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13-catenin is a multi functional protein that is involved in cell-cell adhesion

and cell signaling. In non-stimulated cells,

-catenin is tightly down-regulated by

GSK-3dependent phosphorylation at Ser and Thr residues, followed by rapid
ubiquitination and proteasomal degradation. It is well established that mutations
within the regulatory GSK-313 region lead to stabilized 13-catenin and constitutive

f3-cateninlTCF-dependent gene activation. Furthermore, it has been shown that
amino acids adjacent to codon 33, namely 32 and 34 of -catenin, are hotspots for

substitution mutations in carcinogen-induced animal tumors. Thus, a major
hypothesis of this thesis was that substitution mutations at codon 32 of 13-catenin
interfere with phosphorylation and ubiquitination of -catenin.

Site-directed mutagenesis was used to create defined

-catenin mutants,

namely D32G, D32N, and D32Y. The signaling potential of various 13-catenin was

analyzed in a gene reporter assay by co-transfection with a hTcf eDNA with a
reporter plasmid containing a Tcf-dependent promoter (TOPFlash). There was a
significant enhancement of the reporter gene activity with all [3-catenin mutants

compared to WT t3-catenin after 48 hours of transfection. Protein analysis by
Western blotting showed massive accumulation of mutant

-catenin. Antibody

specific for phosphorylated 13-catenin showed that the accumulated D32G and

D32N 13-catenin proteins were strongly phosphorylated both

in vivo

and

in vitro,

whereas D32Y 13-catenin exhibited significantly attenuated phosphorylation in

vivo.

Further studies showed, however, that none of the mutants was sufficiently
ubiquitinated. In addition, inhibition of the proteasome activity by ALLN was
associated with accumulation of cytosolic 13-catenin, which was transcriptionally
inactive. This suppression of 13-catenin transcriptional capacity was independent of

ALLN-associated apoptosis in the transfected cells. Furthermore, exogenous 3-

catenin mediated modest cell survival and rendered cells sensitive to apoptotic
stimuli.

Thus, although codon 32 of 13-catenin is not a direct target for
phosphorylation,

results from this thesis

suggested that it affects

the

phosphorylation and ubiquitination of the adjacent Ser-33 residue of 13-catenin,
which is a direct target of GSK-3. In addition, these results showed for the first

time that the phosphorylation step of J3-catenin is not enough to regulate
transcriptional activity, and that -catenin still needs to be ubiquitinated for
successful down-regulation.
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CHAPTER 1: INTRODUCTION

Cancer is a major health concern in western communities. In the United
States, over 17 million cancer cases have been diagnosed since 1990 and around
1,334,100 new cases are expected this year. Approximately, 556,500 Americans are

expected to die of cancer in year 2003. Cancer accounts for 25 % of all deaths;
therefore, it is ranked the second fatal disease next to cardiovascular diseases (1).

Cancer, which is characterized by uncontrolled, abnormal proliferation of
cells, is now a general term for more than 100 diseases. Tumorigenesis is a multi-

step process that occurs due to several genetic alterations that facilitate the
progression of normal cell to malignant derivatives. These genetic hits typically

target the genes responsible for determination of the cell fates such as: cell
differentiation, growth, survival and death. Even minimal subversions of the genes

controlling these processes might lead to cancer. The mutations predisposing to
cancer can be inherited (germline) or, in most cases, acquired (sporadic). Unlike,

germline mutations which are present in every single cell of the body, sporadic
mutations are not inherited; they are induced randomly by certain carcinogens at
specific organs and passed to the defected cell descendents only (2).

Cancerous cells are self-sufficient in growth signals and have resistance to
growth inhibitors and apoptosis. In addition, malignant tumors are able to promote
angiogenesis, the process of development of new capillary blood vessels, allowing

constant supply of oxygen and nutrients for the rapidly growing cells. In the later
stages of tumorigenesis, cancer cells metastasize. They detach from their origin and
travel to remote sites at which they form secondary tumors (2).

2

Cancers of the colon and rectum (Colorectal cancer, CRC or HCRC) are
epithelial-derived tumors (adenocarcinomas or adenomas) considered amongst the
major causes of malignancyrelated mortality worldwide. Hence, HCRC has been a
favorable subject for extensive research during the last decade. HCRC is caused by

inactivation mutations (inherited and/or acquired) in the gatekeeper and / or
caretaker genes. Examples of the gatekeeper and the caretaker gene defects are the

Familial Adenomatous Polyposis (FAP) and Hereditary Non-Polyposis Colorectal

Cancer (HNPCC), respectively. FAP patients harbor germline mutations which,

inactivate one adenomatous polyposis coli (APC) allele, resulting in the

development of numerous poiyps in the colon in early stages of life. The
probability that polyps will develop into malignant tumors increases as other
sporadic mutations inactivate the second APC allele. In contrast, HNPCC patients

harbor mutations in the DNA repair machinery genes (MMR), which lead to an
increase in the rate of other acquired mutations (3).

It is well established that APC is a tumor suppressor gene involved in many

biological processes including the regulation of the Wnt signaling pathway. APC
down-regulates the key mediator protein of Wnt signaling pathway, -catenin (4).
Mutations in the APC gene lead to abnormal accumulation of cytosolic 13-catenin,

which eventually migrates to the nucleus and transactivates genes critical for cell
growth. Alternatively, it also has been shown that sporadic colorectal tumors with

WT APC harbor mutations in the N-terminal region of -catenin, which render it
unresponsive to APC-mediated degradation (5).The molecular analysis of WT and
mutant j3-catenin has identified critical Serine and Threonine residues, namely, Ser33, Ser-37, Thr-41 and Ser-45. The phosphorylation of these residues by GSK-313 is

obligatory for consequent ubiquitination and proteasomal degradation of 13-catenin

(6). The cumulative knowledge from numerous mutational analysis studies in
human tumors, cancer cell lines as well as animal models has revealed that these

3

residues and their surrounding ones are hotspots for substitution and deletion
mutations (7).

Although this thesis focuses on the genetic events in HCRC and the 13-

catenin signaling pathway, it is important to mention that one to two-thirds of

HCRC are attributed to diet. Therefore, much attention has been focused on
investigating the gene-environment interactions and their roles in HCRC

tumorigenesis (8). Interestingly, the pattern of 13-catenin mutations in human colon

tumors is different from that observed in chemically-induced animal tumors. In
HCRC, most of the mutations substitute or delete codon 45. In contrary, colorectal
tumors from animals treated with dietary carcinogens harbor mutations that tend to
cluster around Ser-33. Dietary factors, such as Chlorophyllin and Indole-3-carbinol,
shift the spectrum of gene mutations to include Thr-41 and Ser-45 mutations (9).

The aim of this thesis was to investigate the molecular mechanisms of 13-

catenin accumulation associated with substitution mutations of the amino acids
surrounding the critical N-terminal Serine and Threonine residues. Specifically, the

goal was to provide a functional analysis of mutations at codon 32 of
major mutation hotspot in murine colon tumors.

Ctnnbl,

a
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CHAPTER 2: LITERATURE REVIEW

EPIDEMIOLOGY AND ETIOLOGY OF HCRC

HCRC is considered the third most common cause of cancer related-death

and infirmity in western countries. In the United States, the American Cancer
Society (ACS) estimated that 147, 500 new cases of HCRC will be diagnosed and
57,100 Americans are expected to die of HCRC in year 2003, making it the second
deadliest cancer among nonsmokers, only next to prostate cancer in men and breast

cancer in woman. Nonetheless, it is noteworthy that the overall HCRC death rates
declined by 1.7% per year from 1992 to 1998. This decline was likely achieved via

(noticeable) improvements in early detection and prevention techniques. The
lifetime HCRC risk is approximately 6%, although, 90% of all HCRC occur after
age 50. The incidence and mortality of HCRC are unrelated to gender type in early

life; nonetheless, men are more vulnerable to the disease after age 50 (1). In
contrast, HCRC incidence and mortality are markedly influenced by race and

ethnicity. Both are higher in blacks and Asian islanders compared to Native
American Indians and Hispanics (1). It is fortunate that HCRC is a curable disease
if diagnosed early with adequate screening protocols (10, 11).

Globally, the incident and mortality of HCRC vary in different geographic

regions of the world and are shifted by changing of residency and lifestyle. For

instance, the HCRC mortality rates significantly increased among Japanese
emigrants to the United States compared to Japanese in Japan (12).

Several studies of the inherited tumors and their germ line mutations have
shown that genetic factors markedly increase the risk of developing HCRC. It was
estimated that 25% of HCRC patient have family history with inherited mutations

that account for 56% of all HCRC incidents (13). Even though the family history
increased the susceptibility to HCRC, many case-control and epidemiology studies

have revealed that HCRC is a multifactorial disease. The susceptibility to HCRC is

markedly influenced by the environmental risk factors such as diet and life style.

Increased risk of colorectal neoplasia was seen with high meat and alcohol
consumption and smoking. These factors elevate the possibility of acquiring
somatic mutations (14, 15)

.

In contrast; contrary associations exist with healthy

life style practices such as fruits and vegetables consumption and physical
activities. Additionally, nonsteroidal anti-inflammatory drugs (NSAIDs) and

hormone replacement therapy have been shown to decrease the risk of HCRC (16-

18). These findings were extensively deliberated by many

in vivo

and

in vitro

studies, with much attention focused on the possible role of dietary carcinogens and
anti-carcinogens (9, 15, 19-28).

2.2

GENETIC MODEL OF HCRC

Resembling other types of malignancies, HCRC is a polygenic disease that
requires multiple genetic "hits" to arise and progress in a step-wise manner. For a

normal epithelium tissue to be transformed to adenoma and then to carcinoma, at

least seven independent genetic events ought to occur, each providing clonal

selection advantage. One mutation occurs in the oncogene

K-ras

and other

mutations inactivate the tumor suppressor genes APC, DCC, SMAD4 and P53 (29-

31). Molecular analysis of different histopathological stages of the adenomacarcinoma sequence has shown that each stage of tumor progression was associated
with specific genetic defects. Therefore, Fearon and Vogeistein identified the genes

responsible for colon tumorigenesis and proposed a model of HCRC progression

(Figure 1). Their model suggested that mutations in the APC gene activate the
neoplastic progression, resulting in small adenomas. These small benign tumors
evolve with time to mature malignancies (carcinomas) as mutations accumulate in

other genes (K-ras, DCC, TGF3-re1ated genes, and p.53). The whole process of

tumor evolvement is accelerated by defects in the caretaker genes (30, 32).
Furthermore, Kinzler and Vogelstein suggested that bi-allelic inactivation of tumor

suppressor genes (the gatekeepers), such as p53, RB], VHL, or APC, is the ratelimiting event of cancer evolvement. Additional inactivation of the caretaker genes
leads to genetic instability, which consecutively results in increased mutation rates

in all genes (mutator phenotype). Therefore, the caretaker genes are considered
indirect suppressors (33, 34). Interestingly, an alternative pathway to the adenoma
carcinoma sequence has been proposed recently. The new heterogeneous pathway

suggested that up to 70 % of all HCRC cases, which retain WT APC gene, arise
through epigenetic silencing of the genes of cell proliferation, cell cycle and DNA
repair machinery (35, 36).

2.3

GENETIC iNSTABILITY iN HCRC

Molecular and Cytogenetic analyses of HCRC tumors have revealed different

alterations in the cellular genome structure called "genetic instability" including
chromosomal and microsatellite instabilities. The chromosomal instabilities arise
due to aberrant mitotic recombination or chromosome segregation that causes loss
or gain of large segments of chromosomal material in up to 85% of HCRC tumors.

The most frequently observed losses involve chromosomal regions 5q, l7p, and

1 8q. These chromosomal segments are known to include important tumor
suppressor genes including APC on 5q, TP53 on l'7p, and DPC4 and DCC on 18q.

(37-39). Loss of heterozygosity (LOH), a consequence of CIN, was observed at

high frequencies centered around APC in 5q, P53 in l7p, and SMAD4 in
chromosome 1 8q (29, 34). Rare losses of chromosome l'7p were observed in

adenomas and total losses were observed in 75% of carcinomas. These
observations supported the notion that p.53 inactivation takes place at a later stage
of the tumorigenesis pathway (40).

7

Micro satellites are short (1-6 bp), repetitive units of DNA tracts widely
spread throughout the coding and non-coding regions of the genome. Slippage of
DNA polymerase during the replication of these regions creates mismatch regions

with a loop-like structure, which are corrected immediately by MMR machinery.
Of all HCRC cases, 15 % are sporadic MN tumors occurred mainly due to defects
in the DNA mismatch repair genes (MMR) (29, 41).

HypornethyLmuon

APCf-eatcnin

/

K-ras

L

SMAD2/SNAD4
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Figure 1: The multi-step model of colorectal cancer.

The top line indicates the adenoma-carcinoma sequence. Mutations in APC or
13-catenin initiate the neoplastic process, resulting in adenomas, which progress to
carcinomas as mutations in other genes accumulate. The process is accelerated by
mutations in the caretaker genes, which lead to genetic instability. Insert figures
indicate the histopathology of colorectal cancer.
Modified from Fodde et a!, Fearon et al, and Kinzler et a! (29, 30, 42).

2.4

COLORECTAL CANCER MAJOR GENES

The major HCRC genes are those genes necessary and sufficient for the
disease causation. HCRC major genes are classified into three types: "gatekeeper"
genes (tumor suppressor genes); "caretaker" genes (DNA damage response genes);

and "landscaper" genes (genes that control the cellular microenvironment) (33).
The gatekeeper genes are accountable for maintaining a steady cell population and
ensure that cells respond appropriately to circumstances that require collaborate cell

growth such as that after tissue damage. Inactivating mutation in the gatekeeper
genes lead, in many situations, to an increase in cell division rate compared to cell

death and thus to a net abnormal increase in cell number (42). In contrast,

mutations in the caretaker genes do not lead directly to cancer. However,
inactivation of caretaker genes might lead to genetic instability that in turn results

in increased mutation rates for all other genes. Therefore, the probability of
developing mutations at the gatekeeper genes is increased by the presence of
mutations in a caretaker gene (33, 38).

2.4.1

APC (Adenomatous Polyposis Coli)
APC, referred to as the "gatekeeper" gene of colorectal cancer, is located on

chromosome 5q2l. APC is a large gene of 15 exons, and encodes a 312 kDa protein
that is important in cell-cell adhesion, signal transduction, cell migration, apoptosis
and chromosomal segregation during mitosis (29, 43, 44). APC was identified after

rigorous molecular studies of germ line mutations in FAP patients and sporadic
mutations in HCRC tumors (45). Mutations in the APC gene are amongst the early

genetic hits that play pivotal role in the development of colon tumorigenesis.
Mutational analysis of both inherited and sporadic colorectal tumors have shown
that the majority of human carcinomas and adenomas have mutations in the APC

gene, mostly, insertions, deletions, and nonsense mutations that lead to frame shifts
or premature stop codons in the mRNA transcript. The end product is nonfunctional

or tnmcated APC protein (46). Approximately, 90 % of all mutations observed in
familial and sporadic HCRC are locatedbetween codons 1286 and 1513 at exon 15,

in a region named the "mutation cluster region" (MCR) (47, 48). Notably, germ
line mutations of APC do not necessarily lead to (though they markedly increase

the risk of) developing HCRC. Additional genetic alterations are seemingly
required for definite disease development (42). Moreover, mutations in APC were
coupled to disruption of normal tissue morphology (dysplasia) (49). In addition, it

has been shown recently that 50 % reduction in the expression of one APC allele

may indeed be sufficient to lead to FAP through so-called "haploinsufficiency"

(50). The APC function as a -catenin-mediated degradation protein will be
discussed in greater detailed below (see Canonical Wnt signaling pathway genes).

2.4.2

K-ras

The

oncogene (Kirsten rat sarcoma 2 viral oncogene homolog)

K-ras

proto-oncogene resides on chromosome 12p12, and encodes a

21 -kDa protein (p21 ras) involved in the G-protein signal transduction pathway and

in modulating cellular proliferation and differentiation. Over a third of HCRC have
mutated

K-ras

gene, preferentially at hotspot codon 12, that lead to the

development of the tumor (51, 52). The observation that only a third of human
cancers have K-ras mutations and these mutations are more common in the rectum

than in the colon tumors indicated that other unidentified oncogenes might be

involved in the development of HCRC. Other pathogenic pathways might be
expected to promote APC-dependent tumorigenesis in the absence of activation of
K-ras

(29, 36, 53).

K-ras

mutations were associated with small nondysplastic

lesions, and with the putative pre-neoplastic lesions called Aberrant Crypt Foci
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(ACF), which are postulated to be an early events of adenoma to carcinoma
sequence and precede the maturity of HCRC (Figure 1) (54).

