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

colonic crypt cells and colon cancer célthapters ).

Goblet Cells Absorptive

Cells

Progenitor
Cells

Stem Cells

Figure 1.3: The Colonic Epithelium



1.2 Normal Intestinal and Colonic Stem Cells

Stem cells arenulti-potent cellswhich candifferentiate into various detypes
(12). They are characterized by their unique abitiyperpetually selfenew through
unlimited cell divisions and their ability to differentiatetto any cell typewithin the
tissue of their origin13,149. When a stem cell divides, each new daughter cell has the
potential to either revert back to a ggeent stem cell or commit to further proliferation,

followed by terminal differentiation into a specialized cell typ&17) (Fig 1.4).
Multipotent 59
P Self-Renewal
Stem Cell

Daughter Cell

/N
O Proliferated Cells
/ [\

Differentiated Cells

Goblet Cells Columnar Cells Enteroendocrine Cells

Figure 1.4: Asymmetrical Division of Quiescent Stem Cells



In the small ingstine, it is speculated that6dindependent stem cells or a single
intestinalstem cellare present within the crypt$8,19) Two stem cell models have been
proposed within the small intestinal crypts. In the first model proposed, quiescent stem
cells ae believed to be located at the +4 position of the small intestinal ciyp20(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 ewentuall
differentiate, suggesting that the quiescent stage of thelin@hing stem cell is perhaps
regulated by inhibitory factors in th@iche microenvionmentof stem cells (22 The
second model proposed S known as t he
proliferating daughter stem cells, also known as the crypt base columnar cells (CBCs),
which are believed to b&tuatedat the bottom of thentestinal crypt,in between Paneth
cells L4,23. This population is speculated to represent the true stemwgetia crypts
and actively responds to growth and differentiation signals from adjacent mgsehch
cells (2. 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 orstamdizgng the
mechanismsn the growth of colonic crypts as it is the major site, nnrdestine, whib
gives rise to tumorous growth (colorectal cancers).

Unlike in the small intestine, the colonic stem cells remain largely undefined to
date @2,29. It is believed that A0 stem cellare presenat the bottom of each colonic
crypt (13). In addition tothese stem cells, there are approximatehd@&ells whichcan
functionally act as stem cells within the same cr@8).( Due to differences in the
embryonic origin of proximal versus distal colon, the location of stem cells and pattern of

cell migrationdiffers within the two regions of the colo@)( Stem cells in the distal
8
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colon aresituated at the lower regioof the crypt and their progeny migrate upwards,
along the crypt axis1@). Stem cells in proximal colonic crypts, at one time, were
speculatedo residein the middle of the crypts, wherein daughter cells dal@vnward

and upward along the crypt axig6]; 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 trarsihplifying region (lower 1/8 of the crypts), and
terminally differentiated cells are located in the upper region of the (2yjpt As the
proliferating cells migrate, they stop dividing and differatgiinto matureolonocytes 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 tR&)gut (

The epithelial homeostasis of ethlarge intestine is based on a ccddited
coordination between selfenewal, proliferation and differentiation which must be
maintained throughout life2d); perturbance of the normal homeostasis can result in
either hyperproliferation/carcinogenesis or other {B{® diseasesThereforeit 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 constiteitregeneration 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 differentiate27,29,30 (Fig 1.5).
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Figure 1.5: The Colonic Crypt

Regulatorysecretoryfactors within the niche microenvironment tightly regulate
the crosstalk between epithelial cells (such as stem egltssurrounding 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, maintaininiglat regulaion of stem c# quiescence

and activity ischaracteristic of a functional niche.

1.4 Signaling Pathways and Stem Cell Microenvironment
It is believed that there are four prominent signaling pathways, Bone
Mor phogeni c pr o tcaenin, dlotch, Brd Pigdgehddy,nwhich ftonstitute the
stem cell signaling network, regulating a tight balance ofregléwal, proliferation and
differentiation 32-34).
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BMPsare bone morphogenic proteins secreted by stromal(8d)lsWhen BMPs
are inhibited by a speci f icaeniBtMisloctasttatiieo ni st
nucleus leading to activation of target gene expression which promotésration and
i nhibits apoptosi s, thus BMPs ar ecatbhmml i eved
signaling pathway11,34. High levels of BMP antagonists, such as Noggin, are found at
the base of the crypt promoting cell proliferation. However,l&ewé 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 ttmnkal surface of the crypts
(11,39.

