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Abstract	
  

The two major isoforms of CEACAM1 (CC1) have different effects on colorectal cancer (CRC) 

growth and metastasis.  Izzi et al. have shown that CC1-L Tyrosine phosphorylation inhibits 

CRC growth and metastasis in vivo in xenograft assays, which opposes the minimal effect of 

CC1-S.  It has also been shown in mouse colon carcinoma CT51 cells that the Ser503A residue is 

essential for Tyr488 phosphorylation, and that mutants of the three lysines (3K-3A) at the C-

terminus of the protein display similar results.  However, the impact on CRC metastasis of these 

last mutants is unknown.  We introduced the Ser503 and 3K-3A mutants into the MC38 murine 

CRC cell line and selected and sorted cell populations for these mutants.  Proliferation of these 

mutant cell lines was assessed in vitro.  Then, the mutant CRC mouse cell lines (MC38) 

intrasplenically injected into mice (C57Bl/6) to investigate their metastatic ability in vivo.  The 

metastatic burden was measured in the liver of these animals, and it was found that mutation of 

the Ser503, Ser516, and 3 terminal Lys abrogated the tumor inhibitory phenotype of CC1-L.  

Future studies include identifying the kinase responsible for Ser503 phosphorylation and 

identifying the pathways involved.   
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Résumé	
  

Les deux isoformes principales de CEACAM1 (CC1) ont des effets différents sur la croissance et 

la métastase du cancer colorectal (CRC).  Izzi et al. ont démontré par des analyses xénogreffes 

que la phosphorylation des tyrosines de CC1-L inhibe la croissance et la métastase du CRC in 

vivo, ce qui oppose l’effet minimal du CC1-S.  Dans les cellules murines colorectales CT51, il a 

été démontré que le résidu Ser503 est essentiel pour la phosphorylation du Tyr488, et que les 

mutants des trois lysines (3K-3A) produisent des résultats similaires.  Cependant, l’effet de ces 

mutants sur la métastase du CRC est inconnu.  Nous avons donc généré des lignées mutantes 

dans la lignée colorectale métastatique MC38 par infections rétrovirales de ces mutants.  Nous 

avons sélectionné des populations de cellules et isolé des populations uniformes par triage 

cellulaire.  La prolifération de ces lignées cellulaires mutantes a été évaluée in vitro.  Ensuite, les 

lignées cellulaires murines et mutantes du CRC (MC38) ont été injectées dans la rate des souris 

C57Bl/6 afin d’évaluer leur capacité métastatique in vivo.  La charge métastatique du foie a été 

mesurée, et nous avons trouvé que la mutation des Ser503, Ser516, et des 3 Lys terminales 

diminue le phénotype de la lignée exprimant CC1-L, qui agit comme un inhibiteur des tumeurs.  

Les études ultérieures porteront sur l’identification de la kinase qui phosphoryle le Ser503 et des 

voies de signalisation qui  sont impliquées.  
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I.	
  Introduction	
  

1.1	
  Colorectal	
  cancer	
  

Colorectal cancer (CRC), cancer of the colon and rectum, is a very prevalent malignancy 

and remains a leading cause of death and morbidity worldwide, but particularly so in North 

America and Western Europe [1].  In fact, the Canadian Cancer Society predicted that in 2013 

there would be 23, 800 new CRC cases and that 9, 200 deaths would ensue from CRC [2].   CRC 

arises due to environmental and genetic factors.     

1.1.1	
  Environmental	
  Factors	
  and	
  CRC	
  

It is estimated that 30-40% of all tumors could be prevented by correcting diet and 

lifestyle [3].  The “Westernized” diet, high in red meat and fat, is related to increased CRC 

occurrence [4].  This is due to an increased level of N-nitroso compounds (NOCs) in the colon, 

which have been found to cause DNA damage [5].  At the same time, case-control studies 

showed that a diet high in fiber decreases CRC risk [6].   Furthermore, consistent alcohol 

consumption also increases risk for CRC via induction of cytochrome P4502E1 (CYP2E1), 

which converts many known pro-carcinogens to carcinogens [7].  Interestingly, tobacco use not 

only increases the risk of lung cancer but it also increases the risk of rectal cancer [8].  Obesity 

and lack of exercise also increase the risk of CRC, likely through inflammatory processes, 

adipokines, and estrogen [9].  Despite these well-defined environmental factors, CRC is mainly 

characterized by its genetic alterations.   