2.4.3

SMAD4/DPC4

The SMAD4 gene (DPC4 in human) is located on chromosome 18q22.
DPC4 is a downstream mediator of TGF signaling pathway. TGF-j3 is a potent
suppressor of cell growth. Many evidences point to the role of SMAD4 as a tumor

suppressor gene in the majority of pancreatic cancers, and at least a subset of
colorectal cancers (55).

2.4.4 DCC (Deleted in Colorectal Cancer)
The DCC gene resides on chromosome 1 8q2 1.1, and codes for the axonal
chemoattractant netrin- 1 receptor. The exact function of DCC is yet to be

discovered, however, it was hypothesized that DCC may function as a tumor
suppressor protein, possibly through induction of apoptosis (56).

2.4.5 P53 (the guardian of the genome)

p.53 or TP53 is a tumor suppressor gene located at chromosome l'7pl3 and

is one of the most frequently mutated genes in human cancers. The p.53 gene is

mutated in up to 70 % of HCRC (36, 53). The normal functions of p53 include
regulation of G 1 and G2 cell-cycle checkpoints in response to DNA damage and
apoptosis induced by certain stimuli, such as DNA-damaging agents and hypoxia
(40).
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2.4.6 DNA mismatch repair (MMR) genes
MMR genes classified as caretaker genes include hMSH2 on chromosome

2pl6; hMLHJ on chromosome 3p2l; hPMSJ and /iPMS2 on chromosomes 2q31
and 7q1 1, respectively; hMSH6 on chromosome 2pl6; and hMSH3 on chromosome

5q11.2-q13.2. Their main function is to maintain the fidelity of DNA replication.
Mutations in these genes lead to HNPCC which is characterized by MSI (57-59).

2.5

MAJOR HEREDITARY HCRC SYNDROMES

The inherited HCRC tumors are classified, according to their genetic
instability status, into tumors with chromosomal instability and tumors with
microsatellite instability. FAP and HNPCC syndromes are examples of hereditary
HCRC with chromosomal instability and microsatellite instability, respectively.

2.5.1

Familial Adenomatous Polyposis (FAP)

FAP is well-characterized aggressive autosomal dominant disorder that
accounts for 1% of all HCRC cases .The incidence of FAP in the population is
approximately

1

in 8000 (48). FAP patients harbor heterozygous germ line

mutations in APC, thus, the probability of the offspring to inherit the affected APC

allele is 50%. Individuals who inherit the mutant APC allele have 90 % risk to
develop HCRC. FAP patients develop abundant numbers of colonic and rectum

adenomatous polyps by the first ten years of life and develop HCRC by age 40
(60). A strong correlation between the type of APC mutation and degree of severity

of polyposis phenotype has been observed. FAP patents diagnosed with severe
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polyposis phenotype (more than 5000 colorectal polyps) usually harbor APC
mutations between codons 1250 and 1464 or at codon 233 in exon 6 and at codons

486 and 499 in exon 11. In addition, mutations in codons 1309 and 1310 tend to
cause a predominantly severe phenotype with an earlier initiation of the disease (4).

2.5.2

Attenuated FAP (AFAP)

Attenuated FAP (AFAP) is a less severe variant of FAP. Patients with
AFAP develop smaller number of tumors and at older age than those with classic
FAP. In addition, the risk of manifesting polyps is lower compared with the risk of
polyposis among carriers of FAP-predisposing mutations (61, 62).

2.5.3

Hereditary Nonpolyposis Colorectal Cancer (HNPCC)

HNPCC is an autosomal dominant condition caused by mutation of one of

several DNA mismatch repair genes and accounts for 3% to 5% of all colorectal
cancer. Unlike FAP, HNPCC patients develop HCRC without developing unusual

numbers of adenomatous polyps. Furthermore, individuals with germ line DNA
MMR gene mutations have an estimated 70% lifetime risk of developing colorectal
cancer by age 44 (63, 64).
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2.5.4

Familial Colorectal Cancer (FCC)

FCC accounts for 15% of all HCRC cases. FCC patients have a family
history, which does not fit the criteria of FAP neither HNPCC, or may not appear to
follow a recognizable pattern of inheritance (65).

2.5.5

Juvenile polyposis

Familial juvenile polyposis is an autosomal dominant syndrome characterized

by the appearance of numerous polyps throughout the colon. Unlike other
polyposis syndromes, these polyps are predominately juvenile in histology and

originate from abnormal proliferating stromal cells (hamartoma) rather than
epithelial cells (66).

2.6

SPORADIC COLORECTAL CANCER

Sporadic tumors account for about 75% of all HCRC incidence. Similar to

the inherited HCRC, sporadic tumors originate from colorectal adenomas and

develop to carcinoma over a long period of time in a multi-step behavior,
nonetheless, family history is omitted (30). It is believed that environmental and

dietary factors trigger somatic mutations that provide growth advantages and
enhance tumor progression. Apparently, these mutations target genes that are
critical for cell growth, apoptosis and DNA MMR machinery (67, 68). Throughout
sporadic HCRC progression, mutations of the APC, K-ras, DCC and P53 genes are

the major genetic alterations respectively(4). Somatic mutation that inactivate the
WT APC allele is rate-limiting in the majority of sporadic HCRC (4). Mutated APC

protein fails to negatively regulate the Canonical Wnt signaling pathway and leads
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to a constitutive -catenin-mediated activation of cell cycle, cell proliferation and
differentiation genes (42). Additionally, epigenetic mechanisms such as abnormal

methylation of the promoters of the proto-oncogenes and tumor suppressor genes

may alter gene activities. Hypermethylation and hypomethylation are associated
with gene silencing and over-transcription respectively (69, 70). APC promoter 1A

hypermethylation has been reported in colorectal and other types of cancer (4)
Finally, sporadic HCRC is characterized by genetic instabilities,

loss of

heterozygosity (LOH), and increased replication errors (RER) (71, 72).

2.7

CANONICAL WNT SIGNALING PATHWAY

In biological systems, signaling pathways are the most efficient way of
transmitting and amplifying extra cellular signals through plasma membrane into
the nucleus. Typically, signal transduction pathways are initiated by extra-cellular

stimuli such as hormones, growth factors, and cytokines. These ligands bind
explicitly to and activate their receptors at the cell surface. Signals from these
receptors are then amplified within the target cell, resulting in the expression of
target genes and subsequent biological responses. An example of a transduction
pathway is the Wnt signaling pathway (Figure 2). It is a highly conserved pathway

critical for proper development of the multi-cellular organisms. Wnt signaling is
essential for cell proliferation,

differentiation and epithelial-mesenchymal

interactions. In addition, inappropriate activation of Wnt signaling plays a

fundamental role in the initiation and progression of colorectal and several other
cancers (73).
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2.7.1

Wnt signaling pathway proteins

2.7.1.1

Wnt (Wnt ligands)

Wnt signaling proteins are a group of about 100 secreted glycoproteins that

are highly conserved between Drosophila, C. elegans, and vertebrates. At least 16

members are originated in vertebrates, involved in a variety of developmental

processes. The Drosophila wg gene is the best-characterized Wnt gene that
provided a prototype to elucidate other Wnt genes (74). A comprehensive list and
updates

of Wnt

genes

can

be

reviewed

on

Wnt

web

page

at

http://www.stanford.eduJ'-rnusse/Wntwindow.html.

Credits are given to extensive epistasis studies in Drosophila and functional

and mutational studies in mouse that elucidated the highlights of the genetic
pathway of Wnt signaling (75, 76). In Drosophila, phenotypic mutational studies of

wg gene have helped uncovering five other Wnt genes: Porcupine (porc),
Dishevelled (dsh), Armadillo (arm; the Drosophila homolog of

-catenin),

Pangolin (pan, also called Tcj) and Zeste-white 3 (zw3 also called GSK). Embryos
that are mutant in wg , porc, dsh , arm and pan, Tcf showed defects in embryonic

segment polarity, however, zw3 mutant showed opposite phenotype (77).Wnt

signaling pathway plays a key role in dorsal axis development in vertebrates.
Microinjection of Wnt RNAs into ventral-vegetal blastomeres of Xenopus embryos

resulted into generation of a secondary dorsal-ventral axis (78). In contrast,
inhibition of Wnt signaling by injection of Axin mRNA in Xenopus embryos
suppresses the formation of the primary axis (79).

The correlation between Wnt genes and cancer was studied broadly,
however, the result were variable and inconclusive (7). Wnt ligands can promote

neoplastic transformation and tumor formation in vivo and in vitro, most likely
through [3-catenin up-regulation (80-82). In addition, changes in the level of mRNA
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expression of Wnt proteins have been reported in HCRC. For instance, Wnt-2
mRNA, which is absent in normal colonic mucosa, was detected in colon tumors
(83).

2.7.1.2 Fz (Frizz1eç)
To initiate Wnt signaling cascade, Wnt proteins

bind and form

heterotrimeric complex with one of nine seven-pass trans-membrane receptors
encoded by the Frizzled genes together with the low-density lipoprotein receptorrelated protein S or 6 (LRP5 or LRP6). It has been shown recently that the binding
affinities of Frizzled receptors to different classes of Wnt proteins are variable. The

specificity of Wnt proteins to Frizzled receptors has been investigated in Xenopus

embryos and 293T cells using a novel set of Wnt-Fz fusion constructs. In 293T
cells, Wnt signaling pathway was activated when different Wnt-Fz fusion proteins
were co-expressed with LRP6, but not LRP5. Interestingly, Wnt signaling pathway

was activated to the same extent by different Wnt protein classes fused to the same

Frizzled receptor. However, Wnt activations were variable when different Wnt
protein classes were fused to different Frizzled receptors (84). in addition, it has

been postulated that Fz-1 and Fz-2 receptors may be implicated in HCRC
metastasis (83). Furthermore, micro array analysis and Xenopus axis duplication
assays revealed a role of Fz-1O in human carcinogenesis through up-regulation of
the Canonical Wnt signaling pathway (85).

2.7.1.3 Frat-1 (frequently rearranged in advanced T-cell lymphomas 1)

Frat-1 was first identified as a proto-oncogene involved in the progression

of mouse T cell lyrnphomas (86). Frat-1 is an intronless gene located on
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chromosome 10q24. 1 and encodes a 233 amino-acid protein (87). Frat-] has been

linked to Canonical Wnt signaling pathway after the discovery that GBP, Frat-1
Xenopus homolog, binds and inhibit GSK-3 when expressed in Xenopus embryos

(88). Upon Wnt signaling, Dishevelled recruits Frat-1, which degenerates the
Dishevelled-Axin-GSK ternary complex, and inhibits the Axin-dependent

phosphorylation of J3-catenin (89). Furthermore, Frat-1 contains a nuclear export

sequence (NES) that facilitates GSK-3 3 nuclear transport. Thus, the access of
GSK-313 to its cytosolic substrates including -catenin is dynamically regulated

(90). Frat-1 mRNA levels were high in several cancers cell lines tested including

gastric cancer cell line TMK1; pancreatic cancer cell lines TMK1, esophageal
cancer cell lines TE2, TE3, TE4; a cervical cancer cell line SKG-IIIa, and breast
cancer cell lines MCF-7 and T-47D (91).

2.7.1.4 Dsh (Dishevelled)
Dishevelled belongs to a family of eukaryotic signaling phosphoproteins
that contain a conserved 85-residue (DIX domain). Genetic analysis in Drosophila

positioned Dishevelled downstream of Frizzled and upstream of fi-catenin (92).
Disheveled associates with and is phosphorylated by Casein kinase I and II upon

activation of Wnt signaling pathway (93, 94). In the absence of Wnt stimuli,
Dishevelled binds to Frat- 1 and to Axin of 13-catenin destruction complex, however,

it seems that this interaction does not appear to have an essential role in f3-catenin
regulation. Nevertheless, when Wnt signaling pathway is activated, a possible post-

translational modifications of Dishevelled and br other members of 13-catenin
destruction complex may permit the interaction between Frat-1 and GSK-3 and
lead to dissociation f3-catenin destruction complex (89).
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2.7.1.5 PP2A (Protein phosphatase 2A)
PP2A is a Serine/Threonine phosphatase that is involved in various cellular

processes. The protein is a heterotrimeric one composed of a regulatory subunit

"A", a catalytic subunit "C", and variable regulatory subunit "B". PP2A binds

directly to Axin thorough its C subunit and interacts with APC through its B
subunit and promotes their dephosphorylation (95, 96). Microinjection assays in

Xenopus laevis revealed that PP2A-C is an essential positive constituent of Wnt
signaling that can act both downstream or parallel to -catenin (97). Alterations in
PP2A subunits are associated with human malignancies (98, 99).

2.7.1.6 GSK-313 (Glycogen svnthase kinase-313)

The unusual Serine/Threonine kinase, zeste white-3/shaggy in Drosophila,

is a major regulator of several signaling pathways including Wnt signaling
pathway. The mammalian homology GSK-3 was discovered more than two
decades ago as a 51 kDa kinase that regulates the glycogen synthase functions.
Subsequent biochemical analysis of GSK-3 isolated from rabbit skeletal muscle

revealed two GSK-3 isoforms: GSK-3a and GSK-3ft (100, 101). Examples of
GSK-3 functions are illustrated in Insulin and Wnt signaling pathways in which,
GSK-3 phosphorylation inhibits glycogen synthase activity and targets 13-catenin
for proteasomal degradation respectively. Upon Insulin or Wnt stimulation, GSK-3

activity is reduced, thereby increases the metabolism of glucose to glycogen and
stabilizes 13-catenin respectively (102, 103). GSK-3 phosphorylates a wide range of

substrates. In addition to 13-catenin, APC and Axin, GSK-3 phosphorylates ATP-

citrate lyase, protein phosphatase 1, cAMP-dependent protein kinase, eIF2B,
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irihibitor-2, c-Jun, c-Myc, Myb, CREB, Tau, and 1KB. Therefore, GSK-3 plays
important role in controlling transcription, translation, cytoskeleton, cell cycle, and
glycogen metabolism processes (103). Epistasis studies in Drosophila have located

GSK-3/3 downstream of Disheveled and upstream of fi-catenin in the Canonical

Wnt signaling pathway (104). GSK-3P exerts negative regulation on Canonical
Wnt signaling pathway via phosphorylation of -catenin at certain residues, namely

Thr-41, Ser-37, and Ser-33 sequentially. Nonetheless, GSK-3 phosphorylation of
f3-catenin requires a preceding priming event at Ser-45 by Casein kinase I (CKIc).

Axin facilitates this process by binding and scaffolding both ClUe and -catenin

However, inhibition of GSK-313 in vivo decreased Ser-45 phosphorylation,
indicating that GSK-3f3 kinase activity is essential for the priming event (105).
Studies in Drosophila have shown that, upon Wnt signaling, the kinase activity of
GSK-313 is regulated (rather than the protein level) (106). The GSK-3 activity is

regulated by several mechanisms. Unlike Insulin pathway, in which GSK-313 is
inhibited by protein kinase Bdependent phosphorylation at Ser-21 in GSK-3a and

Ser-9 in GSK-33, Wnt signaling inhibits GSK-3P through its binding to Frat-1
(GBP) and Dishevelled. This binding inhibit GSK-3 catalytic activity and facilitates

the dissociating of f3-catenin destruction complex (89, 107). Molecular analysis of

several colon cancer cell lines has revealed inverse correlation between GSK-33
activity and differentiation status. For instance, treatment of the low differentiated

colon cancer cell line L1M2537 with sodium butyrate, a potent differentiation
inducer, led to marked reduction in the GSK-313 activity accompanied by -catenin
stabilization and sequestering to cell periphery (108).
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2.7.1.7 Adenomatous polyposis coli (APC)
APC was mentioned above as the main gene of HCRC, in which mutations
(germline or somatic) are common in inherited and sporadic colorectal tumors. The

first clue that linked APC to the Canonical Wnt signaling pathway came from the
observation that f3-catenin binds APC (109). When Wnt signaling is active, APC
forms a complex with -catenin, Axin and GSK-3f3. -catenin binds to 15- and 20-

amino-acid repeats, whereas Axin binds to SAM? (Ser-Ala-Met-Pro) repeats in
APC.

This complex facilitates the phosphorylation and the

subsequent

ubiquitination and degradation of f3-catenin (29). APC contains nuclear localization

signals (NLS) and nuclear export signals (NES) which indicates a possible role of

APC in the regulation of -catenin nuclear trafficking (110). However, a new
controversial study argued that

-catenin may transduce Wnt signaling through

exporting TCF from the nucleus or activating it in the cytoplasm rather than
migrating to the nucleus (111).