The Wnt pathways triggered by the binding of Wnt glycoproteins to the frizzled

(Fz) receptor together with the ledensity lipoprotein receptof). The APC potein

cont rcoaltsenb n | evel s by Dbicatedin pragein wioich iskthen cyt opl
targeted for degradation. However, when the APC gene is mutated or functionally

d e | e {caethinis spared from degradati@md accumulates within the cytopiag36).

The ac cumudataniniwghm the tytoflasm leads to its translocation into the
nucleusand binds to Tcf/Lef transcription factors, resulting in-tggulation of the

expression of several target gen&s)(In transformed cells, elevated&V s of -nucl ear
catenin can be measured; t hi-atenmamsustaired! ect e
upr egul at i on -caenin pathveay 3B3i)t Thée sustained upeguldion of

Whn t-¢atenin levelcan potentially result in transformatiai cdls and tumorigenesis

(30,35)

The Wnt signaling pathway is believed to reguldt#ch signalindy driving cell

proliferation 33840, 39. Notch pathway is activated by the direcellcell contact;

wherein onecell expresasthe Notch receptors andngighboring cell express thecell
11



surface ligandssuch asDelta or Jagged. The binding of liganeceptorresuls in
cleavage of Notch intracellular domajNICD) which internalizego the nucleusand
binds to specific transcription factors and drives #ctivation of Notch target genes.
Wn t-¢afenin upregulates Jaggetl (Notch ligand), expressed in progenitor cells, and
mediates etivation of Notch gnaling @1). The activity of Notch regulates whether a
cell will differentiate into an enterocyte @ secretorycell and plays an ingotant
function in stem celtegulation(34). Sustained activationf Notch and WNT pathway
within the stem ells can potentially transformormal stem cells into transformed stem
cells(34). Inhibition of Notch hadveen reorted to resulin differentiation of cancer stem
cells into secretory cell§24) and a significant reduction in the growth of colorectal
cancer 34).

The Hedgehog pathways also known to regulate the stem cell niche via the

interaction of Smoothened @rPatched proteingl®). 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 intohe nucleus to drive Sonic Hedgehog (SHH) target genes as
reviewedin (42). Within the colonic crypts thectivation of Shhis believed to be located
at the +4position (43.

To summarizeBMP, Wnt, Notch and Shh play anitical role in regulating the
nomal homeostasis of colonic crypi®/nt molecules are preseditthe 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 (80). The stem cell niche dynamics is therefore tightly

controlled and regulated by several pathways which ensure a normal homeostasis of t
12



intestinal cryptsKig 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 20,34. However, it has been well established that the
disruption of the microenvironment results in the initiation of colorectal cancers, hence
undersanding the mechanisms involveday aid in the prevention of this disease. My
experiments in chapters 2 and 3, showed that P&gplates stem cell expression via

t he acti vat i-oateniroifimnhbRatzBd ealorybnichHERI3 cells. We also
demonstrat ed {cdienin is dtHvat®l inacalah camcer stem cells and is
decreased in response to curcumin and/or doggulation of DCAMKL:-1 expression,
suggesting that these pathways are very critical in regulating prabfei@it cancer cells

(chapters 4&).
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antagonists 99 BMPs Goblet Cell

Differentiation
g —|

Activated _‘ BMPs
Wnt | B-Catenin
Inhibitors l l

Frizzl Survivin ¢-Myc, Ki67,
Lr| Cyclin D1
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Figure 1.6: Interactive Signaling Pathwaysmediating
stem cell poliferation and differentiation
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1.5 Sequenceof Events leading to the Progression of Colorectal
Cancer

I n the early 199006s Fearon and Vogel stei
the multistep tumor progression of colorectal cancer in humans from aderto
carcinoma 86). 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 whoplerates athe initial triggerof colon
carcinogenesis4@). In contrast, mutations in p53 tumor suppressor gene appear to be
involved in the advanced stages of adenomas and carcinomas progrdgisig). (
Additional mutations, such as gastrin gene (resulting in elevating levels afsptiggare

also involved in the progression of colorectal carfeey 1.7).