1.1.2	
  Genetic	
  Factors	
  and	
  CRC	
  

On a genetic level, CRC arises from the accumulation of genetic changes in important 

oncogenes, tumor suppressor genes, and mismatch repair (MMR) genes [10].  Proto-oncogenes 

are genes that have the potential to induce cancer and, when activated, become oncogenes which 

promote pro-cancerous processes [11].  In contrast, a tumor suppressor gene is a gene that is 

normally expressed and acts to protect the cell from one or more pro-cancerous pathways [12].  

When a tumor suppressor gene is inactivated by mutation, for example, the cell can become 

cancerous.  Knudson first identified tumor suppressor genes during his investigation into 

childhood retinoblastoma [13, 14].  From these studies he also developed his “Two-hit” 
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hypothesis, which stated that, in the case of childhood retinoblastoma, the first genetic “hit” 

(mutation) is hereditary, and the second “hit” occurs during life (resulting in loss of 

heterozygosity (LOH) at that locus), and gives rise to cancer formation.  MMR genes are 

responsible for repairing DNA damage as well as for recognizing and repairing DNA bases that 

have been inserted or deleted [15].  While there are many genes that are altered in colorectal 

cancer, as described by The Cancer Genome Atlas Network [16], there are six genes which are 

most frequently and characteristically altered in CRC: APC (Adenomatous polyposis coli), KRAS 

(Kirsten rat sarcoma viral oncogene homolog), SMAD4 (Mothers against decapentaplegic 

homolog 4) also known as Dpc4 (deleted in pancreatic carcinoma, locus 4), TP53 (tumor protein 

53), and the MMR genes MLH1 (MutL homolog 1) and MSH2 (MutS protein homolog 2) [17].   

 

Tumor suppressor Genes 

a) APC 

APC is the predominant gene affected in colorectal cancer, as its inactivation is found in 

most sporadic colorectal cancers [18] and is also responsible for familial adenomatous polyposis 

(FAP) [19], a hereditary form of CRC.  APC is a tumor suppressor gene located on the 

chromosome 5q21 locus [20], and encodes a scaffolding protein involved in the WNT signaling 

pathway [21].  The WNT pathway, which regulates signal transduction across the cell 

membrane, plays a large role in development and in carcinogenesis [22].  WNT signaling results 

in accumulation of β-catenin in the nucleus, which in turn activates transcription factors that 

promote cellular proliferation and migration [23, 24].  This protein is a relatively large 310 kDa 

protein and is multifunctional, with the central portion of the protein containing domains that 

interact with members of the WNT signaling pathway.  There are three 15 amino acid repeats 

that bind to β-catenin, followed by seven 20 amino acid repeats that regulate β-catenin by 

phosphorylation [10].  There are also SAMP sequences that bind to axin.  Glycogen synthase-3β 

kinase (GSK3β) interacts with APC as well.  Both axin and GSK3β are members of the WNT 

signaling pathway.  Mutations in APC result in increased nuclear β-catenin levels, which 

activates, amongst others, the C-MYC gene, and the Cdk4/cyclin D1/pRB/p16 pathway in CRC 

development [20]. 

Common mutations in APC result in a truncated protein, which lacks domains involved in 

down-regulating β-catenin via phosphorylation as well as its axin-binding domain [10].  
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Shortened APC proteins due to termination mutations are also quite unstable and degrade very 

quickly.  These mutations are most often associated with FAP, whereas mutations in the 

mutation cluster region of APC, between codons 1286-1513, are mostly associated with 

spontaneous cases of CRC [25].   

There are several APC mouse models that were created to better study the mutations 

found in human populations.  An excellent review of these mouse lines is found by Fodde [26].  

It should be noted that similar investigations in APC-mutant mice revealed that intestinal tumors 

did not exhibit somatic mutations in the Trp53 (mouse TP53) and Kras genes [26].  This 

difference is likely due to discrepancies in lifespan and genetics between humans and mice [10].   

 

b) SMAD4 

 SMAD4 participates in the transforming growth factor (TGF-β) signaling pathway, 

which regulates many cancer-related cellular functions such as differentiation, apoptosis, and the 

cell cycle [27].  SMAD4 binds to receptor-related SMADs and is responsible for translocating 

the complex into the nucleus.  SMAD4 mutations are commonly found in many types of cancers 

[28].  Found on chromosome 18, the tumor suppressor SMAD4 is mutated in 50% of large 

colonic adenomas and 75% of CRCs [29-32].  Mutation of SMAD4 is also associated with the 

hereditary disease juvenile polyposis syndrome (JPS), which predisposes children to polyps and 

cancer [33].  However it is not the only gene responsible for the disease.  The SMAD proteins 

are members of a small family of proteins that are highly homologous, and contain two highly 

conserved domains joined by a linker domain: an N-terminal Mad homology domain-1 (MH1) 

and a C-terminal Mad homology domain-2 (MH2) [34].  In CRC, normally the MH2 domain is 

usually mutated in the region that permits hetero-oligomerization with other SMAD proteins [35, 

36].   This blocks the TGF-β pathway and allows the tumor to proliferate autonomously [17] by 

preventing the transcription of the cyclin-dependent kinase (CDK) inhibitor p21 [37].   