2.7.1.8 Axin
Axin is a tumor suppressor gene critical for Wnt signaling pathway. Axin

negatively regulates the Canonical Wnt signaling pathway by interacting with
PP2A, GSK-313, APC and -catenin. This interaction enhances the phosphorylation

of -catenin and APC by the GSK-313; however, the precise mechanism of this
process is still to be elucidated. (112). Moreover, Conductin, a homolog of Axin,

can also bind to

-catenin and APC, however, in spite of this resemblance,

Conductin failed to correct Axin mutations in hepatocellular carcinomas (HCC),

suggesting distinct functions of Axin and Conductin (7). Recent studies have
shown that Axin and CKIc form a complex that induces -catenin phosphorylation
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at Ser-45, an essential priming site for GSK-313 in vivo (113). Furthermore,

inactivation mutations in Axin have been reported to associate with human
neoplasms including breast cancer, neuroblastoma, HCRC, HCC and other tumors
(114). In HCRC, Axin2 mutations were reported in 11 of 45 colorectal tumors with
defective MMR genes (115).

2.7.1.9 Casein kinases (CK)

Several Casein kinases are involved in the regulation of Canonical Wnt
signaling pathway including Casein kinase I (CKJ a, 3, y,

or ) and Casein kinase

II (CKJI). Both CKI and CKII are Serine/Threonine kinases first isolated by
expression cloning in Xenopus embryos. Their functions mimicked the

developmental properties of Wnt signaling. CM and CMI action were associated
with hyper-phosphorylation of Dishevelled (94, 116, 117). Additionally, CKII and
GSK-3f3 play significant role in strengthen cell-cell adhesions by phosphorylating

the cytoplasmic domain of E-cadherin and thereby enhancing the binding affinity

of 13-catenin to E-cadherin in vitro (118). Furthermore, CKk forms a ternary
complex with Axin and Dishevelled and stimulates the Axin-mediated

phosphorylation of APC, therefore, it positively regulates the Canonical Wnt
signaling pathway (119, 120). It has been reported by two independent research

groups that CKIc as well as CKIa are priming kinases for GSK-3. Both were
capable to phosphorylate -catenin at Ser-45. Phospho-Ser45--catenin is a better
substrate for GSK-3 3 than non-phosphorylated 13-catenin (121, 122). Additionally,

latest studies have shown that Diversin, an ankyrin repeat protein, was essential for

efficient CKI dependent phosphorylation of 13-catenin by GSK-313. It interacts

with CMc and Axin/Conductin and recruits CK1 to the -catenin degradation
complex (123).

22

2.7.1.10 f.TrCp (slimb in Drosophila)

3-TrCp, a component of an E3 ubiquitin ligase, is an F-box/WD4O-repeat

protein that is essential for proper development and Canonical Wnt signaling
pathway (124). The F-box interacts with the ubiquitin complex, whereas the WD4O

repeats mediate the interaction of the N-terminus of -catenin. The interaction
between WD4O domain and 13-catenin required preceding phosphorylation of
codons 33,37,41 and 45 (125).

2.7.1.11 TCF/ LEF transcription factors

The T-cell transcription factors (Tcf) and the Lymphoid enhancer factor
(LEF) (Pangolin in Drosophila) together comprise a group of transcription factors

characterized by harboring high mobility group (HMG) domain proteins that
recognize the same DNA consensus motif (CCTTTGATC). LEF/TCF transcription

factor superfamily includes several interrelated transcription factors, i.e. LEF- 1,

TCF-1, TCF-3, and TCF-4 that require other co-factors to activate gene
transcription (7). Transient reporter gene assays have shown that -catenin is a co-

factor capable to bind, through its armadillo repeat region, to XTcf-3 and together
transactivate appropriate reporter genes (126).
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2.7.2

Model for Wnt signaling

2.7.2.1

Passive mode

In the absence of Wnt signaling, the cytosolic pool of -catenin is tightly
down-regulated. Firstly, Diversin recruits CKIE to a multi-protein complex

composed of J3-catenin, Axin, APC, and GSK-3J3 (123). Secondly, CKJa or/and

CKI phosphorylate j3-catenin at Ser-45. This priming phosphorylation enables
GSK-313 to phosphorylate 13-catenin at Thr-41, Ser-37 and Ser-33 consecutively
(121, 122). Thirdly, phosphorylated 3-catenin is targeted for ubiquitination by 13TrCP. Finally, the poly ubiquitinated 13-catenin is recognized by proteasomes and
subsequently degraded (Figure 2) (1 27).There are several proposed mechanisms to
inhibit Wnt signaling pathway. As an example, Dickkopf- 1 (dkk- 1), a cysteine-rich

secreted protein, is an extra-cellular Wnt inhibitor that interacts with Wnt coreceptor

low-density-lipoprotein-receptor-related

Alternatively,

over-expression

co-receptor

(LRP)

(128).

of dominant negative regulators such as

Dishevelled, Axin, GSK-313, APC and dominant negative forms of TCF could

provide a way to suppress Wnt signaling (126, 129-131). Of course, mutations
affecting various members also can inhibit this pathway.

2.7.2.2 Active state

Wnt proteins bind and activate the transmembrane Frizzled family receptors

and initiate the Wnt signaling cascade through phosphorylation and activation of
the Dishevelled protein by CM and CMI (93, 94). The active Dishevelled recruits

Frat-1 to Dvl-GSK-Axin ternary complex. Subsequently, Frat-1 facilitates the
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degeneration of the complex (89). Thus, -catenin is no longer recruited to its
destruction complex and therefore not phosphorylated and no longer recognized by

3-TrCP. 3-catenin translocates into the nucleus, binds to TCFJLEF transcription
factors and transactivates Wnt signaling responsive genes (132-134).

2.7.3

Target genes of Wnt signaling pathway

The list of Wnt signaling target genes is growing rapidly. Wnt signaling
responsive genes include proliferation-related genes such as

cyclin Dl ,c-myc, c-jun

andfra-1 (135). A comprehensive list of up-to-date Wnt signaling target genes can
be reviewed at Wnt signaling target genes web page

http://www.stanford.edul-rnusse/pathways/targets.html

2.8

-CATEN1N AND COLORECTAL CANCER

-catenin is a multifunctioning protein that is involved in maintaining cell-

cell architecture as well as cell signaling. 13-catenin binds to the cytosolic tail of
adhesion molecules, called cadherins, at the cellular membrane and links them to

actin cytoskeleton. Thus, 3-catenin as dual roles in cell adhesion and Wnt
signaling. -catenin not bound to cadherin proteins in the Adherin junctions on the

plasma membrane is destroyed in the cytoplasm (see above).
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Figure 2: The Canonical Wnt signaling pathway.

When cells are not stimulated (e.g. by Wnt ligands), 13-catenin is continuously
phosphorylated, ubiquitinated and degraded by proteasomes (red arrows) However,
upon Wnt stimulation, GSK-3 is inhibited and the non-phosphorylated
accumulated -catenin migrates into the nucleus, at which it binds TCF
transcription factors and together transactivate Wnt signaling target genes (green
arrows). Modified after Huelsken et a! (136).

2.8.1

Discovery and structure of f3-catenin

j3-catenin was first discovered as a 92 kDa protein associated with the
carboxy terminus of E-cadherin in Xenopus laevis at the cell membrane. Sequence

analysis of fi-catenin cDNA revealed close homology to the mammalian

A1

plakoglobin and to the Drosophila segment polarity gene Armadillo (137). Studies
in Drosophila, Xenopus and C. elegegans have shown that -catenin is involved in

many developmental processes including segment polarity, axis formation and
mesoderm induction respectively (138). The human -catenin protein is encoded by
23.2 kb gene named CTNNB1 identified by analysis of cDNA and genomic clones.

The CTNNB1 gene comprises 16 exons ranging from 61 to 790 bp in size. Intronic

regions vary in size between 84 bp and 6700 bp with 50 % of all introns smaller
than 550 bp. The complete human 13-catenin mRNA size is 3362 bp composed of

2346 bp of coding sequence, 214 bp and 802 bp of 5'UTR and 3'UTR,
respectively. The transcription initiation site resides 214 nucleotides upstream of
the ATG initiation codon at exon 2. The 5'-flanking region is GC-nch and contains

a TATA box and potential binding sites for common transcription factors, such as

NFiB, SP1 and AP2. However, it lacks a CCAAT box (139). The CTNNBJ locus
was mapped by in situ fluorescence analysis on 3p22-p2l.3 (140).
In contrast, rat 13-catenin protein is encoded by 9082 bp gene Ctnnbl. Work

by this author and colleagues showed that rat Ctnnbl comprises 14 exons and 13

introns (141). Exons vary in size from 61 to 356 bp, while introns range in size
from 76 to 2524 bp. The transcription initiation site is located 157 bp upstream of
the ATG start codon at exon 1. The complete rat f3-catenin mRNA size is 2650 bp

composed of 2343 bp of coding sequence

,

157 bp and 147 bp of 5'UTR and

3'UTR respectively. Surprisingly, the GSK-313 regulatory region of rat -catenin is
located at exon 2, in contrast to human CTNNB1 which is located at exon 3 (141).

Mouse 13-catenin Catnbl coding region is similar in size to human and rat,

however, the 5'UTR and 3'UTR are 97 bp and 147 bp respectively. The coding

region of Ctnnbl harbors 89 % and 95 % homology to CTNNB and Catnbl,
respectively (141). CTNNB1, Ctnnbl, and Catnbl encode the same size j3-catenin
protein, however rat and mouse 13-catenin have Pro-706 instead of Ala-706 (141).
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The primary structure of human -catenin protein comprises three domains.

The aminoterminal domain consists of 130 amino acids including the putative
sites for phosphorylation by CKI and GSK-3p (Ser-33, Ser-37, Thr-41 and Ser-45).

The armadillo (arm) repeat domain consists of 12 imperfect repeats of 42 amino
acids that facilitate 13-catenin binding to other proteins such as APC, E-cadherin,
Axin and TCF/LEF. The carboxy-terminal domain comprises 100 amino acids that
function as a transactivation domain (Figure 3) (138).
The three-dimensional structure of the armadillo repeat region of the murine

13-catenin has been solved by Huber and others. Each 42 amino acid arm repeat

region consists of 3 a-helices connected with a short loop re-orienting the
polypeptide by 90° to form a compact unit that is resistance to proteolysis.
However, inconsistencies in the structural pattern have been observed, for example,

the first helix in the seventh repeat was replaced by a ioop. The other variation is a

22 amino acid insertion in repeat 10. The 12 amino acids repeats region form a
super-helix contains positively charged grooves that assist the interaction with
acidic regions of cadherins, APC, and the TCF/LEF family transcription factors
(142).

2.8.2

13-catenin in cell-cell adhesion

a,

3 and y-catenins, structurally related molecules, were originally

described as mediators of a cell-cell adhesion complex that connects the
cytoplasmic domain of the transmembrane glycoprotein Uvomorulin (E-cadherin)
to the cytoskeletal structures (143, 144). The Cadherins are a superfamily of trans-

membrane glycoproteins that mediate homophilic Ca2tdependent cell-cell
adhesion, cytoskeletal anchoring and cell signaling (145). The Cadherins proteins

are classified into classical cadherins, desmosomal cadherins and protocadherins
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2.8.2.1

Architecture of the E-cadherin-mediated cell-cell adhesion junction

The three-dimensional structure of Iwo N-terminal extra-cellular domains of

E-cadherin was determined by magnetic resonance spectroscopy in the presence of
calcium ions.

Ca2

facilitates the dirnerjzatjon of two E-cadherin molecules within

one cell through homophilic contacts on cadi repeat. A dimer can then interact with

similar dimers on neighbouring cells to form a zipper-like structure (Figure 4)
(143).

The observation that cadherins proteins are resistance to non-ionic detergent

extraction that successfully solubilized other membrane proteins led to the
conclusion that cadherins are tightly connected to the cytoskeleton (144). On the

cytosolic side of cellular membrane, the carboxy-terminal of E-cadherin is
connected to cytoskeletal structures through a and 13 or y-catenin (plakoglobin).
The biochemical analysis of recombinant cadherin and catenin proteins in protein-

protein interaction experiments have revealed that 13-catenin directly binds, with

high affinity, to both the cytoplasmic domain of E-cadherin and to a-catenin,
however a-catenin can not bind directly to the cytosolic domain of E-cadherin. On
the other hand, y-catenin can substitute for 13-catenin but binds with less affinity to
E-cadherin (145).
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Figure 4: Molecular architecture of E-cadherin-mediated cell-cell adhesion

On the extra-cellular side of the cell, E-cadherin mediates cell-cell contacts by
forming a zipper-like structure. On the cytoplasmic side of the cell, the carboxy
terminal of E-cadherin binds to -catenin which connects the cell junction
molecules to the cytoskeleton by binding to a-catenin.
Adapted from Nollet et a! (146).

The role of -catenjn in cell-cell adhesion was established after several
mutation analysis experiments of Armadillo in Drosophila embryos. Results have
shown that Adherens junctions assembly was abolished in the absence of Armadillo

(147). Crystal structure of the E-cadherin cytoplasmic domain complexed with

1-

catenin has shown that, the interaction extends over the entire armadillo repeat
region of -catenin and the phosphorylation of E-cadherin results in interactions
with a hydrophobic region of 13-catenin (148).
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The binding of E-cadherin to 13-catenin is controlled by the tyrosine
phosphorylation of t3-catenin. Phosphorylation of Tyr-86 and Tyr-654 residues of

-catenin by tyrosine kinase Src is critical for the dissociation of the adherence
junction (149). a-catenin binds to 13-catenin at its N-terminal region (31-amino acid
sequence in the first armadillo repeat) through formation of a four-helix bundle, and
connects the cadherin-13-catenin complex to the actin cytoskeleton (150). 'y-catenin

demonstrates high homology to 13-catenin, however, its role in cell adhesion is not

fully understood (144). Additionally, members of p120'th (p120) superfamily
including catenin, an Armadillo protein, were found to bind to another conserved

cytoplasmic domain of E-cadherin, however, little is known about their function
(146). The p120 binds to the juxtamembrane domain (JMD) of cadherins. Recent

study has shown that p120 was found to be mutated in SW48 HCRC cell line
resulting in poor differentiation, however, restoring the normal levels of p120 have

led to increased levels of E-cadherin and subsequently the reversion to normal
epithelial morphology (151).

2.8.2.2 Cell adhesion and oncogenesis

It was assumed that the disruption of epithelial cell-cell adhesion in the
above pathway might lead to increased cell motility, impaired growth suppression,

and eventually uncontrolled cell proliferation and cancer metastasis (152).
Inactivation mutations (missense mutations and in-frame deletions) in the human

E-cadherin gene, which are associated with marked reduction of the hemophilic
cell-cell adhesion, have been reported in gastric and breast cancer (146). On the
other hand mutations, which inactivate cell adhesion aspects of catenins, have been

reported. For example, in-frame deletion of f3-catenin (nucleotides 82 to 402) in
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human gastric cancer cell line HSC-39 completely abolished E-cadherin-mediated

cell-cell adhesion, in spite of high expression of E-cadherin at the cell membrane
(153).