APC KRAS/BRAF KRAS/BRAF; Smad4/6 | p53
mutation mutation mutation ‘ mutation J mutation
(Tgastringene) ‘;‘f: (Tgaslringene) /
Normal | \ Dysplastic | Early ' intermediate| \ Late \ »
. Sl ‘ —> Carcinoma
Epithelium Epithelium Adenoma Adenoma | AdenomaJ J
J - 4 =y - _ T il

Figure 1.7: Progression of Colorectal Cancer

1.6 Colon Cancer Stem Cells (CSCs)

The role of stem cells in the origin of colon cananains controversial. Colon
cancer has been postulated to arise from either: mutated/abnormal stem cells in colonic
crypts @7) or aberrant progenitor cellsA8), or fully differentiated cells 49) or
hematopoietic stem cell2%). Based on the CSCs theoryis now believed that cancer

stem cells arise from stem cells located at the base of the colonic crypts that have

14



acquired specific mutational hits and/or due to a possible imbalance in the stem cell niche
(6). Stem cells are believed to require fewmutations than differentiated cells to
pronote transformed phenotypes as they already possesserelival propertie). The

lack of knowledge relating to the colonic stem cell niche and the stem cells within the
milieu is derived from the technical clalges that scientists are continuously
experiencing: lack of uniqgue markers and stem cell bioasg8ysQonventional wisdom

would suggest that isolating stem cells from colonic crypts or from tumor bulks would be
the most efficient method to examine thielogy 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 markeny 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 markersiarsitu may appear to look similar. Therefore
isolating normal stem celigersus 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 colactal 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 DCAMKI) compared to the actively stem cells (such as
LGR5) within he same crypt2Q), 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 DCAMKle cells in the

mouse colonic crypts are of many different phenotypes (unpublished data from our
15



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 DCAMKICD44 and
LGR5 from colonic crypts and established the methods for growingicatem cells as
colonospheres and organoids (unpublished data from our labordtogyyecent study,
we reported an increase in the expression and cell numbers of DCAMW. and
CD44+ve cells in colonic crypts of mice stimulatedhapirogastrin (5), as described in
chapter 2 of my dissertation. Thetéa 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 frour taboratory demonstrating a
co/carcinogenic role of progastrin in colon carcinogeneS®,5Q3. Thus, for my
dissertation, | examinedolon cancer stem celim more depthand also looked at the
possible transformation of normal stem cells to cancer séfisiusing an isogenic model
of HEK-293 cells developed by owaboratory(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 stifateggating and
preventing cancer relapsg457). The ratio of CSCs to tumor ceils colon canceshas
been postulated to be as low as 1:60000 in some tuB@ysThereforejt is important
that we examindsolated CSCs using precise stem cell mark8&everal stem cell
markers are currently being used to isolate and characterize colon&5C&ble 1.1).

For the purpose of my studies, | chose to focus on three stem cell markers, DEBMKL
CD44 and LGRS5, which are currently believed to be precism stdl markers with
available extracellular domains. Availability of extracellular domains is critical for

isolating stem cells and further investigating these cells.
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Markers Function

Normal Colon Stem Cells

DCAMKIL-1 Doublecortin Ca’/Calmodulin Kinase-like 1

LGR5 Leucine-Rich Repeat containing G protein receptor 5, Wnt Target gene

Msi-1 Musashi-1, RNA binding Protein

CD29 Bl integrin, Cell Adhesion Molecule

Colon Cancer Stem Cells

DCAMKIL-1 Doublecortin CZ* /Calmodulin Kinase-like 1
LGR5  Leucine-Rich Repeat containing G protein receptor 5, Wnt Target gene
CD44 Cell Adhesion molecule, Hyaluronic acid receptor
ALDH1  Aldehyde Dehydrogenase 1 family Enzyme
Oct4 POUS5F1, Octamer-binding transcription factor 4
Sox-2 Invasion and metastasis
CD24 Cell Adhesion Molecule
CD166  Cell Adhesion Molecule
CD29 g1 integrin, Cell Adhesion Molecule
ESA Epithelial Specific Antigen, Cell Adhesion Molecule

c-Myc Enhanced self-renewal
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 C&/Calmodulindependent kinase like (DCAMKL-1) is a 740