 

c) TP53 

LOH of the tumor suppressor TP53, found on chromosome locus 17p13, is found in 75% 

of colorectal carcinomas [29, 38].  It encodes the p53 protein, the “guardian of the genome,” 

which induces cell death by apoptosis upon sensing DNA damage and by up-regulating CDK 

inhibitor p21 [17].  p53 also regulates the cell cycle (G1/S transition), activates DNA repair 
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proteins, can induce senescence, and controls differentiation [39].  All of these processes are 

implicated in regulation of cancer, which is why p53 is deactivated in many cancers, including 

CRC.  TP53 is activated upon DNA damage, hypoxia, telomere erosion, deprivation of nutrients, 

and abnormal cellular proliferation driven by oncogene activation [40].  Approximately 85% of 

the mutations in TP53 in cancer (especially CRC) are missense, and typically occur at codons 

175, 245, 248, 273, and 282 [41-43].  In CRC, TP53 mutations represent late events being most 

prominent in stage III adenocarcinomas [43].  

 

Oncogenes 

d) KRAS 

 The main oncogene associated with CRC is KRAS, which is mutated in roughly 50% of 

sporadic CRC carcinomas [29, 44, 45].  KRAS is a guanine nucleotide (GDP/GTP)-binding 

protein that is a self-inactivating signal transducer affecting the cancer-related cellular processes 

of proliferation, apoptosis, and senescence [46].  It is mutated in 95% of pancreatic cancers, 55% 

of thyroid cancers, and 35% of lung cancers [46].  It is located at chromosome locus 12p12.1, 

and encodes for a small GTPase that acts as a messenger between receptor activation and 

downstream pathways that affect such cellular processes as survival, proliferation, and 

differentiation [47, 48].   

 Mutations in KRAS are normally found at codons 12, 13, and 61, keeping it in a 

constitutively active state [49, 50].  Such mutated RAS proteins affect many pro-cancer 

downstream pathways.  An excessive amount of RAS drives proliferation through the RAS-

RAF-MEK-ERK pathway [51-53].  RAS is also part of the Phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K) pathway (which is antagonized by phosphatase and tensin 

homolog (PTEN)), and activates AKT to suppress apoptosis [17].  MDM2 transcription is also 

affected by RAS activation, which explains the increased resistance to p53-dependent apoptosis 

[54].  In CRC, KRAS mutations are essential for the progression of stage I to stage II [55].  

 

Mismatch repair genes 

e) MMR genes, MLH1 and MSH2 

 Mutations of MLH1, on chromosome3, and MSH2, on chromosome 2, give rise to 

microsatellite instability (MSI) [56], which is the state of genetic hypermutability.  In fact, 
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mutation of these two genes is responsible for the hereditary non-polyposis CRC (HNPCC or 

Lynch syndrome).  Normally, MLH1 and MSH2 help to detect incorrect bases in DNA and work 

to correct it.  MLH1 promoter hypermethylation (blocking transcription) and MSH2 alteration 

inhibits normal base-pair correction, which gives rise to MSI and a pro-cancerous environment 

[57].   

1.1.3	
  Development	
  of	
  CRC	
  

A primary CRC tumor develops as a consequence of activating proto-oncogenes and by 

inactivating tumor suppressor genes, such as the ones mentioned above.  The molecular 

pathology of CRC was well defined in 1990 by Fearon and Vogelstein [55] as a series of 

progressions from normal intestinal epithelia, to aberrant crypt foci (ACF), to polyps, to 

adenoma, to carcinoma (Figure 1) [10].  Each stage has a particular histological profile, and can 

be further defined by a number of genetic alterations.   

 

a) ACF 

ACF are tiny non-cancerous lesions that can only be seen by methylene blue staining or 

by microscopy [58], and are characterized by enlarged crypts and by thickened epithelium with 

reduced mucin, which behaves as a lubricant [1].  There are two main types of ACF: those that 

could develop into hyperplastic (increase of number of cells and not necessarily cancerous) 

polyps and normally have KRAS mutations, and those that could develop into dysplastic (change 

in cell phenotype, more likely to give rise to cancer) polyps and typically have APC mutations 

[1].   KRAS mutations typically occur between the ACF and adenoma stages of CRC progression.  