2.8.3

f3-catenin in cell junctions and signaling

The role of -catenin in cell signaling was first found after several
comparative studies of signaling pathways in Drosophila and Xenopus. Mutational

and epistasis experiments in Drosophila have ultimately led to the discovery that

the Armadillo gene, which is a crucial mediator for winglessmediated cell
signaling during normal development. Afterward, the discovery of the homology
between -catenin and the Drosophila segment polarity gene Armadillo have led to

work on the signaling role of -catenin in human cells (154). These findings have
led to a new classification of the sub-cellular localization of 13-catenin: as a part of

the cell-cell adhesion complex (membrane-bound), cytoplasmic (free or bound to
its destruction complex) and nuclear. As discussed above, the membrane-bound

13-

catenin is primarily in contact with E-cadherin and a-catenin at cell adhesion
junctions. This contact is regulated by the tyrosine phosphorylation on 13-catenin
and E-cadherin. Upon the tyrosine phosphorylation of the adhesion complex, Ecadherin-13-catenin complex is subsequently ubiquitinated by HAKAI and

endocytosed. Eventually, this pool of [3-catenin will be degraded through the

proteasomal pathway (155). On the contrary, the cytosolic 13-catenin is
transcriptionally active; therefore, the protein level is regulated by efficient
degradation machinery (see Wnt signaling model above).
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2.8.4

13-catenin phosphorylation

2.8.4.1

Tyrosine phosphorylation of -catenin

The tyrosine phosphorylation of -catenin at cell-cell adhesion complexes is
regulated by tyrosine kinases (TKs) and protein-tyrosine phosphatases (PTPs), in a
process that increases the dynamics of adhesion complexes and elevates the PY-f3-

catenin in the cytosol (149). Stimulation of tyrosine phosphorylation of the
adhesion complex by transfection of the cytoplasmic TK, such as Rous sarcoma
virus (v-src) gene, caused unstable cell-cell adhesion and stimulated the spreading

of chick embryonic fibroblasts cells (156). Although both Tyr-86 and Tyr-654
phosphorylation by c-src have been observed

in

vitro, site-directed mutagenesis

experiments have revealed that only Tyr-654 phosphorylation was relevant for cell

adhesion complex dissociation (149). Interestingly, Tyr-654 residue is located in
the 12th and last armadillo repeat of 13-catenin, a region involved in the binding of

TATA box-binding protein (TBP) (157). Phosphorylation of Tyr-654 residue
increased the binding of PY--catenin to TBP both

in

vitro and

in vivo,

and was

associated with higher stimulation of Tcf-4-f3-catenin transcriptional activity. These

data suggested that when j3-catenin is not phosphorylated at Tyr-654, it harbors a

compact conformation structure, in which the C-terminus is folded and bound to

the armadillo repeat regions. This folding provides binding selection for high
affinity ligands (E-cadherin) over those of low binding affmity (TPB) and has no
effects on Tcf-4 which mainly associates to repeats 3-8. Consequently,

phosphorylation of Tyr-654 would expose the C-terminal, allowing for better

chance for low affinity proteins to bind to the armadillo repeat region (158). In
addition, the transactivation potential of the free cytosolic PY-3-catenin has been
investigated in several HCRC cell lines. HCT- 15 colon carcinoma and NIH 3T3
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fibroblasts cell lines treated with pervanadate, a PTPase inhibitor, showed

translocation of -catenin from the cell periphery to the cytosol. Nonetheless, the
binding affinity of PY-13-catenin to LEF-1 remained unchanged compared to non-

phosphorylated -catenin (159).

2.8.4.2 Serine I Threonine phosphorylation of 13-catenin

Although it was well established that both the Serine/Threonine kinase
GSK-3f3 and -catenin are necessary for appropriate development in Xenopus, the

direct interaction between these two proteins remained uncertain. It was then
discovered by Yost and colleagues that GSK-3 phosphorylates

-catenin at a

consensus sequence at its N-terminal including Ser-33; Ser-37; Thr-41 and Ser45(160). The later phosphorylation has been shown more recently to require as a
priming phosphorylation by CKJ (161, 162). A yeast two-hybrid assay has revealed

that rAxin directly interacts with the armadillo repeats 2-7 of 13-catenin. This
interaction enhanced the GSK-33-dependent phosphorylation of 13-catenin (163).
GSK-33-dependent

Additionally, Axin directly binds

and stimulates the

phosphorylation of APC. Surprisingly,

-catenin stimulated the phosphorylation of

APC in the presence of Axin in vitro (164). Additionally, recent study has shown
that Diversin recruits CKTc to the f3-catenin degradation complex. CKIcI CKIa then
induces -catenin phosphorylation at Ser-45. This step is followed by successive

sequential phosphorylation of Thr-41, Ser-37 and Ser-33 of -catenin by GSK-

3(161, 162).
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2.8.4.3

Serine / Threonine dephosphorviation of 13-catenin

An alternative mechanism of activating Wnt signaling without the need of
Wnt proteins has recently been proposed. Dephosphorylation of the p-catenin can
stabilize and increase the cytosolic levels of -catenin. Sadot and colleagues have
found that pf3-catenin can indeed be de-phosphorylated at Ser-37 and Ser-33 by an
unknown

phosphatase.

Kinetic

studies

showed

that

the

rate

of the

dephosphorylation process was equivalent to that of the GSK-3-mediated
phosphorylation of 13-catenin. The p-catenin accumulates predominantly in the
nucleus and forms a complex with LEF/TCF. However, the pJ3-catenin-LEF/TCF

complex fails to form a ternary complex with the DNA binding site of LEF/TCF

(165). Concurring studies have shown that activation of Wnt signaling leads to
accumulation of 13-catenin, which was de-phosphorylated at Ser-37 and Thr-41
(166).

2.8.4.4 f3-catenin ubiguitination and degradation

It

is

now

obvious

that

-catenin

is

degraded

through

the

ubiquitin/proteasome pathway. When C57MG, LTK, Neuro2A and human breast

epithelial cell lines were treated with proteasomal inhibitor ALLN (NAcLeu
Leunorleucinal) or lactacystin, a highly specific inhibitor of proteasomal activity,

f3-catenin protein levels were increased dramatically. The elevation in

-catenin

proteins was accompanied by the appearance of one or more higher molecular
weight bands after western blotting analysis. These bands represent the (poly)
ubiquitinated -catenin (6, 125). Substitution mutations in the GSK-3t3 consensus

phosphorylation motif have completely eradicated the ubiquitination of f3-catenin

(6). The poly-ubiquitination of -catenin is mediated by -TrCp, an F-box protein
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and a component of an SCF-ubiquitin ligase, in a process that required a prior
phosphorylation of -catenin by GSK-3P. The process of ubiquitination typically

occurs in a multi-step maimer. The activation enzyme (El) mediates the ATPdependent transfer of ubiquitin groups into the ubiquitin-conjugating enzyme (E2).

The ubiquitin ligase (E3) transfers the ubiquitin group from the E2 to lysine
residues in the target protein. This process is repeated several times to generate
poly-ubiquitinated proteins (167). Substitution mutations in the GSK-3f3 region,
namely S33A, S37A, T41A and S45A, abolished 13-catenin recognition by

-TrCp

(168). It is noteworthy that the poly-ubiquitinated 13-catenin is not stable in the

absence of ubiquitin-conjugating enzymes inhibitors (155). In accord, the deubiquitinating enzyme, Fam, was found to bind to and stabilize 13-catenin indicating

that -catenin is undergoing rapid de-ubiquitination (169).

2.8.5

The nuclear activities of 13-catenin

Accumulated 13-catenin in the cytosol find its way to the nucleus, and it
binds to TCF/LEF transcription factors and transactivates genes controlling cell
fates. It was surprising to find that f3-catenin lacks the nuclear localization sequence

(NLS), although it is mainly localized at the nucleus upon Wnt signaling activation.

The findings that f3-catenin shares the same nuclear pore components with
importin-3/-karyopherin

suggested

that

13-catenin

may

be

transported

independently to the nucleus through a direct interaction with nuclear pore
apparatus in a similar way to importin-f3/3-karyopherin (170). An alternative
mechanism of -catenin transportation could be through TCF, which may bind to

-catenin in the cytoplasm and carry it into the nucleus (138). In contrast, some
recent studies showed that 13-catenin is shuttled from the nucleus to the cytosol, by
APC, which harbors two nuclear export sequences at its N-terminus (171).
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In the absence of nuclear

-catenin, TCF and its co-repressor partners

repress Wnt signaling target genes. These co-repressors include Groucho
(GrgITLE) family and CtBP. Groucho interacts with histone deacetylase-1 (HDAC1) (172). Once in the nucleus, -catenin binds to TCF/LEF transcription factors and

several other activators. These include TATA box-binding protein (TBP) (see
Tyrosine phosphorylation of t3-catenin), T1P49, P300 and CREB-binding protein
(CBP). T1P49, which harbors similarities to ATPase and helicase RuvB, interacts

with both -catenin and TBP and is believed to bridge -catenin and the basal
transcription machinery (173).

2.8.6

-catenin and apoptosis

Apoptosis (programmed cell death) is a genetically regulated process that is

essential for appropriate development, differentiation, tissue homeostasis and
defense against pathogens. Apoptosis is induced by an array of different signals
including radiation, growth factor withdrawal, and cytotoxic agents like

chemotherapeutic drugs. Apoptosis is associated with the deregulation of

oncogenes and tumor suppressor genes. Apoptotic cells are morphologically
characterized by cytoplasmic shrinkage, nuclear condensation, DNA fragmentation

and membrane blebbing (174). Apoptosis is normally initiated by mitochondrial
damage, which leads to the release of cytochrome c into the cytosol. Cytochrome C

and the apoptotic proteaseactivating factor-i (Apaf- 1) recruits and activates
procaspase-9 in an ATP-dependent maimer. The active caspase-9 consequently
activates other downstream caspases that in turn cleave target proteins and induce
apoptosis (175).

Apoptosis plays a critical role in regulating cell-cell adhesion dynamics

through processing of the linker protein

-catenin. hnmunoblotting analysis of

apoptotic HUVEC, NIH3T3 and MDCK cells has shown that apoptosis was
associated with caspase-3--dependent degradation of 13catenin and plakoglobin,

but not of a-catenin under the same conditions. Caspase-3 (also known as CPP32,

apopain and Yama), an effector caspase, is activated during apoptotic signaling
events by upstream proteases including caspase-6 and caspase-8 (174).
The caspase-3-dependent degradation of 13-catenin generates fragments that lacked

a-catenin binding site, thereby, dismantling the association between E-cadherin
complex and the cyto skeleton. Furthermore, proteolytic degradation of 3-catenin

was inhibited by overexpressing Bcl-2, an anti-apoptotic protein that prevents
apoptosis and inhibits activation of the caspases (176, 177). A similar degradation

phenomenon of 13-catenin was observed in colon cancer cell lines undergoing
apoptosis: WiDr, DLD- 1, and a rat hepatoma cell line McA-RH7777 (178). Edman

degradation sequencing and mass spectrometry analysis of apoptosis-cleaved J3catenin domains showed five possible caspase-3 cleavage sites (DXXD): Asp-32,
Asp-83, Asp-I 15, Asp-7 51 and Asp-764. In vitro time course cleavage of -catenin

by recombinant caspase-3 showed that 13-catenin was first cleaved at the Cterminus (Asp-764) followed by cleavage at the N-terminus Asp-32, Asp-83, Asp115, respectively (Figure 5). Lastly, J3-catenin is further truncated at a second C-

terminal cleavage site (Asp-75 1). Reporter gene assay of 3-catenin cleaved
products co-transfected with hTcf-4 showed marked decrease in the transcriptional
activity of all truncated (3-catenins (179).
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Figure 5: Putative sequential cleavage sites in -catenin for caspase-3.
Modified after Steinhusen et al (179).

The effect of 3-catenin on apoptosis has been studied. Over-expression of

-catenin in the NIH 3T3 fibroblast cells, human colon carcinomas SW480,
HCT1 16, DLD1 and SW48 induced apoptosis independent of its transactivating

fimction (180). Controversially, activation of Wnt signaling in Rat-i cells with

Wnt-1 led to inhibition of drug-induced apoptosis. However, inhibition of 3cateninllcf transcription activity in SW480 cells by constitutive expression of
dominant negative Tcf-4 (DN-Tcf-4) mediated cells killing. The same spontaneous

apoptosis was observed when the transcriptional activity of -catenin was inhibited
by forced expression of DN-Tcf-4 in HT-29 cells (181).

2.8.7

Mechanisms of abnormal accumulation of 13-catenin

Morin and others have shown that the abnormal activation of 13-catenin is
due to defects in APC or fi-catenin genes. As mentioned previously, approximately

85 % of all HCRC tumors harbor APC mutations, associated with the elevation of

13-catenin protein levels. Additionally, point mutations affecting 13-catenin Nterminal residues were found in about 50% of all HCRC tumors that retained WT
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APC (182). Mutations that inactivate several members of 13-catenin destruction

complex including APC, Axin and

Conductin

have been reported in numerous

tumors and cancer cell lines. These mutations are associated with stabilizing of
cellular -catenin (183).

2.8.8

Mutations of human -catenin gene (CTNNB1)

Substitution mutations targeted to specific Serine and Threonine residues at

the regulatory N-terminal domain of 13-catenin abrogate the phosphorylationdependent interaction of -catenin with -TrCp and eventually lead to abnormal
buildup of -catenin in the cytosol (5). It has been reported that the GSK-33 region

of -catenin is a hotspot for missense and in-frame deletion mutations in a wide
variety of human cancers as well as in chemically and genetically-induced animal

tumors. Notably, mutational screening of exon 3 of CTNNBI from 202 sporadic
colorectal tumors revealed that the overall t3-catenin mutations frequency is quite
low and not seen in invasive cancers. Moreover, it appears that /3-catenin mutations

are exclusive to tumors harboring APC mutations (24). Polakis has surveyed all
mutations affecting f3-catenin amino acid sequence between Ser-29 and Lys-49 that

were observed in human tumors and reported in the literature before October, 2000

(7). The survey was of -catenin mutations reported in several cancer types
including colorectal, desmoid, endometrial, gastric, hepatocellular, hepatoblastoma,

medulloblastoma, ovaria, uterine, endometrial, and prostate cancer (see reference
(7) for citations). Codons for the GSK-3f3 phosphorylation sites (33, 37, 41, and 45)

were the dominant mutational hotspots (Figure 6); 24 % of all mutations reported in

the literature were observed at Ser-45. This now makes sense after the discovery
that codon 45 is an obligatory priming site, and that its phosphorylation precedes
(and is required for) the successful phosphorylation of other Sen Thr residues at the
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GSK-3 region of 3-catenin in vivo. The other hotspots of mutations are Thr-41,

Ser-37 and Ser-33, which account for 18%, 12% and 9%, respectively.
Surprisingly, Asp-32, which is not a direct target for phosphorylation by GSK-313,

accounted for 14 % of all mutations observed. However this percentage is
decreased to 5% if only HCRC mutations are considered (Figure 7). In this case,
mutations at codon 45 now become the dominant genetic alteration, and accounted
for 55 % of all 13-catenin mutations.

2.8.9

13-catenin mutations in experimentally-induced animal tumors

In contrast to human CRC, which is mainly due to activation mutations in the

APC gene, Apc mutations are very rare in rat colon tumors. Only 15 to 59 % of
F344 rat colon tumors induced by heterocyclic amine (HCAs) dietary carcinogens,

such as 2-amino-i -methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 2-amino-3-

methylimidazo[4,5-J]quinoline (IQ), harbored APC mutations (184, 185). In
addition, Dashwood and colleagues demonstrated that the incidence of mutations in
the Apc and Ctnnbl genes is 100% in rat tumors induced by PhIP and IQ and occur

in a mutually exclusive manner (28). Several in vivo studies have shown that tumor

induction by HCAs in animal models including male F344 rats and male ICR mice
lead to elevation in -catenin mutations. These mutations sequestered around codon
33 of the GSK-313 region of 13-catenin and targeted other critical Ser/Thr residues

important for

-catenin degradation (Table 2 and 3) Furthermore, the most

intriguing observation is that, the mutation pattern of -catenin in animal models is
shifted toward the N-terminal of 13-catenin when tumors are induced with certain

carcinogens (Figure 8). Moreover, codon 32 and 34 were major hotspots,
presumably due to the presence of two CTGGA sequences in this region (186).
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Table 1: Mutation spectra of human CTNNB1.

Codon
32
33

34
35
36
37
38

40
41

42
43

44
45

46

47
49

WT
GAC
(Asp)
TCT
(Ser)
GGA
(Gly)
ATC
(Be)

CAT
(His)
TCT
(Ser)
GGT
(Gly)
ACT
(Thr)
ACC
(Thr)
ACA
(Thr)
GCT
(Ala)
CCT
(Pro)
TCT
(Ser)
CTG
(leu)
AGT
(Ser)
AAA
(Lys)

IAC
(Tyr)
TGT
(Cys)
GTA
(Val)

Substitution mutations
AAC
GGC
GIC
(Asn)
(Gly)
(Val)
CCT
TIT
(Phe)
(Pro)
(Leu)
GAA
AGA
(Glu)
(Arg)

AjC
(Ser
CCT
(Pro)
TA
(Tyr)
GAT
(Asp)

TAT
(Tyr)
GCT
(Ala)

TT

TTT
(Phe)

(Cys)

TAT
(Tyr)

(Cys)

AlT
(Be)
CC
(Ala)

ATC
(Be)

AlA
(Be)

GIl
(Val)

ICT
(Ser)
TTT
(Phe)
TG
(Val)

MT
(Asn)

AA
(Arg)

CCT
(Pro)

TT

Gcc
(Ala)

Table 2: -catenin mutations in experimentally-induced animal tumors.

codons
Carcinogen

Cancer

2829

F344 rat

IQ & PhIP

CRC

-

TG-mice

-

HCC

-

F344 rat

1-HA & MAM

CRC

B6C3F1 mice

DEN

11CC

F344 rat

DEN

HCC

ICR mice

AOM

F344 rat

Animal

-

-

-

30

-

131

132

3334

35

36

37

-

2

-

3

-

3

1

-

3

3

4

-

-

3

-

13

-

138
-

-

39
-

(28)

2

1

(187)

-

2

-

(188)

-

-

7

-

(23)

-

-

-

(26)

-

-

-

-

-

-

3
-

]

-

-

-

2

3

-

-

-

CRC

-

3

4

-

-

1

-

I

-

(189)

AOM

CRC

9

3

9

-

-

-

-

5

-

(190)

F344 rat

AOM

CRC

-

4

1

4

1

-

-

-

-

1

-

(191)

F344 rat

IQ & DMH

CRC

-

21

2

10

-

-

-

-

-

6

3

(9)

F344 rat

NNK

HCC

-

-

1

-

2

2

-

-

-

(192)

TG-mice

DEN

HCC

-

-

F344 rat

1-HA

F344 rat

PhIP

& MAM

CRC

CRC

-

1

1

-

-

-

-

-

-

-

8

-

13

-

-

-

-

2

-

2

-

-

-

-

-

-

4

(22)

-

-

5

-

(193)

-

-

-

-

(194)

-

-

3

3.1

CHAPTER 3: MATERIALS AND METHODS

PLASMID CONSTRUCTION

3.1.1

Site-directed mutagenesis

Myc-tagged h13-catenin plasmids were constructed that harbor substitution

mutations at codon 32, namely D32G, D32N and D32Y, using PCR-based sitedirected mutagenesis by overlap extension (195, 196). Briefly, as shown in Figure
9, two sets of primer pairs (a "left" and a "right" pair) were used, each of which

amplifies approximately one-half of the region that includes codon 32 of a
construct containing myc-tagged human WT (3-catenin eDNA (provided by Dr.
Hans Clevers, Utrecht, The Netherlands). The inner primers, namely
bR32G/bF32G, bR32N/bF32N or bR32YIbF32Y are a complement of each other
and contain the desired mutation. The forward primer, bF5, and the reverse primer,

bR2, are the outside primers. A comprehensive list of primers used is shown in
Table 4.