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

domain at the @erminus with a 65% homology to the calciuoalmodulin family of

serine/threonine kinas€$0). It also possesses two ubiquitin like domain with a 35%

homology to Doublecortin at the-términus which is required to bind microtubulé&§ ,(

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

including

known as CARP which lacks both the DCL and Calli¢éains (61,62 DCAMKL-1
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1.7.2 Role of DCAMKL-1in the NervousSystem

DCAMKL-1 is a microtubulessociated kinase expressed in postmitotic neurons
(60) and tle developing brain6@). The transmembrane protein plays a crucial role in:
mitotic cell division by regulating the spindle formation in neuroblaé4; fegulating
neuronal migrationneurogenesis angpoptosis §5); maintaining the axonal system in
check (61, 66). More recently studies have shown that silencing DCAMKé&xpression
induced apoptosis in neuroblastoma ce@g),( suggesting that DCAMKIL 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 homolddfy). (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 PutativeStem Cell Marker
In 2007, DCAMKL-1 was charaecterizedas a novel putative colonic and

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

at the base of the crypts, specifically at the +4 position within the crgat$g.

DCAMKL-1+ve cells are believedotrepresent the quiescent stem cells within the

intestinal crypts since the cells were negative for proliferative marker, PQNAT.

DCAMKL -1+ve cells also cexpress Musasti (mst1), another well characterized stem

cell marker 69), hence confirminpCAMKL-16s r ol e as a stem cell n
More recently, DCAMKIL:1 was also identified as a potential stem cell marker

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

i sthmus region of theteasm/opracde mil oThdsemeolwln zaen

cells were also shown to be positive for Msand quiescent in the gastric epithelilg, (

70). These findings support the notion that DCAMK#tve cells are slow cycling and
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represent the quiescent stem cells popariat as demonstrated in the gastric, colonic and
intestinal epithelium. Th,suclsds D&AMKLL enhyi n g
possibly play a critical role in homeostasis of normal chat structures.

Kikuchi et al. 2010recently reported thd CAMKL -1+ve and PCNA+ve cells in
a gastric gland can also bxcatedat the base of the gland instead of the isthmus region
due to ulcer formation or radiation injur§g,70. Also, DCAMKL-1 hasbeen identified
as a potential pancreatic stem/progenitetl enarker and researchers are currently
investigating its role in various canceés( 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,
pherotypic and growth patterns of these cells and to examine the sefeatown

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

1.74 DCAMKL-1 and Cancer

DCAMKL-1 is overexpressed in various tumors types including colorectal,
pancreatic, breast drprostate cancer3%). Downregulation 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 expressiemyf and KRAS,
inhibition of Nocth1 expression and epithelialesenchymal transitiorv2-74). These
findings reiterate the importance of DCAMKL in tumor growth formation and suggest
that targeting DCAMKLE1 may be a novel therapeutic method of treating many epithelial
cancers includingolorectal cancers. Therefore, one of my goals was to examine the
effects of dowrregulating DCAMKL:-1 on the biology of colon cancer cells growing

either as spheroids vitro or xenograftsn vivoas described in chapter 5.
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1.8 LGR5
1.8.1 LGRS5 and the mtestinal crypt
LGR5, also known as GPR49, is a leuerieh orphan G proteitoupled receptor
found to be expressed in a unique fashion in human colon cancer cells and intestinal crypt
cells 23,29. The protein consists of a large extracellular leucicte nepeats and a short

cytoplasnic tail (6,23,7% (Fig 1.9).