The incidence of APC mutations in all stages of colorectal cancer and molecular analyses 

using relevant mouse models indicate that it is the earliest mutation in CRC development 

(Figure 1), providing a selective advantage which allows the initiation of clonal evolution, 

which will be explained in section 1.2 [18].  Furthermore, starting with the APC mutation and 

continuing through to the adenoma and carcinoma stages, the levels of nuclear β-catenin 

continue to rise, leading to the activation of the pro-proliferation pathways mentioned above 

[59].   
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b) Adenoma 

 This stage is considered pre-cancerous and is marked by intra-epithelial neoplasia, 

dysplastic polyps, and general increased histological disorder [60].  Dysplasia normally begins 

towards the base of the crypt and continues toward the luminal surface, and the dysplastic cells 

have not extended beyond the lamina propria.  The cells tend to be enlarged, to have 

hyperchromatism, and to have lost polarity [1].  Activating mutations of KRAS are considered to 

occur at this time, and are believed to act in synergy with APC mutations to permit growth and 

progression of the tumor.  However, given the fact that 50% of CRC do not have KRAS 

mutations it is probable that either other oncogenes play a role or that epigenetic changes might 

replace the need for KRAS mutations.   

 

c) Carcinoma 

 Carcinomas, characterized by an invasion into the muscularis mucosa, are marked by 

high histological disorder and by large and tall epithelial cells [1, 60].  Genetic alterations in 

TP53 and SMAD4 in this late stage of progression are required for further clonal expansion and 

malignant transformation [10].   

 

The histopathological and genetic events that govern CRC progression from an ACF to 

carcinoma are, as explained above, relatively well understood.  However, less is understood 

about the molecular and genetic changes that regulate the metastasis of CRC, as well as its 

timing.  This is an important point considering that 40% of CRC patients develop hepatic 

metastasis and that, furthermore, most of these patients will succumb to their metastatic disease 

[61].  Given these facts, the goal of this Masters project is to contribute to the knowledge of the 

mechanisms controlling CRC hepatic metastasis.   

 

1.2	
  Understanding	
  Metastasis	
  	
  

Metastasis is defined as the “transfer of disease from one organ or part to another not 

directly connected to it” [62] and is one of the essential hallmarks of cancer as described by 

Hanahan and Weinberg [63].  There are currently six proposed models of the metastatic process, 

each with their own limitations, as described by Hunt [64].  The model that has been generally 

accepted to explain CRC metastasis is the linear progression model [65], first described by 
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Nowell as the clonal evolution model in the context of leukemia [66].  It proposes that the 

primary tumor accumulates somatic genetic alterations in a linear, clonal evolutionary fashion.  

During this process, a small number of cells in this primary tumor develop full metastatic 

potential [64, 67, 68].  The metastatic process is comprised of a number of interlinked sequential 

steps, all of which can be rate-limiting [69-71], and is often referred to as the metastatic cascade 

(Figure 2).   

1.2.1	
  The	
  Metastatic	
  Cascade	
  	
  

a) Migration and Invasion 

The first step in metastasis is Epithelial Mesenchymal Transition (EMT).  This describes 

the process of cells releasing contact with the basement membrane and with each other, and 

changing biochemically and physiologically into a mesenchymal cell, displaying increased 

migratory properties.  This process is regulated by members of the SNAIL family (SNAI1 and 

SNAI2), by EMT-inducing transcription factors listed here [72], and by non-coding RNAs 

(members of the miR-200 family) [73].  Initiation of this process occurs via signaling from the 

stroma and from the tumor itself.  Interestingly, an increased level of nuclear β-catenin has been 

functionally connected to EMT in CRC [74].  The β-catenin downstream target genes contribute 

to invasion and dissemination, and their roles are discussed below.   

Invasion of CRC is regulated in part by prostaglandins, especially the E2 series (PGE2), 

which transactivates c-Met-R, increases tyrosine phosphorylation resulting in the accumulation 

of β-catenin in the nucleus, and up-regulates expression of the urokinase-type plasminogen 

activator receptor (uPAR) mRNA [75].  This is all contingent on the presence of functional 

EGFR, and this signaling has been shown to be essential to the invasive phenotype in CRC.  In 

addition to this, the laminin γ chain [76], fibronectin [77], and the axon guiding factor L1 [78] 

have been found up-regulated at the invasive front of CRC, which implicates them in invasive 

regulation.   