The first round of PCR involved six reactions, and was conducted using the

following sets of primers: bF5 + bR32G, bF5 + bR32N, bF5 + bR32Y, bR2 +
bF32G, bR2 + bF32N and bR2 + bF32Y for PCR reactions one to six respectively.

The PCR was conducted using the following conditions: pre-heat at 94° C for 3
mm, amplification for 30 cycles in which each cycle consists of denaturation step at

94° C for 30 sec, annealing at 55C° for 30 see, polymerization at 72C° for 30 sec,
followed by a final extension at 72° C for 7 mm. The PCR templates (160 bp) from

reactions 1, 2 and 3 were mixed to the PCR templates (198 bp) from reactions 4, 5

and 6 respectively and purified using Wizard ® PCR Preps DNA purification
System (Promega). The DNA mixture was denatured, and then renatured under
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non-stringent conditions, allowing overhangs to anneal. Using the outside primers,

the second PCR round started with only one cycle to achieve full extension (preheat at 94° C for 30 sec , annealing at 42° C for 30 sec and extension at 65° C for

60 sec), followed by 18 cycles at higher stringency (pre-heat at 94° C for 30 sec,

annealing at 55° C for 60 sec and polymerization at 72° C for 60 sec). All PCR
reactions were conducted using Takara DNA polymerase kit (Takara Biomedicals).

The PCR reaction volume was 50 p.1 and contained 50 pg of myc-h3-catenin
plasmid DNA, 200 pM dNTPs, 400 nM of appropriate primers, 0.2 p.1 of 5 units!

ml Taq DNA polymerase and 5p.l of lOX PCR buffer. A geneAmp PCR system
9700 thermal cycler (PE applied Biosystems) was used to run all PCR reactions.

The 339 bp PCR product from the second PCR round was purified and was
subjected to BamHIIXhoI double digestion for 3 hours. The digested products (269

bp) were purified, quantitated using a Shimadzu UV-2401 PC spectrophotometer
and analyzed on 1 % Agarose gel after staining with ethidium bromide.

Separately, 2 pg of the myc-h3-catenin construct were subjected to
BamHI!XhoI double digestion for 3 hours and a large fragment of about 7 kb that

contains h-catenin cDNA that lacks the first 269 bp, was excised and purified
from 1% agarose gel after ethidium bromide staining. The 269 bp inserts generated
from the site directed mutagenesis experiment were ligated to the large fragment in
1:3 molar ratio of vector to insert respectively. Five p.1 of the ligation reaction were

transformed into One Shot® Top 10 competent cells (Invitrogen) according to the

supplier instruction manual. The transformed cells were plated onto agar plates
containing 100 pg/mi Ampicillin and were incubated overnight at 37° C. Bacterial

colonies were screened by growing 10-40 single colonies in 6 ml of LB media
contain 150 p.g/ml Ampicillin for 6-8 hours. Bacteria from one ml of LB culture
was harvested by centrifuging at 5000 rpm for 10 minutes and the bacterial pellet
was resuspended in 100 p.1 ice-cold PBS. Two p.1 of the bacterial suspension was
used as a PCR template using the outside primers. The PCR products were purified

and then subjected to Hinfi digestion. The WT sequence harbors three Hinfi
recognition sites that generate four DNA fragments, 7 bp, 18 bp, 148 bp and 163

bp, whereas, introducing mutation at codon 32 abolished one of the Hinfi
recognition motifs. Thus, digesting mutants with HinjI generated only three
fragments, 18 bp, 155 bp and 163 bp. The Hinfi digested PCR products were
analyzed on 4% agarose gel. The plasmid DNA from the positive clones was

isolated with Qiafilter plasmid maxi prep kit (Qiagen) and submitted for
sequencing. S33Y and A45 h-catenin constructs were made previously by using
site-directed mutagenesis and fragment switching as described elsewhere (197).
Table 4: The primers used for site-directed mutagenesis.

Primer

Sequence (S'-* 3')

Description

BF5

GATCGCCGCCATGGAGCAG

Sense outside primer

BR2

TGAGCTCGAGTCATTGCATAC

Antisense outside primer

BF32G

CTTACCTGGGCTCTGGAATCC

Sense inner primer, D32G

BF32N

CTTACCTGAACTCTGGAATCC

Sense inner primer, D32N

BF32Y

CTTACCTGTACTCTGGAATCC

Sense inner primer, D32Y

BR32G

GGATTCCAGAGCCCAGGTAAG Antisense inner primer, D32G

BR32N

GGATTCCAGAGTTCAGGTAAG Antisense inner primer, D32N

BR32Y

GGATTCCAGAGTACAGGTAAG Antisense inner primer, D32Y
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Figure 9: PCR-Based Site-Directed Mutagenesis by 'Overlap Extension'.
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3.1.2

Prokaryotic expression vectors

WT, D32G, D32N, D32Y, S33Y and A45 h13-catenin cDNAs were
subcloned into a GST-gene fusion expression vector, pGEX-5x-2 (Amersham
Pharmacia Biotech). One set of primers were designed to amplify the full length

h13-catenin cDNA using various pcDNAIIamp constructs previously made as
templates. The antisense primers were engineered to contain a Not I restriction site.

A comprehensive summary of all primers used is shown in Table 5. The PCR
reaction volumes were 50 .d and contained 200 .tM dNTPs, 400 nM of appropriate
primers, 50 pg of appropriate h13-catenin construct, 1

tl

of 2.5 units/mI native pfu

DNA polymerase (Startagene) and 5tl of lOX PCR buffer. The amplification
reactions were initiated by a pre-heating step at 94° C for 2 mm and cycling
conditions were: 94° C for 45 sec, annealing at 55° C for 45 sec and polymerization

at 72° C for 3 mm, followed by 72° C for 10 mm. The size of PCR products was
2349 bp that contain

NotI

restriction site at their 3' end. The PCR products were

digested with NotI for 3 hours, purified and quantitated spectrophotometrically.

Simultaneously, 2-4 pg of the pGEX-5x-2 vector was subjected to
overnight SrnaI digestion to create 5' blunt ends followed by

NotI

digestion. The

DNA purification was conducted after each digestion cycle due to incompatible
reaction buffer systems. five-fold molar excess of the digested PCR products were

ligated overnight to the linearized vector at 16° C. Approximately, 2-5 tl of the
ligation reactions were transformed into One Shot® Top 10 competent cells. Single

colonies (10-40) were screened by PCR using pGEX5' and pGEX3' primers
(supplied with pGEX-5x-2 expression vector), which are pGEX-5x-2 specific and

amplify 172 bp which flanks the insert region. Plasmid DNA from the positive
colonies was purified and was submitted for sequencing using pGEX5' primer.

For rAxin cloning, one pair of primers (Table 5) was designed to amplify

the region between 298-506 of rat Axin cDNA using pMALC-2 construct as a
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template (generous gift from Dr. Akira Kikuchi). The forward and reverse primers

contain EcoRI and Not! restriction sites, respectively. The PCR products were
purified and digested with EcoRI and NotI. Meanwhile, pGEX-5x-2 expression

construct was doubly digested with EcoRlINotI and purified. Ligation was
performed in 1:5 molar ratio of vector to insert overnight, followed by
transformation. The bacterial colonies were screened by PCR using pGEX3' and

pGEXS' primers. Plasmid DNA was isolated from the positive colonies and
submitted for sequencing.

For hGSK-33 cloning, WT hGSK-3P cDNA was synthesized from HEK-293

cells. Cells were seeded into T-75 flasks and grown to confluency. The cell
monolayer was washed twice with pre-warmed PBS and trypsinized with 0.25%
trypsin, 0.03% EDTA. The cells were counted and 5-7 X 106 cells were used for
mRNA isolation using MicroFastTrackTM 2.0 mRNA Isolation Kit (Invitrogen)
according to the supplier instruction manual. cDNAs were synthesized from 2

tl

mRNA by using oligo (dT) primer and Thermoscript RT-PCR system (Gibco
BRL). GSK-313 forward and reverse primers were designed to contain EcoRI and
Not! restriction sites, respectively (Table 5). PCR was conducted in a final volume

of 50 j.il including 200 p.M dNTPs, 400 nM of appropriate primers, 2 p.1 cDNA
solution, 1 p.1 of 2.5 units/ml native pfu DNA polymerase and 5p.l of lOX PCR

buffer. The PCR products were purified and digested with EcoRI and NotL The

pGEX-5x-2 vector was digested with EcoRI and NotI and purified. Five molar
excess of the digested PCR products were ligated to the linearized pGEX-5X-2

overnight at 16° C followed by bacterial transformation. The bacterial colonies
were screened by PCR using pGEX3' and pGEX5' primers. Plasmid DNA was
isolated from the positive colonies and submitted for sequencing.
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Table 5: The primers used for subcloning fi-catenin, rAxin and GSK-3/3.

3')

Primer

Sequence (5'

hC-SubCF

GCTACTCAAGCTGATTTGA

Sense primer for hfJ-catenin

TGGAG

cDNA subcloning.

TCACGATGGCGGCCGCTTT

Antisense primer for h/3-catenin

ACAGGTCAGTATCAAACCA

subcloning, with Not

G

restriction site.

GCTGCGATGCGAATTCTCA

Sense primer for GSK-3/3

TGTCAGGGCGGCCCAGAAC

subcloning, with EcoR I

CAC

restriction site

CAGCTCTCGAGCGGCCGC

Antisense primer for GSK-313

TCAGGTGGAGTTGGAAGCT

cDNAs subcloning, with Not

GATGC

restriction site

CTGGATCCCGGAATTCCAT

Sense primer for rAxin

GCAGAGTCCCAAAATGAAT

subcloning, with EcoR I

GTCCAG

restriction site

GCGACTCGATGCGGCCGC

Antisense primer for rAxin

TCAGTCCACCTTTTCCACCT

subcloning, with Not

TGCC

restriction site

hC-SubCR

GSK-3f3-F

GSK-3f3-R

rAxin-For

rAxin-Rev

3.2

Description

I

I

I

CELL CULTURE

The Human embryonic kidney 293 (HEK-293) cells were purchased from the

American Type Culture Collection (ATCC) and maintained in minimum essential

media (MEM) (Gibco-BRL, Life Technologies) supplemented with 10% horse
serum, 2mM L-Glutamine and 1mM sodium pyruvate at 370 C under 5% CO2.
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3.3

TRANSIENT TRANSFECTION

All transfection experiments were performed in triplicate using the Effectene

transfection reagent kit (Qiagen). HEK-293 cells were seeded at a density of lxi

6

on 60 mm poly-D-lysine-coated plates (Becton Dickinson) and grown overnight to

5070% confluency. Prior to transfection, cells were washed with pre-warmed PBS

and 4 ml of fresh media were added to each plate. A combined 2 p.g, or unless
indicated otherwise of appropriate plasmid DNA were dissolved in 150 p.1 of the

DNA-condensation buffer (buffer EC). Enhancer buffer (16 p.1) was added for 5
minutes followed 25 p.1 of Effectene reagent. The centrifuge tubes were vortexed

briefly and incubated at room temperature for 15 minutes. One ml of fresh media
was added to each tube and mixed by pipetting. The transfection mixture was then

added drop-wise to the cells and evenly distributed by gentle agitation. A pSV--

galactosidase vector (Promega) was included in all transfection experiments as a
transfection efficiency control.

3.4

REPORTER GENE ASSAY

HEK-293 cells were transfected in triplicate with combined plasmid DNAs as

follows: 0.5 p.g of WT or mutant h13-catenin, 0.5 p.g of 13-catenin reporter Gene
(TOPFlash) (provided by Dr. Hans Clevers), 0.5 p.g of hTcf-4 construct (kind gift
from Dr. Marc van de Wetering, Utrecht, The Netherlands) and 0.1 p.g of pSV-13galactosidase vector as an internal control. pcDNAI/amp plasmid DNA
(Invitrogen) was added to complete the DNA quantity to 2 p.g. The transfected cells

were incubated at humidified 37° C under 5% CO2 for indicated time periods. At
the time of harvesting, cells were washed twice with PBS and lysed for 15 minutes

with the Reporter Lysis Buffer (RLB) (Promega) and harvested by scraping. The
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lysates were cleared by centrifugation at 14,000 rpm for 5 minutes at 4° C. Cell
lysates were either analyzed immediately or stored at -80 C for later analysis. The
luciferase and 3-ga1actosidase activities were measured using an Orion Microplate

Luminometer (Berthold Detection systems) with the BrightGb

Luciferase

(Promega) and Galacto-Star (Tropix) assay systems, respectively. Luciferase
activity was normalized to -galactosidase activity and results were optimized as
mean ± SD.

3.5

SDS-PAGE ANALYSIS

Protein concentrations for total cell lysates were determined as described
elsewhere (198). Protein (15-20 tg) was subjected to SDS-PAGE using a 4-12%

Bis-Tris Gel (Novex). The gels were run at 150 Volts for 1.5 hours. The protein
was then transferred onto nitrocellulose membrane (Invitrogen) at 35 Volts for 1.5
hours. The nitrocellulose membranes were stained with either Coomassie Brilliant

Blue R-250 (Fisher Biotech) or Amido Black staining solution (Sigma) for one
minute to confirm protein equal loading and successftil transfer. The nitrocellulose

membrane was blocked with 2% of BSA in PBS for one hour and washed three
times every five minutes with PBS-T. The membrane was first incubated overnight
at 4° C with the indicated primary antibody, then washed every five minutes for 30

minutes with PBS-T and incubated with secondary antibody conjugated with

horseradish peroxidase (Bio-Rad) for one hour. Finally, the membrane was
developed for one minute using ECL reagents (Amersham). Membrane developing
and Imaging analysis were by an Aiphainnotech photodocumentation system.
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3.6

-CATENIN PHOSPHORYLATION ANALYSIS

Four different commercial antj--catenin antibodies were used which
recognize different phosphorylation status of

-catenin: (i)

anti-13-catenin

monoclonal antibody (Transduction labs), which recognizes total 13-catenin
regardless of phosphorylation status; (ii) anti-p3-catenin-41/45 (Cell Signaling
Technology), a monoclonal antibody specific for either pThr-41, pSer-45, or both;
(iii) anti-pf3-catenin 33/ 37/41 (Cell Signaling Technology), a monoclonal antibody

that recognizes pSer-33, pSer-37, or pThr-41; (iv) anti-de-phospho-j3-catenin

(aABC or a-active

-catenin), a monoclonal antibody that recognizes -catenin

when it is non-phosphorylated at both Ser-37 and Thr-41 (provided by Dr. Hans

Clevers). The optimal dilutions of these antibodies were: 1:500, 1:1000, 1:1000
andi :100, respectively.

3.7

PURIFICATION OF GST TAGGED PROTEiNS

E. coli strain BL2 1 was transformed with the appropriate prokaryotic
expression plasmids and plated on agar plates containing 150 .tg/ml Ampicillin.