-NH2

cooH (-

Figure 1.9: LGR5 Transmembrane Protein

Hans Clevers and colleagues generated a novel HBRERIRESCre
ERT2RosalLacZnouse model and conducteddayge tracing studie23). These studies
helped them to identify LGR5+ve cebs thenormal stem cells at the base of the crypts
in the intestinal cryoptswhich is believed to be distinct from the BICAMKL -1+ve
cells, as previously described previougl¥). Unlike DCAMKL-1+ve cells, LGR5+ve
cells are negative for Mdi 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 environm8, 77). It is believed that there are about 4
LGR5+ve cells within each crypt28,30 (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 villususture (organoid), giving rise to differentiated

cell type lineages found within the intestinal crypts even in the absence of a niche
microenvironmentZ3, 78). These findings suggest that besides DCAMHKive cells(as
described above), LGR5+ve cells ynalso represent stem cells which are equally
important in normal homeostasis and in tumor growth. Therefore, | also wanted to
characterize LGR5+ve colon cancer cells, in order to better understand its role in the

proliferation of colon cancers, as desedln chapter 4.
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Figure 1.10: Stem Cells within theSmall Intestinal Crypt

Using an APC mouse mutant model, researchers were able to observe an increase
i n-catenin levels in LGR5+ve cells, followed by formation of miadenoma which
eventually progressed to larger adenorf¥®. 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 knowrCifdRant

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

1.8.2 LGRS5 in the gastric epithelium

LGR5+ve cells are also found in the gastric epithelium. Unlike DCAMKNe
cells which are located in the isthmus region of the gastric glands, LGR&#tsavere
found to be located at the base of the mature pyloric glafiis About 24 LGR5+ve
cells were found to be located within the base of glands and were positive for PCNA,
indicating their proliferative potentialr9). In addition, a single LGR5+vcell in vitro
gave rise to organoitike 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 atufhhis possibility was

examined in chapter 4.

1.8.3 Role of LGR5 in the growth of colon cancers

LGRS is over expressed in various tumor types including colorectal, ovarian and
hepatocellular carcinomas reviewed BY)( More specifically, LGR5 is ovesxpressed
in 70% of all human colorectal cance89(8J), 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 hyperplasiadenomeadenocarnima sequence of colon carcinegen in
humans 83,89. Levels of LGR5 were reported to be higher in metastatic versus non
metastatic cell lines8@, 89. These results suggest that LGR5 may be a useful diagnostic
marker for colorectal cancers.

LGR5 is a well established WNT target gettee majority of colorectal cancers
arise due to mut atcatemin mesulting in eonstititieeractivatfo of o r
the Wnt signaling pathway. Thus overexpression of LGR5 in colorectal cancers probably
refl ects const icdtemt However at s hat knavn if edemated [eveldof
LGRS 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 locakd at the leading edge of colonic tumors in close proximity with
the stromal microenvironmen8Y), suggesting that stromal cues may be required for
LGR5+ve cells to function as cancer stem/progenitor cells.

Ligandswhich bind or activate thextracelluar domain of LGR5 protein remain
to be identified. It is howevebelieved that LGRS igssentialin the development of
intestinal epithelium since mice deleted for the LGR5 gene fail to survivenptaty
due to gastrointestinal swelling and malformaidihe tongue and lower ja23,86)

LGR5 has been suggested as a prognostic marker for CRCs since patients
expressingelevated levels of LGR5 in thetumors demonstrated lower survivalte
(81,83. However, Walker et al 2011, demonstrated that sibgnof LGR5 expression
surprisingly promoted tumorigenesis by-tggulating the Wnt signaling pathwa§7j.

The reduced expression of LGR5 in colon cancer cells resulted in the formation of
amorphous spheroids in culture, increased cell migration andamgaments of cell
surface proteins including CD4@7). 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 invasiod migration of
metastatic cancer cell8%). At the same time, other investigators have reported that not
al |l col on ¢ anc e rcatenin are alse popitives fortLGRb @nd frieesa b
(82);itist hus possi blcatenin btlet caderaedated @ensogehic pathways
may also upregulate the expression of LGR5 in tumors.