The next day, single colonies were picked up to start 6 ml 2X YTA cultures
containing 150 g/ml Ampicillin. The starter cultures were continuously shaken at
240 rpm overnight at 37 C. Approximately 5 ml of each starter culture were seeded

into 300 ml of fresh 2X YTA culture containing 150 j.ig/ml Ampicillin and were
shaken at 300 rpm at 37 C. The bacterial growth was monitored closely and when
the O.D. A600 of each culture was 0.4-O.6, the expression of GST-tagged proteins

was induced by adding isopropyl-3-D-thiogalactopyranoside (IPTG) to a final
concentration of 1 pM. After 3 hours, cells were collected by centrifugation for 10
mm

at 5000 rpm and the cell pellet was resuspended in 20 ml lysis buffer (10 mM
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DTT/lmM PMSF/0.2mg!ml lysozyme) and incubated on ice for 30 mm.
Subsequently, 2.25 ml of 10% Triton X-l00 in STE buffer (10 mM Tris-HC1, pH 8,

1 mlvi EDTA and 150 mM NaC1) were added followed by adding 225 .il 1M
MgC12 and 5

j.tl

DNase I and incubated for 30 mm on ice. In the meantime, 50 %

sluny of Glutathione Sepharose 4B was prepared by washing 2 ml of Glutatione
Sepharose

4B (Amersham Pharmacia Biotech) with 50 ml ice-cold PBS twice.

Glutathione Sepharose beads in PBS were spun down at 2500 rpm for 1 minute and

the supernatant was removed carefully. The beads were resuspended in appropriate

volume of PBS to give

50 % slurry. Approximately 2 ml Glutathione Sepharose

solution were added to the cell lysate and rocked gently at 4° C for 2 hours. The

cell lysate/Glutatione Sepharose beads mixture was spun down at 2500 for one
minute and the supernatant was removed. The beads pellet was washed carefully at
least five times with

ice-cold PBS followed by one time wash with

PBS/1OmMDTT/ 1% Triton X-100. The GST-tagged proteins were eluted by
washing beads with 500 .d elution buffer (50 mM Tris pH 9, 5 mM Glutathione).
The eluted proteins were analyzed by SDS-PAGE followed by silver or coomassie

blue staining and were quantitated by Bio-Rad Protein Assay (Bio-Rad) according
to supplier instruction manual.

3.8

IN VITRO PHOSPHORYLATION ASSAY

A 30

tl

kinase reaction mixture was prepared freshly by combining 400 ng

GST-rAxin, 400 ng of GST-GSK-3 and 200 ng of GST-WT or mutant -catenin.
The kinase reaction was initiated by adding 3

jil

of lOX kinase buffer (200 mM

Tris-HC1 pH 7.5, 100 p.M MgCh, 50 m M DTT and 200 p.M ATP) and incubated at

30° C for four hours. The reaction was stopped by adding 7.5 p.! SDS sample buffer

and was heated at 75° C for 10 minutes. kinase reaction cocktail (15 p.1 ) was

57

analyzed on SDS-PAGE followed by immunoblotting with anti-p-catenin-33/
37/41 antibodies.

3.9

MYC-TAG 13-CATENIN IMMUNOPRECIPITATION

WT or mutant myc-tag 13-catenin plasmid DNA (2 jig) were transfected

into HEK-293 cells for 48 hours, and 20 hours before harvesting 100 p.M ALLN
were added to induce accumulation of ubiquitinated 13-catenin. After 48 hours, cells

were washed twice with PBS and harvested by adding 500 p.1 of ice-cold lysis
buffer (20 mM Tris pH7.5, 150 mlvi NaC1, 1 mlvi EDTA, 1mM EGTA, 1% Triton

X-100, 2.5 mM sodium pyrophosphate, 1mM -glycerophosphate, 1 mM Na3VO4,

1 p.g /ml Leupeptin, 20 mM N- Ethylmaleimide (Sigma) and protease inhibitor
cocktail (Roch Molecular Biochemicals)) for 5 minutes and were scraped into prechilled centrifuge tubes. To ensure complete lysis, cell lysate was incubated on ice
for 15 minutes and vortexed vigorously every 5 minutes. The lysate was cleared by
centrifugation at 14,000 rpm at 4° C for 10 minutes. The protein concentration was

determined and approximately 300-400 p.g of total protein were used for
Immunoprecipitation. The lysates were pre-cleared with 50 p.! of 50 % slurry
Protein A Sepharose CL-4B (Amersham Pharmacia Biotech) for 30 mm. The pre-

cleared supernatant was recovered by centrifugation at 10,000 rpm for 2 minutes.
The lysates were incubated with 10 p.1 anti-myc tag (9B1 1) monoclonal antibody
(Cell Signaling Technology Inc.) with gentle agitation at 4° C for 6 hours followed

by adding

5

p.1

of rabbit anti-mouse IgG (Sigma) for additional hour.

Approximately, 50 p.1 of 50 % slurry Protein A Sepharose CL-4B were added to the

immune complex and were incubated for one hour at 4° C with gentle agitation.
The Protein A Sepharose CL-4B was recovered by centrifugation at 10,000 rpm at
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C and washed at least 5 times with ice-cold lysis buffer. The proteins were

eluted from the Protein A Sepharose beads by adding 30 p1 of 3X SDS sample

buffer and boiled for 10 minutes. Proteins (15 p1) were analyzed by western
blotting.

3.10 CELL CYCLE ANALYSIS

The cell cycle was examined by flow cytometry. HEK-293 cells were
seeded at a density of lx 106 on 60 mm poly-D-lysine-coated plates and grown

overnight to 5070% confluency. Cells were transfected in triplicate with 2 p.g
wild-type or mutant 13-catenin, trypsinized at different time points and counted.
Approximately 1x106 cells were washed twice with PBS and fixed by dropping in 1

ml 70% ethanol while slowly vortexing the cell suspension. The cells were

incubated in the dark at -20°C overnight. The fixed cells were pelleted by
centriftigation at 5,000 rpm for 5 minutes and resuspended in 1 ml PBS containing
0.2 mg!ml propidium iodide (Sigma) and 0.15 pg/ml RNase and incubated at 37°C
for 30 minutes in the dark. Cells were analysed by a fluorescent-activated cell sorter

(FACS, Coulter). The distribution of cells within the cell cycle was analyzed using
MultiCycle software.

The apoptotic cells were present as a Sub-G 1 peak due to the fact that
apoptosis induces DNA fragmentation. The small fragments of DNA can be eluted

during PBS washing steps. Thus, after staining with a quantitative DNA-binding

dye, cells that have lost DNA will take up less stain and will appear to the left of
the Gi peak. To visualize apoptotic morphology, HEK-293 cells were washed with

PBS and fixed in 1 ml ice-cold 70% ethanol for 20 minutes. The fixed cells were
washed with PBS and stained with 0.1 % ethidium bromide in PBS for 5 minutes.

The stained cells were washed twice with PBS and visualized under fluorescence
microscope.
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3.11 CASPASE-3 ACTiVITY
Caspase-3 activity was determined flourometrically. HEK-293 cells were

seeded at a density of lx 106 on 60 mm poly-D-lysine-coated plates and grown
overnight to 50-70% confluency. Afterward, cells were transfected in triplicate
with 2 .tg WT or mutant 13-catenin for 48 hours. Apoptosis was induced with 100

p.M ALLN or 500 STS (Sigma) for 20 hours. Cells were trypsinized, counted and
approximately 3x106 cells were washed twice with PBS and suspended in 300 p.1 of

lysis buffer (50 mlvi HEPES, pH 7.4; 100 mlvi NaC1; 0.1% CHAPS; 10 mM DTT;

1 mM EDTA and 10 % Glycerol). Cell suspension was passed through a 24 gauge

needle 10 times to ensure complete lysis. Cell lysate was cleared by centrifugation
at 14,000 rpm for 10 minutes at 4° C. The supernatant was recovered and the total
protein concentration was determined by Lowry assay. Total protein was assayed in

triplicate for caspase-3 activity as followed: 50 p.g of total protein was mixed with
10.36 p.M Ac-DEVD-AMC (Enzyme System Products) in a NUNCTM 96-well plate

(Fisher Scientific). The total reaction volume (100 p.1) included assay buffer (50
mM HEPES, pH 7.4; 100 mM NaC1; 0.1 % CHAPS; 10 mM DTT; 1 mM EDTA

and 10 % glycerol). The liberation rate of AMC was determined fluorometrically

by Cytofluor® plate reader (Applied Biosystems). The emission at 460 nm after
excitation at 380 nm was measured every minute for 30 minutes. The concentration

of the liberated AIvIC was calculated by referencing to a fluorescence standard
curve of free AIvIC.

To construct fluorescence standard curve, serial dilutions of AMC were
prepared (0,10,15,20,25,30,35,40,50,60,80 andlOO p.M) in 100 p.1 assay buffer. The

AMC fluorometric emission was determined at 460 nm after excitation at 380 nm.
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4.1

CHAPTER 4: RESULTS

ANALYSIS OF THE TRANSACTIVATION POTENTIAL OF WI AND
MUTANT 13-CATENIN IN REPORTER ASSAYS

To test the hypothesis that substitution mutations at codon 32 of hf3-catenin

lead to accumulation of transcriptionally active -catenin in the absence of Wnt
signaling stimuli, the transcriptional activation of WT or codon 32 mutant -catenin

was analyzed in reporter assays. In this experiment, HEK-293 cells were cotransfected in triplicate with (3-catenin reporter plasmid (TOPFlash), WI or mutant

f3-catenin, and hlcf-4 expression plasmids as described under material and
methods. After 24 and 48 hours, floating and attached cells were harvested and the
luciferase reporter gene activity by the various 13-catenin constructs was determined

after normalization to -galactosidase activity.

The results are presented in Figure 10. As early as 24 hours, the exogenous

WI 13-catenin already led to saturation of 13-catenin degradation machinery
resulting in> 100-fold significant increase in the luciferase activity in both floating

and attached cells (P= 0.0007 and P= 0.0 17, n=3 for floating and attached cells

respectively compared to non-transfected cells). The same trend of significant
transactivation compared to non-transfected cells was seen at 24 hours with D32G,
D32N and D32Y 13-catenin, however there were no significant differences between

the transactivation by WI and mutant -catenin at this time point (see Figure 1OA,
compare gray bars). However, at 48 hours, the luciferase activities of the mutants
markedly increased compared to the wild type. There was a statistically significant
increase in the luciferase activity in the attached cells, 3-fold, 4-fold and 5-fold for

D32G, D32N and D32Y respectively relative to the WT (P values = 0.000006,
0.0028 and 0.0007 respectively, n=3). Adding 30 mM LiCl, a potent inhibitor of
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GSK-3p (199), to WT-transfected cells led to significant 7-fold and 2-fold
induction in the luciferase activity at 24 and 48 hours respectively. However adding

100 pM ALLN, a proteasome inhibitor, to WT-transfected cells led to decreased
transcriptional activity, to basal levels (Figure lOB).

To determine whether the luciferase activities of various f3-catenin cDNAs

were correlated to the protein level, 20

.tg

of each cell lysate at 48 hours was

examined by Western blotting with anti--catenin monoclonal antibodies
(Transduction Labs). Densitometric analysis showed strong correlation between the

reporter gene activities and -catenin accumulation. Approximately 2-fold increase

in the WT and up to 7-fold increase for D32G, D32N and D32Y was seen
compared to non-transfected cells (Figure 1 OC, lanes 8, 9 and 10). The LiC1-treated

cells showed up to 8-fold increase in 3-catenin protein levels. In spite of their low
transcriptional activity, cells treated with ALLN had substantial accumulation of 13-

catenin, which was characterized by the appearance of higher molecular weight
poly ubiquitinated forms of 13-catenin (Figure 1 OC, arrow in 6). Dimethyl Sulfoxide

(DMSO), which was used to dissolve ALLN, did not alter the transactivations or
protein accumulation (Figure lOB and bC, lane 7).
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transfected with WT 13-catenin and treated with either 100 .tM ALLN, or 30 mM
LiC1 to inhibit the proteasome and GSK-3 13 activity, respectively.

4.2

ANALYSIS OF THE PHOSPHORYLATION STATUS OF WT AND
MUTANT [3-CATENIN BY WESTERN BLOTTING

To investigate the phosphorylation status of 13-catenin, four different
antibodies were used. Each antibody recognizes 13-catenin when it has a specific

phosphorylation status. As mentioned above, anti-13-catenin antibody, which
recognizes the total 13-catenin, showed gross accumulation of mutated 13- catenin
protein (Figure 1OC, lanes 8, 9 and 10). To test whether the accumulated 13-catenin

was phosphorylated at the critical residues adjacent to Asp-32 (Ser-33, Ser-37 and

Thr-4 1), Western blot with anti-pf3-catenin-33/37/4 1 antibody was conducted.
Results are shown in Figure 11. Surprisingly, both D32G and D32N 13-catenin were

strongly phosphorylated (Figure 1 1A, lanes 8 and 9). Densitometric analysis
showed 5-fold and 3-fold induction of p13-catenin in D32G and D32N respectively
compared to WT and D32Y 13-catenin. The signal was very weak for WT 13-catenin,

which implies a rapid turnover of WT p13-catenin under normal circumstances. In
contrast, the accumulated D32Y 13-catenin was poorly phosphorylated, presumably
because the bulky side-chain interferes with adjacent Ser-33.
Although LiC1 reportedly is a strong inhibitor of 13-catenin phosphorylation
(165), HEK-293 cells transfected with WT 13-catenin and treated with 30 mM LiC1

for 20 hours showed a signal for phosphorylated 13-catenin (Figure 1 1A, lane 5).
This was accompanied by reduction in the reporter activity after 48 hours compared

to that at 24 hours (Figure 1 OB). These observations imply that, as cells started to

deplete LiCl, GSK-313 rapidly phosphorylates WT 13-catenin in a manner that
saturates the ubiquitination and degradation machinery. In addition, the p13-catenin

in cells treated with LiC1 lack the higher molecular weight bands, which indicates
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13-catenin when it is phosphorylated at either Thr-4 1 or Ser-45. Results showed that

both Thr-41 and Ser-45 residues were phosphorylated to the same extent in all
mutant 13-catenins (Figure 1 lB. lanes 8, 9 and 10). In addition, it is noteworthy that
LiCI and ALLN did not affect the phosphorylation status of 13-catenin at Thr-41 and

Ser-45 (Figure 1 1B, lanes 5 and 6). This observation is in agreement with the new

finding that Ser-45 is not a direct substrate for GSK-3, thus inhibition by LiC1 of
GSK-3 should have no or minimal effect on Ser-45 phosphorylation.

The dephosphorylation condition of j3-catenin was studied next by
immunoblotting with uABC antibody. This antibody is very specific to -catenin
when it is not phosphorylated at both Thr-41 and Ser-37 (166). As shown in Figure

1 1C, weak bands were observed for D32G and D32N which indicate minimal
dephosphorylation (lanes 8 and 9). However, this antibody could not detect D32Y

(lane 10), which, with previous observation that D32Y is not phosphorylated at

Ser-37, implies that D32Y is permanently phosphorylated at Thr-41 and is not
accessible for dephosphorylation (Figure 11 C, lanes 8, 9 and 10). Surprisingly,
cells transfected with WT f3-catenin and treated with ALLN showed a strong signal
that lacks the higher molecular weight bands (Figure 11 C, lane 6). This observation

suggested that

-catenin is dephosphorylated before ubiquitination or de-

ubiquitinated and de-phosphorylated simultaneously. In addition, D32G, D32N and

D32Y mutations seem to interfere to different extents with dephosphorylation and
de-ubiquitination events resulting in less or no dephosphorylation.
It has been shown that 13-catenin is significantly phosphorylated by GSK-313

in the presence of Axin in

vitro

(163). Therefore, to confirm that D32G and D32N

but not D32Y are susceptible to phosphorylation by GSK-3p, an

in vitro

kinase

assay of GST-GSK-313 was conducted using various GST--catenin recombinant

proteins as substrates. For this experiment, recombinant GST-13-catenin, GSTGSK-313 and GST-rAxin were purified from E.coli by Glutathione S-transferase

(GST) gene fusion system. The kinase reactions were conducted in the presence
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analysis in the presence of proteasome inhibitors such as ALLN

(6).

These bands

0.5

p.g of WT or

represent the poly-ubiquitinated 13-catenin.

Thus, HEK-293 cells were co-transfected in triplicate with
mutant 13-catenin plasmid DNA,

0.5

p.g of TOPFlash and

0.5

.Lg of Tcf-4. Twenty

hours prior to harvesting, cells were treated with 100 1.zM ALLN and harvested 48
hours later. The transactivation by various -catenins was confirmed by the reporter

gene assay (Figure 1 3A). Subsequently, total protein concentration was determined

and 20 j.tg of total protein were analyzed by Western blotting with anti j3-catenin
monoclonal antibody. In the presence of the proteasome inhibitor ALLN, only WT

f3-catenin showed higher molecular weight bands (see Figure 1 1A, lane
Figure 13B, lane

5

6

and

arrow). However, the ubiquitinated -catenin band was absent

in D32G and D32N, although they were strongly phosphorylated. These
observations suggest that all codon 32 mutants 13-catenin were not ubiquitinated,
regardless of their phosphorylation status.

In addition, ALLN strongly induced the phosphorylation of WT -catenin
(Figure 13C and D, compare lanes 4 and

1 3C and D, lanes

6

5),

but not of any of the mutants (Figure

to 11). Furthermore, the accumulated -catenin underwent

significant dephosphorylation in WT, D32G and D32N (Figure 12D, lanes 4 to 9).

However, in agreement with the previous results, an apparent dephosphorylation

occurred in D32Y, perhaps due to the presence of low endogenous -catenin in
these cells (Figure 1 3D, lanes 10 and 11). This suggested the need to distinguish
exogenous from endogenous -catenin.

4.4

ANALYSIS OF THE UBIQUIT1NATION STATUS OF EXOGENOUS WT
AND MUTANT 13-CATENIN BY WESTERN BLOTTING.

To rule out the possible involvement of endogenous -catenin in the
phosphorylation and ubiquitination assays and to further confirm that various
mutant

-catenin are not ubiquitinated, ALLN was tested against exogenous 13-

catenin. If mutant 13-catenin is not ubiquitinated, then ALLN should have no effect
on protein levels. For this experiment, HEK-293 cells were transfected with 2 .tg of

either WT or mutant f3-catenin. Ten hours prior to harvesting, cells were subjected
to 50 .tM ALLN. At 48 hours, cells were harvested and 20 p.g protein was assayed
by Western blotting with anti-13-catenin antibody, which recognizes total 13-catenin

(exogenous and endogenous) and with anti-myc tag antibody, which recognized

only the transfected 13-catenin. Results are shown in Figure 14A and B. ALLN
treatment resulted in '-1O times induction in exogenous WT 13-catenin. However,
mutant 13-catenin which already

50-fold higher than the WT, responded no further

to ALLN. These results further imply that D32G, D32N and D32Y are not
ubiquitinated. Discrete higher molecular weight band were only seen for WT, after
ALLN treatment.

4.5

IMMUNOPRECIPITATION OF EXOGENOUS WT AND MUTANT
13-CATENIN

To test whether the slower migrating bands observed after ALLN treatment
were exclusively due to 13-catenin ubiquitination, HEK-293 cells were transfected

with 2 p.g WT or mutant 13-catenin. Twenty hours prior to harvesting, cells were

treated with 100 p.M ALLN and harvested after 48 hours from the start of
transfection. Approximately 300 j.tg protein were used for immunoprecipitation
with anti-myc tag antibody. The immunoprecipitated 13-catenin was analysed by
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Western blotting and detected with either anti-myc tag (Cell signaling technology)

or anti-ubiquitin body (PharMingen). As illustrated in Figure 15, using anti-myc

antibody only WT -catenin was characterized with the higher molecular weight
band (left panel, Pt lane). This band was not present in mutants (left panel, lanes
3,4 and 5). Further analysis of the immunoprecipitated [3-catenin with anti-ubiquitin

antibody showed no ubiquitination for D32Y (Figure 15, right panel, lane 4) and 2fold reduced ubiquitination for D32NG and D32N compared to WT (arrow). These

results confirmed that the slower migrating band in previous blots represents poly
ubiquitinated exogenous -catenin.
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Figure 14: Effects of ALLN on total and exogenous -catenin
HEK-293 cells were transfected with 2 j..g of WT or mutant 13-catenin; 50 .tM of
ALLN was used to induce mild 13-catenin accumulation for 10 hours. Cells were
harvested after 48 hours and total protein concentration was determined by Lowry
assay. 20 tg of total protein was analyzed with Western blotting and probed with
A) anti--catenin antibody or B) anti-myc tag antibody.
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Figure 15: Immunoprecipitation of -catenin
-catenin was immunoprecipitated from 300 tg of total protein from HEK-cells
transfected with WT or mutant 13-catenin and treated with 100 tM ALLN 10 hours
prior harvesting. The purified -catenin was detected with A) anti-myc tag antibody
or B) anti-ubiquitin antibody. Arrows show positions of ubiquitinated -catenin
bands.

4.6

COMPARISON BETWEEN D32Y, S33Y AND D45 13-CATENIN
TRANSACTIVATION AND PROTEiN ACCUMULATION

Having established that D32Y 13-catenin is not phosphorylated or
ubiquitinated, the transactivation potential was compared to S33Y and A45 3-

catenin, which are well-characterized mutants (5) HEK-293 cells were cotransfected in triplicate with 0.5 .tg WI or mutant 13-catenin (D32G, D32N, D32Y,

S33Y and A45), 0.5 .ig TOPFlash and 0.5 pg hTcf-4 plasmid DNA. As a control,
cells were treated with 100 jiM ALLN 20 hours prior to harvesting, and harvested
48 hours from transfection.
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Figure 16: D32Y, S33Y and A45 13-catenin are functionally equivalent in reporter
assays.HEK-293 cells were co-transfected with 0.5 tg of various -catenin, 0.5 p.g
TOPFlash and 0.5 .tg of hlcf-4. Cells were treated with 100 jtM ALLN 20 hours

before harvesting to inhibit proteasome activity. Cells were harvested after 48
hours of transfection. A) The luciferase reporter gene activity by various 13catenins. B) 20 .ig of total protein was analyzed by Western blotting with anti-13catenin C) The same lysates were analyzed with anti-p3-catenin-33/37/41.

As shown in Figure 1 6A, the transactivation potential of codon 32 mutant
13-catenins were comparable to that of S33Y and A45 f3-catenin (compare gray pars

in Figure 16A). However, ALLN suppressed all 13-catenin reporter activities to
basal levels, regardless of mutation type. Additionally, the same trend of protein
accumulation was observed with both S33Y and A45 13-catenin compared to D32Y
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13-catenin (Figure 16B, lanes 7 to 12). Moreover, the phosphorylation pattern of
D32Y was comparable to S33Y (Figure 1 6C, compare lane 7 to 9 and lane 8 to 10),

however, phosphorylation of MS -catenin was completely absent even, in the
presence of ALLN (Figure 16C, lanes 11 and 12.)

4.7

THE EFFECTS OF THE PROTEASOMES 1NIHBITOR ALLN ON 13CATEN1N TRANSACTIVATION.

It was intriguing that the proteasomes inhibitor ALLN dramatically
suppressed the transcriptional activity independent of t3-catenin phosphorylation

and ubiquitination status. Additionally, it has been reported that proteasomes
inhibitors induced caspase-dependent apoptosis in human cells (200, 201). On the
other hand, it has been shown that 13-catenin was proteolytically processed during

apoptosis and the resultant proteolytic fragments lacked the transactivation
capability. Published data have shown that 13-catenin can be cleaved by caspase-3 at

two C-terminal sites and three N-terminal sites. Interestingly, one of the putative
caspase-3 recognition sites is localized at codon 32, the exact position where many

mutations occur in CRC (179). Based on these observations, the hypothesis was

tested that the WT and codon 32 mutant f3-catenin is fully and partially
proteolytically degraded, respectively upon ALLN-induced apoptosis and that the

truncated fragment (armadillo region) competes with full-length 13-catenin for
binding Tcf-4.

To test this hypothesis, HEK-293 cells were transfected with 0.5 .tg WT or
mutant 13-catenin for 48 hours and treated with 100 1.tM ALLN overnight. At the

time of harvesting, cells were fixed and stained with the DNA-binding
fluorochrome (ethidium bromide) to detect apoptotic morphology. Fluorometric
microscopy analysis of stained cells showed condensed chromatin and fragmented

nuclei. In addition, the remaining attached cells were characterized by shrunken
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and rounded cell bodies under light microscopy, indicating apoptosis (Figure 17).

Next, caspase-3 activation was detected by Western blotting with anti-poly

(ADP-ribose) polymerase (PARP) antibody (BD Biosciences). PARP, which is
involved in the base excision repair machinery (BER), is a downstream substrate of

active caspase-3 (202). During apoptosis, caspase-3 inactivates PARP by cleaving
it into 86 kDa and 24 kDa fragments. As shown in Figure 18, caspase-3

was capable of processing PARP in all samples. The caspase-3 dependent cleavage

of PARP also was seen, but to less extent, with 500 nM STS, which is a relatively

non-selective kinase inhibitor that induces apoptosis in HEK-293 (203). These
results suggested that ALLN is a strong inducer of caspase-3 -dependent apoptosis

at 100 p.M concentration. In addition, these results ruled out the possibility that 3catenin proteolytic fragment between codon 1 and codon 83, which harbor mutated
motif (T29Q30F31X32) could inhibit caspase-3 activity.

Subsequent experiments tested whether the ALLN-dependent decline of 3catenin transactivation (Figure 16) was due to caspase-3 activation. In this instance,

HEK-293 cells were co-transfected with 0.5p.g of WT or D32Y 13-catenin,
TOPFlash and hTcf-4. Twenty hours before harvesting, cells were treated with 100

p.M ALLN or co-treated with ALLN and 40 p.M Z-VAD-FMK (Enzyme system
products), which is a potent inhibitor of caspase-3. At the time of harvesting, HEK-

293 cells co-treated with ALLN and Z-VAD-FMK exhibited normal morphology

and fewer floating cells. In addition, the apoptosis morphology associated with

ALLN treatment was abrogated when Z-VAD-FMK was included in the assay
(Figure 17). However, the luciferase reporter gene activity was drastically lowered

in ALLN treated cells and inhibition of caspase-3 did not restore the reporter gene
activity (Figure 20).

To ensure complete inhibition of capsase-3 by Z-VAD-FMK, the same cell

lysates from the previous experiment were used for Western blotting with antiPARP antibody. Results from this experiment are shown in Figure 20. Although
ALLN strongly induced apoptosis (lanes 3 and 8), adding Z-VAD-FMK effectively
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inhibited PARP cleavage (lanes 4 and 9). These results imply that ALLN strongly
inhibits

-catenin transactivation potential by a mechanism other than caspase-3

dependent degradation of -catenin.

Light microscopy

Figure

17:

Fluorescence Microscopy

Apoptotic morphology of HEK-293 cells treated with ALLN or STS.

HEK-293 cells were transfected with appropriate 3-catenin and treated 100 iM
ALLN, 500 nM STS or 100 p.M ALLN plus 40 p.M Z-VAD-FMK. The cells
morphology was examined under light microscopy (left panel). Apoptotic cells
were detected under fluorescence microscopy after staining with ethidium bromide
(right panel).
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Figure 18: ALLN induces apoptosis in HEK-293 cells.
The cleavage of PARP was assayed by Western blotting with anti-PARP in HEK293 cells transfected with various -catenin constructs and treated with either 100

jtM ALLN or 250 nM STS. A) PARP was active in cells only transfected with
various -catenin cDNA. B) ALLN strongly induced PARP cleavage. C) STS,
which is a common apoptosis inducer, modestly induced apoptosis at 250 nM
concentration.

4.8

ANALYSIS OF THE EFFECTS OF OVER-EXPRESSION OF 13-CATEN1N
ON CELL CYCLE AND APOPTOSIS.

It has been reported that over-expression of -catenin in MDCK cells altered
the cell cycle and stimulated cell proliferation (204). In addition, it has been shown

that constitutive j3-catenin signaling inhibited apoptosis (175). Consequently,
experiments next tested the effect of constitutive expression of WT and mutant 3catenin on apoptosis and cell cycle in HEK-293 cell line.

To determine the effect of over-expression of 13-catenin on HEK-293 cell
cycle parameters, HEK-293 cells were transfected at 50 % confluency with 2 .tg

WI or mutant j3-catenin. The changes in cell cycle were monitored by flow
cytometry at 6, 12, 24, 48 and 72 hours. Representative results are shown in Figure
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21. The transfected HEK-293 displayed normal cell cycle pattern up-to 72 hours
(Figure 21, left panel). In addition, Western blot analysis with antibodies to c-jun

(and cyclin Dl, not shown), which are target genes of -catenin involved in cell
cycle regulation, showed no changes in protein levels under these circumstances
(Figure 22)
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Figure 19: ALLN decreases the transactivation capacity of -catenin.

HEK-293 cells were transfected with WI or D32Y 13-catenin and treated with
either 100 .iM ALLN, 40 tM Z-VAD-FMK or both for 20 hours. Subsequently, the
luciferase reporter activity was determined after normalizing to -galactosidase
activity. Results are expressed as mean± SD, n=3.
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Further experiments tested the effect of over-expression of -catenin on
apoptosis in HEK-293 cells. It has been reported elsewhere that HEK-293 cells
responded to 250 nM STS treatment and 70 % of the HEK -293 cell population
underwent apoptosis over 24 hours incubation time (203) it was shown above that
transfecting HEK-293 cell with WT or mutant J3-catenin did not hinder caspase-3-

dependent PARP cleavage (Figure 18 and Figure 20). Thus, next experiments
sought to further explore the effect of over-expression of various 3-catenins on
HEK-293 cell cycle parameters and apoptosis rate with a more sensitive method.

Apoptosis was induced in transfected HEK-293 cells with 250 nM STS for

24 hours and cells were collected after 72 hours of transfection. Cells were
analyzed for apoptosis by flow cytometry using the Sub-Gi peak method for three

independent treatments, as described under material and methods. Results are
illustrated in Figure 21 (right panel) and Figure 23. STS induced apoptosis, which
was preceded by accumulation of cells in the G2/M phase of the cell division cycle
(Figure 21, right panel), however, the number of apoptotic cells was reduced by 2-

fold in cells transfected with WT or mutant 13-catenin compared to control nontransfected cells (Figure 23). There were no statistical differences seen, however,
among various -catenin.

Because over-expression of -catenin showed modest anti-apoptotic effects
in HEK-293 cells, the possible anti-apoptotic effects of -catenin over-expression

on caspase-3 activity were studied. For this purpose, HEK-293 cells were
transfected with WT or mutant -catenin for 48 hours. Twenty-four hours prior to

harvesting, apoptosis was induced by 100 jtM ALLN. Cells were collected and
caspase-3 activity was determined fluorometrically as described under material and
methods. Caspase-3 activity was reduced in response to 13-catenin over-expression
compared to non transfected cells (Figure 24).
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Figure 20: Inhibition of caspase-3 by Z-VAD-FMK.

To confirm the inhibitory effect of Z-VAD-FMK on caspase-3, HEK-293 cells
were transfected with either WT or D32Y -catenin. Twenty hours before
harvesting, cells were treated with 100 iM ALLN to induce apoptosis or co-treated
with 100 1.tM ALLN plus 40 1.tM Z-VAD-FMK to inhibit caspase 3 activity.
Inhibition of caspase-3 activity was confirmed by Western blot with anti-PARP.
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Figure 21: Effect of constitutive 13-catenin over-expression on cell cycle kinetics
and apoptosis.
HEK-293 cells over-expressing different -catenins were analyzed for their cell

cycle and anti-apoptotic potential. A) Cell cycle analysis by flow cytometry of
HEK-293 cells over-expressing indicated f3-catenin. B) Repeat of (A) but with STS,
an apoptosis-inducing agent.
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Figure 22: Effects of -catenin over-expression on c-jun activation.
HEK-293 cell overexpressing various 13-catenin were analyzed for their level of cjun protein, which is upregulated by active Wnt signaling in many cancer cell lines.
Twenty ig of total protein lysate were analyzed by Western blotting with anti-c-jun
antibody.
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Figure 23: Anti-apoptosis effect of various 13-catenin in HEK-293 cells.
Apoptosis was induced in HEK-293-transfected with WT or mutant 13-catenin by
250 nM STS for 24 hours. Cells were collected and apoptotic cell population was

determined by Sub-Gl peak method (FACS analysis) for three independent
treatments. Subsequently, the percentage of apoptotic cells was calculated in
reference to total number of cells analyzed. Results are presented as mean ± SD.
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Figure 24: Anti-caspase-3 effects of -catenins over-expression.
Apoptosis was induced in HEK-293 cells, which expressed high levels of various
f3-catenins. The caspase-3 activity was assessed by measuring the liberation of
AMC. Results were normalized to fluorometric standard curve and presented as
mean ± SD.
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CHAPTER 5: DISCUSSION

It is well-reported in the literature that the majority of mutations in human
colon tumors occur in APC. In contrast, f3-catenin mutations are quite rare in
HCRC, and when they occur, they tend to substitute or delete Ser-45 (Figure 6). In

contrast, mutations from rodent colon tumors occur predominantly in

-catenin.