Based on available literature, as described above, LGRS likely plays a critical role
in maintainng normal homeostasis of the colonic crypts and may prevent abnormal
migrdion of the cells based on the results of Walker et.al 2011. Since LGRS is a target
gene of activated Wnt signaling pathway it malgo 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 dferentiation) 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 1Y3compartment of the colonic crypts known as the
stem/progenitor cell zonand 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 whethelCD44+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 narleostate, pancreatic, head

and neck and colorectal cancers-@8). 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 regulatesumor growth and cancer cell migration in human colorectal
cancers (98,99). I n colon cancer ce-l | s,
catenin signaling pathway (100). CD44 is considered to be a very selective and robust
cancer stem cell marker veh 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 ceits vitro and attenuation of tumor formation
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
spheroidsin vitro and as xenogrfat® vivo (102). CD44+ve cells were shown to have
significantly higher metastatic and tumorigenic potential compared to ©@B4eklls
(102,103. The studies strongly suggest that CD44+ve cancer stem cells can support the
growth of a tumorosphere. Therefore, for my dissertation studies, | used CD44 as a colon
cancer stem cell marker, in addition to DCAMKLand LGR5 as described in chapters

2-5.

1.9.2 CDA44 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 review@é@4hy (
Higher levels of CD44 were reported to be associated with pomgnpsis {05).

Treatment of mice with carcinogenic agent resulted in increased expression of CD44
26
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(106). Interestingly, increased expression of CD44 in the colonic mucosa precedes
mutational changes observed in KRAS and p53 gé&g yhich may be secondato
acti vat i oncatenin pdthiwaHowWavdr,/it 5 not known at what stage specific

splice variants of CD44 are expres$&d?).

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

The stem niche of intestinal cryptsshseveral 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 thdteaant upregulation of growth factors, such as
Progastrin can significantly increase the risk of colon carcinogenesis (53,108,109).

I n the early 199006s, it was discovered
cell lines and colonic adenocarcinoneagressed 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 compieteesulting in the expression of progastrins
(112,113) Fig 1.17). Progastrin (PG) and glycirextendeeastrins are highly expressed
in colon cancers reviewed in (112). Dowagulation of the gastrin gene (progastrin)
resulted in the loss of clonogerand tumorigenic potential of colon cancer cells (114).
Progastrin has been shown to exert proliferative (115);a@afptotic (116) and eo

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. BothH8Fandb-catenin pathway were found to be
important in mediating anipoptotic and proliferative effects of RGvitro andin vivo
(112,119)

Recently, our laboratory identified annexinA2, as a novel,-gamventional
receptor for progastrin pepéd. Our studies in chapter 2, demonstrate that AnnexinA2 is
required for mediating stimulatory effects of PG on the-BIRand b-catenin signaling
pathway. We also demonstrated that PG significantiyegplate expression of stem cell
markers DCAMKIL:1, CD44and LGR5in vivo in intestinal crypts as weih vitro in an

embryonic epithelial cell line (HER93).

1.11 ALDH (Aldehyde dehydrogenase)
Various isoforms and splice variants of the ALDH enzyme were reported to be

found in the cytoplasm, mitochondriaicleus 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 ALDH1AL1 in cancer

Aldehyde dehydrogenase 1Al is a detoxification enzyme expressed in both
normal aw cancer stem cells, in the breast (120) and colon (121). The activity of
ALDH1AL1 is significantly elevated in colonic adenomas compared to normal colonic
mucosa (121) and therefore ALDH1A1 may be a unique marker of colon cancer cells.
ALDH1Al, has also ben reported to be expressed in colonic stem cells in the
proliferative zone of crypts (121) and may represent a marker of proliferative cells.
ALDH1Al has been used as a marker to isolate normal and cancer stem cells. Cells
positive for ALDH1A1 are also pmitive for CD44 and CD133, two well established
cancer stem cell markers (122). Colon cancer cells positive for ALDH1Al have been
reported to grow as xenografts in athymic nude mice suggesting that ALDH1Al+ve
colon cancer cells are tumorigentexpressiorof high levels of ALDH1AL 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 clemotherapeutic 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 paatic and liver tissues express
high levels of ALDH1A1. Thus ALDH1AL1 will serve as a strong marker of cancer stem
cells in tissues normally expressing low levels of ALDH1A1l (colonic and gastric

epithelium) while ALDH1A1 will not be as reliable for can@eising from pancreas and
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livers (123). Since ALDH1A1 can serve as a useful marker for colon cancer stem cells, |
examined the effects of inhibitory agents such as curcumin on the growth colon cancer

cells in relation relative levels of ALDH1AL1l as descdbe chapter 5.