Surprisingly, the pattern of mutations in the carcinogen-induced rat and mice
tumors is different from that observed in human tumors (Figure 8). Previously
published study from this laboratory has demonstrated that post-initiation exposure

to phytochemicals such as chlorophyllin could shift the spectrum of f3-catenin
mutations in carcinogen-induced rat tumors. Most of the mutations observed
clustered around Ser-33, particularly at Asp-32 (Figure 25) (9). The obvious
difference in the distribution of -catenin mutation in human and animal colon

tumors is intriguing. Because of the complexity and diversity of human diet
compared to experimental animal diet, which is usually restricted, one might argue

that the doses and types of carcinogens used in several experimental studies are

irrelevant to humans. It could be that the carcinogens or their metabolic
intermediates that are responsible for -catenin mutations in animals are neutralized

by other components of human diet. Another explanation could be that these
unusual mutations do indeed occur in human colon, however, they are insufficient
to alter 3-catenin transcriptional potential. Thus, although some cells harbor these
mutations, they exhibit normal -catenin-mediated signaling and therefore, do not

transform into malignant derivatives. The present investigation has shown that
substitution mutations at codon 32 of 3-catenin are sufficient to stabilize -catenin.
Furthermore, the stabilized -catenin was transcriptionally active and mimicked the

action of mutated -catenin at Ser-33 or Ser-45.

Figure 25: J3-catenin mutation spectrum in carcinogen-induced rat colon tumors.

-catenin mutation spectrum in carcinogen-induced rat colon tumors tends to
cluster around codon 33. Note that codon 32 is the most frequent site for
substitution mutations. Adapted and modifies after Blum et al (9).

In the absence of Wnt stimulation, -catenin forms a multiprotein complex
with APC, Axin, CKJ and GSK-3f. In this complex, GSK-33 and CKI are
suggested to phosphorylate -catenin at multiple Serine and Threonine residues at
the amino-terminal region of -catenin, namely Ser-45 by CKI followed by Thr-41,

Ser-37 and Ser-33 consecutively by GSK-3, thereby marking 13-catenin for
degradation by the ubiquitinationproteosome pathway (136).

This thesis has shown that substitution mutations at Asp-32, which is not a
direct target for phosphorylation by GSK-3f3 or CKI, are sufficient to interfere with
proteasome-mediated degradation of f3-catenin in HEK-293 cells. Furthermore, the

present study has demonstrated that the phosphorylation status of codon 32 mutant

-catenin is influenced by the type of mutation that substitutes Asp-32. Tyrosine,
which harbors a bulky aromatic side chain, abolished -catenin phosphorylation. It

is likely that the bulky side chain of the Tyrosine altered the accessibility of Serine
and Threonine residues to GSK-313. Another possibility could be that introducing

Tyrosine at codon 32 might alter the protein conformation in a manner that hinders
its availability to phosphorylation. On the contrary, both Asparagine, which harbor

a positively charged side chain, and Glycine, which has a small (hydrogen atom)
side chain caused accumulation and stabilization of the phosphorylated form of 3catenin in vivo.

Results from this study have further shown, for the first time, that partially
phosphorylated -catenin is transcriptionally active. This conclusion is based on the

observation that both D32G and D32N j3-catenin were highly phosphorylated.
These findings are contrary to data reported by Sadot and colleagues, which
showed that phosphorylated 13-catenin at Ser-33 and Ser-37 is transcriptionally

inactive (165). Among the differences that might explain this inconsistency is the
disparity in the phosphorylation pattern of (3-catenin. The antibody used to detect
phosphorylated

-catenin by Sadot group was specific for

-catenin when it is

phosphorylated at both Ser-33 and Ser-37. Conversely, the antibody used in the
present experiments is specific for -catenin when it is phosphorylated at Ser-33,
Ser-37 or Thr-41. Therefore, it raises a question about simultaneous

phosphorylation at more than one site at the any time. It is predicted that the
phosphorylation alteration, if it occurred, might affect Ser-33 since it is in close
proximity to the mutation site on codon 32. Therefore, the probability of 3-catenin

phosphorylation is high at both Ser-37 and Thr-41. This suggested that codon 32
mutant t3-catenin is partially phosphorylated. This also implies that the complete

phosphorylation of Nterminal 13-catenin is mandatory to inhibit 13-catenin
signaling activity. Another consideration might be the structural changes of (3catenin due to mutations at codon 32. These mutations might alter the optimal

conformational architecture of 13-catenin and therefore change its biological
activity.

It has been suggested that the de-phosphorylated form of f3-catenin is elevated

in response to Wnt- 1 and LiC1 stimulation (166, 205). In addition, it has been

proposed that the dephosphorylation of 13-catenin occurs rapidly by a rate
comparable to its phosphorylation by GSK-313 (165). However, the exact
mechanism of -catenin dephosphorylation is yet to be elucidated. Results from
this laboratory provided some insights. The de-phosphorylated form of -catenin
underwent marked elevation in response to LiC1 treatment. In addition, the

accumulated 13-catenin resulting from extended ALLN treatment showed an
increase, to lesser extent, of the relative amount of the dephosphorylated -catenin.

ALLN is a proteasomes inhibitor, thereby inducing the accumulation of
phosphorylatedIubiquitinated form of f3-catenin (6, 125). The level of f3-catenin

dephosphorylation observed after ALLN treatment in these experiments was
slightly higher than that reported before (205). One major variant is the
concentration and incubation time of ALLN. In this investigation, a 10-fold higher

concentration (100 jiM of ALLN) and 3-times longer treatment (20 hours) was
used than in prior studies. However, the appearance of the dephosphorylated 3catenin after prolonged ALLN treatment might indicate a direct induction of the 13-

catenin dephosphorylation machinery in response to ALLN treatment, or in

response to the accumulation of phosphorylated 13-catenin. Support for this
conception came from the observation that treatment of cells transfected with
D32G or D32N f3-catenin, which were accessible to phosphorylation, resulted in
induction in the dephosphorylation of 13-catenin (Figure 13E, compare lane 6 to 7

and lane 8 to 9). In contrast, D32Y 13-catenin, which was not available for
phosphorylation by GSK-313, showed less dephosphorylation in response to ALLN
treatment (Figure 1 3E, compare lane 10 to 11).

Results from this thesis have reported a successful GSK-3 13-dependent
phosphorylation of 13-catenin in vitro. However, the degree of phosphorylation was
mutation-type

dependent.

Whereas

D32G

and

D32N

13-catenin

were

phosphorylated to the same extent as the WT, a marked attenuation in D32Y and
A45 13-catenin phosphorylation occurred

in vitro.

These results further show the

impaired phosphorylation of D32Y 13-catenin, and re-emphasize the significant role

of Ser-45 for -catenin phosphorylation

in vitro.

Additional support came from

three published studies. The first study has shown that GSK-33 can phosphorylate
WT 13-catenin in the presence of Axin in vitro (163). The second study has recently

demonstrated that substitution mutations at Ser-33, Ser-37 and their surroundings

have abolished recognition of f3-catenin by -TrCp

in vitro.

The same study

suggested that Ser-45 is a priming substrate for CKIa (113). The third study has
reported that the pre-phosphorylation of Ser-45 of 3-catenin by CKIE enhances the
affinity of GSK-313 towards Thr-41, Ser-37 and Ser-33
Since

-catenin phosphorylation at its GSK-3

region is followed by rapid

ubiquitination and proteasome-dependent degradation under normal circumstances

(6), this thesis investigated the possible ubiquitination of D32G and D32N 13catenin. Evidence is presented that codon 32 mutant 13catenin, phosphorylated or
non-phosphorylated, was unable to acquire ubiquitination. One explanation is that

substitution mutations at codon 32 disrupt the 3-TrCp recognition motif within
GSK-313 region of 13-catenin. Sequence analysis has shown that 13-catenin harbors

an IKBa-like six-amino acid conserved sequence (Asp-Ser-Gly-Ile-His-Ser).

Phosphorylation of the two Serine residues (33 and 37) within this sequence
triggers the phosphorylation-dependent recognition of 13-catenin by 3-TrCp and
subsequent ubiquitination (113, 167). Additionally, the same trend of
phosphorylated 13-catenin accumulation was seen in ts2O CHO-cell line, which

harbors a specific temperature-sensitive mutation in the El ubiquitin conjugation

enzyme. When shifted to the restrictive temperature, these cells failed to
ubiquitinate 13-catenin, even though it was highly phosphorylated. These data

support the notion that D32G and D32N interfere with 13-TrCp-dependent
ubiquitination rather than 13-catenin phosphorylation.

A dramatic reduction was noted of Tcf-mediated transcription by WT or
mutant -catenin upon ALLN treatment. In addition, pilot studies (data not shown)

suggested that even 25 tM of ALLN for 10 hours was sufficient to inhibit the
TOPFlash-based transactivation of WT as well as D32N, and i45 -catenin. These

results contrast with reports by Staal et al. They have used 10 tM ALLN
concentration and shorter incubation time (6 hours) to show that ALLN suppresses

the Tcf-mediated transcriptional activity of WT 13-catenin but not its mutant
counterpart S33Y [3-catenin (205). On the contrary, the ALLN concentration and
incubation time used in the present investigation were slightly different, and were
primarily based on published data, in which HEK-293 cells were treated with 100
.tM ALLN (206). Although the other reports did not discuss any cytotoxic effects

of ALLN treatment at 100 .tM on HEK cells, one of the major observations
associated with ALLN treatment was the induction of apoptosis in the present
work.

Several studies have reported that proteasome inhibitors such as ALLN can
induce caspase-3-dependent apoptosis in HEK-293 cells (207). On the other hand,

it has been shown that 13-catenin is cleaved by caspase-3 during apoptosis (179).
Therefore, one hypothesis was that the core region of f3-catenin (entire Arm-repeat

region), which results from caspase-3 dependent degradation of 3-catenin, could

compete with full-length

13-catenin

forlcf-4 binding. Results from these

experiments have shown that inhibition of ALLN-induced caspase-3 activation by

caspase-3-like specific tetrapeptide inhibitor (Z-DE\TD-flrik) did not restore the

transactivation potential of [3-catenin. Furthermore, it has been reported that
apoptotic cells harbor high LEF- 1-mediated transactivation when transfected with

WI or mutant f3-catenin (180). This observation rules out the possibly that the
suppression of [3-catenin transactivation upon ALLN-induced apoptosis is an

artifact of apoptosis. Consequently, it seems that ALLN suppresses [3-catenin
transactivation by a mechanism independent of apoptosis. Additionally, the exact

ALLN-dependent suppression of

-catenin transactivation is still not clear,

however, it is possible that ALLN affects not only -catenin but also Tcf-4 or other

proteins involved in TCF-controlled transcription. Another explanation could be

that the prolonged ALLN treatment allows for other side events to occur. For

example, one possible event is the build-up of transcriptionally inactive
endogenous WT 3-catenin which is known to bind Tcf-4 but can not form ternary
structure with DNA, as reported by Sadot et a. 1.( 165), the latter could compete with
exogenous -catenin for Tcf-4 binding. Interestingly, blocking proteasome activity

in HCT-116 cells resulted in marked increase in the phosphorylated 13-catenin.
HCT-116 cells harbor heterozygous mutation in 3 catenin (165). Thus, based on the

observation that ALLN was unable to enhance the phosphorylation of mutant 3-

catenin, it can be assumed that the induction in the phosphorylated 13-catenin in
HCT- 116 cells is due to the wild-type allele. Therefore, a substantial reduction
might be expected in -catenin-mediated transactivation, upon prolonged ALLN
treatment of HCT-116 cells. Support for this hypothesis came from the observation

that the phytochemical curcumin was capable to induce apoptosis and suppress 3catenin transactivation in HCT-1 16 cells. Surprisingly, inhibition of caspase-3 with
Z-DEVD-fmk was unable to block the curcumin-induced decrease in the f3-catenin

transactivation. The author of this work explained this phenomenon by irreversible
alteration in other ulinctional components of the 13-catenin transactivation complex
(208).

Previous study has suggested that over-expression of exogenous WT f3-catenin
induces apoptosis independent of its transcription activity and does not involve cell

cycle regulators such as p53 and cyclin Dl (180). Although cyclin Dl expression

was not affected by over-expression of -catenin (up to 72 hours) in the present
study, results have shown no sign of apoptosis or cell cycle alteration in response to

WI or mutant -catenin over-expression in HEK-293 cells. One clarification might

be the cell type. Whereas Kim et a! used normal fibroblasts and carcinoma cell

lines; HEK-293 cell line was used in this thesis work. The latter cells originated
from primary human embryonal kidney and are characterized by tight control over

13-cateninlTcf-4 signaling. In fact, 72 hours post transfection, cells were 100%
confluent and exhibited the normal monolayer morphology. In addition, it seems

that these cells also exert tight control over Wnt signaling target genes. Among
genes tested for over-expression were c-jun (Figure 22) and cyclln Dl (not shown).

The endogenous protein level of both were hardly detected, however, the relative

amount of c-jun protein increased upon ALLN treatment. This result is in
agreement with the well-defined proteasomal-mediated degradation of c-jim (209).

Furthermore, evidence is shown that over-expression of 13-catenin by transient
transfection had modest anti-apoptotic effects in HEK-293 cells. It has been report
that Wnt- 1-mediated constitutive up-regulation of 13-catenin inhibits

chemotherapeutic agentinduced apoptosis. This inhibition was dependent on f3-

catenin mediated transactivation (175). Although the level of f3-cateninlTcf-4
signaling by transient transfection of mutant [3-catenin was far grater than Wnt- 1

dependent transactivation (205), results from this thesis showed modest survival
stimulation upon STS treatment. This difference may be due to both cell type and
apoptotic stimuli. Recent studies have demonstrated that 13-catenin is cleaved by
caspase-3 during STS and anoikis-induced apoptosis, and that cleaved -catenin
reduced its transactivation potential. Although codon 32 mutant -catenin harbors
mutations at one of the putative caspase-3 recognition sites, it is unlikely that the

cleaved product of 13-catenin could inhibit caspase-3-dependent apoptosis. This
conclusion is based on the observation that the percentage of apoptotic cells as well
as caspase-3 activity was equivalent in cells transfected with either WT or codon 32
mutant 13-catenin (Figures 23 and 24).
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CHAPTER 6: CONCLUSIONS

In summary, the collective work in this thesis has shown that the widely held
principle that accumulated 13-catenin is a consequence of mutations at Serine and

Threonine residues of 13-catenin is not completely true. The signaling function of

WT or mutant (3-catenin was directly analyzed in a gene reporter assay by co-

transfection of a LEF/TCF-member with a reporter plasmid containing a TCFdependent promoter. Results from this assay have shown marked increase in the

transactivation potential of

-catenin. Further analysis by Western blotting

confirmed -catenin accumulation. In addition, thesis results have shown that the

degree of phosphorylation of mutant 13catenin is determined by the type of
mutation at codon 32. Furthermore, the proteasomes-dependent degradation of
mutant

-catenin was impaired due to insufficient phosphorylation and

ubiquitination. Interestingly, the proteasome inhibitor, ALLN, was sufficient to
completely suppress

-catenin mediated transactivation. Results from these

experiments have revealed that the amount of 13-catenin is not the only determinant
of its transactivation capacity.

Finally, future studies should be conducted to investigate the effect of
chemotherapeutic agents such as proteasome inhibitors and Sodium Butyrate on

catenin translocation in normal and colorectal cell lines. Resent data described the
discovery of a novel protein "HAKAI" ("destruction" in Japanese), an E3 ubiquitin

ligase that facilitates the dynamic recycling of Adherin adhesion complexes. In

epithelial cells, activation of the tyrosine kinase Src leads to the tyrosine
phosphorylation of 13-catenin and E-cadherin, followed by HAKAI-mediated
ubiquitination and endocytosis of the E-cadherin complex (155). These findings
suggest a new hypothetical avenue of down regulation of cytosolic 13-catenin. It is

well established that E-cadherin sequesters the cytoplasmic pool of -catenin, and
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thus, limits the relative amount of free cytosolic

-catenin (210). However,

mutations in APC or 13-catenin itself may lead to accumulation of 13-catenin that
exceeds the capacity of E-cadherin binding. Thus, by developing a mechanism that

induces E-cadherin expression, and thereby increases 13-catenin sequestration at
cell-cell junction, f3-catenin that escapes phosphorylation/ubiquitylation because of

mutations within its phosphorylation sites can be tyrosine-phosphorylated and
subsequently endositosed and degraded by an alternative mechanism.
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