1.12 Pluripotent markers

Normal stem cells have the ability to perpetually-setfew and differentiate i
specific cell types associated with the organ of origin. Stem celisbde®en described as
being either pluripotent, multipotenor unipotent {25. 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 theigbib 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, ancer stem cells unlike normal
pluripotent/multipotent/unipotent stem cellsave lostthe ability to form functionally
differentiated lineages and continuously proliferate.

Sever al transcription factors have been
both normal and cancer stem cells. For my dissertation project, | have chose to f8cus on
of the following transcription factors, Nano@ct4 and Sox2, based on literature

illustrating their role in cancer cells as described below

1.12.1 Nanog
Nanog is a homeobexontaining transcription factor which is responsible for
maintaining stemne#pluripotency of embryonic and pluripotent stem cdl26]. Nanog

interacts with Oct4 and Sox2 to form a complex which induces the pluripotent
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phenotypes within the cells (137 Nanog expression is elevated in various tumor types
including breast cancer(128, prostate cancerd 29, ovarian cacers (130 and colon
cancers 131). Overexpression of Nanog has been demonstrated to promote
transformation, tumorigenecity and metastasis of cancer (@€&B; hence Nanog is a
putative marker of tumor cells drpredicts poor prognosis for patients whose colorectal
cancers are positive for high levels of Nan@83). Overexpression of Nanog in colon
cancer cells have been shown to increase proliferation, invasion and migration of the cells

(133135

1122 Oa-4

Oct4 is an octamebinding transcription factor 4, also known as POU5F1 (POU
domain, class 5, transcription factor 1. Elevated expressiddctfl was repored in
bladder cancers (135breast cancerd 86), gastric cancersl87) and colorectal cancer
(58). Oct-4 has been to shown to play importantrole in seltrenewal of cells and in
i nducing O6stemnessdé of pl W38j13)oQctednstoneaochd e mbr
the reprogramming genes currently being used to induce pluripotency of skeii48)!
Oct4 has been reported to promote proliferation of the cells and prevent the cells from
differentiating, thus resulting in dysplasia within the colonic cryp#l) The functional
effects ofOct4 has been shown to be dose dependent, whereincesase by 2 fold
promotes seffenewal while a reduction promote differentiatid®?). Loss of Oct4
expression results in the loss of metastatic potential of lung cancers and sensitizes the
cells to radiation therapyl43. The latter results furtheupport an important role of Oct

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

Sox2 is a transcription factor which plays an important role in maintaining self
renewal of pluripotent stem cells. Recent studies have mdtedted levels of SeR in
various cancetypes including colorectal cancers4€). Relative expression levels of
Sox-2 are increased in relation to the stage of the diséadp (

Tumors expressing higher levels of Soxvere generally poorly differemtied
(145. Cancer cells generally eaxpress Oct 4 and S&X In normal tissues, proliferation
is generally associated with heterodimerization of Oct 4 with-BSavhich activates
downstream targets such as Nanbgg. Constitutive ceexpression of Octdral Sox2
in cancer ceflis associated with metastatic growth and higher recurrence rate in patients
resulting in poor prognosi§).

To summarize Nanog, Oct4 and SeX are well characterized pluripotency

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

switch within the regulatory network complex. Oct4 and -3dxeterodimerizes on the

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

proteins likely play a cooperative roletowsrd i ncr ease O6stemnesso6 of
For my dissertation project, | 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 SBx

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 availaldtides surgery, radiation and
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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 eFkiorouracil (5FU), a vitamin known

as leucovorin and oxaliplatin (1448) Other chemotherapeutic drugs also used can
include Paclitaxel, Adriamycin, Cisplatin, Cytarabine and Adriamycin, which are well
established and clinically approved chemotherapelntigs 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 tlesrapave 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 antibodietethagminst 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 astardgsio 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 naural 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 Aloric concentrations. However, it is not known if these
chemotherapgic dietary agents (netoxic 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 @antuma longa
(153. Curcumin possesses amtflammatory and arvbxidant propertieslb4, 155 and
has long been used as traditional medicine in Asian counttkE®. (Curcumin also
possesses arttimoral activities and anproliferative effects on cancer cells5g) and is
currently being used in clinical trials as a chemotherapeutic agentsagaiorectal
cancers 157). The natural dietary agent curcumin possesses many advantages, as it is
nonttoxic to humans even at high doses even up to 12g/day, and targets multiple
signaling pathways concurrently such as théBIF a ncdtenin pathways whichave
been demonstrated to be key regulators in caridef).(Curcumin is a polyphenolic
compound which suppresses proliferation, induces apoptosis and inhibits angiogenesis
(159. Unlike conventional chemotherapeutic drugs, curcumin is believed to taurysdr
cells while sparing normal cells from any damages. Curcumin has been shown to down
regul ate acti vat 42 bdyperbaps dikeEtiyuBteractmg witlc @okimal
kinases or cyclooxygenase enzyme it$&60). Curcumin also induces p58depeneént
apoptosis, hence improving its inhibitory effects on cancer cEi§162). Curcumin in
combination with FOLOFOX was reported to significantly inhibit the growth of colon
cancer cells as spheroids6@164). Given all the advantages and efficacy afcounin as
a potential natural chemotherapeutic agent, | focused my studies on examining tke effect
of curcumin on the growth of colon cancer stem cells in combinatibh RNAI
targeting stem cell marker DCAMKL, as a potential novel therapeutic stratédyapter
5). Our studies revealed the novel possibility that while curcumin induces autophagic

death of colon cancer cells, DCANKI induces apoptotic death.
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1.15 Autophagy

Autophagy is an intracellular muistep process which results in the bulk
degradtion of proteins and cytoplasmic organelles within cdlg5). The process is also
referred to as programmed cell death type Il and is necessary for maintaining cell
survival, cell viability, differentiation and cellular developmebh®§, 167. This catéytic
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 macromoleares fr
cells via the autophagic pathway improves overall survival of the cells, and hence

prevents the cells from undergoing apoptosis/necrb@e)(

1.151 Steps of Autophagy

Autophagy is regulated bgtg genes which are essential to the formation of the
doublemembranéoound autophagosomes. The mammalian homologs of these
autophagyrelated genes have recently been identifeed] includeLC3 (light chain 3).
LC3 has been shown to be a robust marker of autophagy activity. LC3 is a microtubule
associated ptein 1 light chain 3 which is normally present in the cytoplasm and plays an
important role in the formation of autophagosoni®7). The initial step of autophagy
involves the formation and elongation of isolation membranes within the EggJl&.(2).
The isolation membranes extend, curve and form autophagosomes which engulf the
cellular organelles predestined for degradation. Concurrently, LC3 is activated and
cleaved (LC3), allowing for its glycine extended -@rminal end to conjugate to
phosphatidy¢thanolamine resulting in the formation of L-@3 The now lipidated LC3
Il protein binds to the isolation membranes and autophagosomes in order to secure

closure and structural stability of these vesicl#&8(. Subsequently, the autophagosomes
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fuse with lysosomes resulting in the formation of autolysosomes which are in turn
degraded by lysosomal hydrolasdse remaining macromolecules are recycled into the

cytosol (L69).

Figure 1.12: Steps of Autophagy

1.15.2 Curcumin induced autophagy and its role in cancer

Autophagy isusually activated as a rescue mechanism in normal cells but in
cancer it is suppressea. fact, autophagy has been shown to be inversely correlated with
malignant phenotype of tumor llse (170). However, in response to chemotherapeutic
agents, such as curcumin, cancer cells activate autophagic mechdnvi§inslif cancer
cells, autophagy is regulated by the activation of several signaling pathways including the
Akt/mTOR/p70S6K pathwayvhich determines whether a cell survives or undergoes

apoptosis 171). The upstream activation of Akt leads to the phosphorylation and
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