The ECM interacts with the tumor cell most commonly via cell adhesion receptors 

(integrins), and is comprised of five types of macromolecules: collagens, laminins, fibronectins, 

proteoglycans, and hyaluronans [65].  The basement membrane (BM) is a specialized type of 

ECM, and its degradation is an important step in EMT and in invasion of CRC cells.  The 

presence of the BM contains tumor cells to that local environment and acts as a barrier to 
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invasion and metastatic spread.  Once degraded, invasion and metastatic spread are facilitated 

[65].  The α6β4 integrin, which is normally involved in maintaining adhesion of epithelial cells 

to the BM, promotes cell migration on laminin-1 in CRC [79].  Furthermore, metastatic CRC 

cells are associated with the stromal cell expression/secretion of MMPs (collagenase IV), which 

degrade the ECM [80].  These processes and signaling pathways are all implicated in the 

increased invasive and migratory phenotype observed in cells undergoing this first step of 

metastasis.    

The stroma secretes other pro-invasive and pro-migratory signals.  Stromal cells express 

high levels of Platelet-derived growth factor receptor (PDGFR) in CRC.  As shown by Kitadai et 

al. in their pharmacological inhibition studies, high PDGFR expression promotes CRC invasion 

[81].  Furthermore, it has been shown that cancer-associated fibroblasts (CAFs), which produce 

cytokines (TGF-β, TNFα, TFF, IGF, EGF, HGF), aid in tumor cell migration and invasion [82].  

Genes located downstream of the TGF-β/SMAD2/SMAD3/SMAD4 axis activation, such as E-

cadherin and Slug, have well-defined roles in EMT in CRC [83].  Loss of E-cadherin disrupts 

cell-cell adhesion, which in CRC allows for increased migration of the cancer cells as a result of 

an accumulation of Src and phospo-myosin, and of increased expression of guanine nucleotide 

exchange factor TIAM1 [84, 85].  Additionally, bone marrow-derived cells (BMDC), in 

particular tumor-associated macrophages (TAMs), secrete vascular endothelial growth factor 

(VEGF) in CRC, which promotes angiogenesis [86].  TAMs produce tumor necrosis factor alpha 

(TNFα), which increases TGF-β-induced EMT [87-89].  Finally, the cell surface glycoprotein 

CD44, which is normally involved in cell-cell adhesion and migration, was found to directly 

contribute to dissemination of tumor cells in CRC [90]. 

 

b) Angiogenesis  

Mammalian cells need to be within 100 µm of a blood vessel in order to survive, which is 

the diffusion limit for oxygen as determined via pH and pO2 measurements [91-93].  Oxygen and 

nutrients are obtained via the vasculature, and as such angiogenesis is an essential process in 

tumor progression.  Angiogenesis is the process of neovascular growth in cancer, and this 

process normally occurs when the tumor around 2 cm3 in size and is necessary for the tumor to 

grow any larger [94].  These vessels are typically different than healthy ones found elsewhere in 

the body in that they are leaky and tortuous in design, which usually results in hypoxic areas of a 
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tumor.  Vessels in tumors are often leaky, meaning that there are larger-than-usual gaps in 

between endothelial cells and pericytes, thus facilitating metastasis.  Angiognesis is an important 

step in the metastatic cascade because cells that have undergone EMT often use these vessels to 

access other sites in the body [65].  The common ‘angiogenic switch’ (though not the exclusive 

one [95, 96]) results from hypoxia, which promotes the transcription of hypoxia-inducible factor 

(HIF-1) [65].  Subsequently, HIF-1 assists in the expression of numerous angiogenic factors 

including basic fibroblast growth factor (bFGF), placental growth factor (PLGF), and vascular 

endothelial cell growth factor (VEGF) [97].   

VEGF, once expressed, interacts with its receptor (VEGFR2) to initiate several pro-

angiogenic signaling cascades.  For example, VEGF initiates the endothelial nitric oxide 

synthase (eNOS), PI3K, p38 and extracellular signal-regulated kinase (ERK) mitogen-activated 

protein (MAP) kinases, which results in vasodilation, migration, proliferation, and 

vascularization [98].   The mechanism behind VEGF activity in general is that VEGF binds 

surface receptor tyrosine kinases (the VEGFRs), which then dimerize and become 

phosphorylated [99], which in turn activates the pathways listed above.  In addition to this, 

angiopoietin-2 (Ang-2), a member of the growth factor protein family, works in conjunction with 

VEGF to produce leaky vessels [100].  In human patients, the degree of angiogenesis is a 

predictor of survival [101] and was proven to be essential for metastasis to the liver by anti-

VEGF antibody (bevacizumab) studies [102, 103].   

Importantly, lymphangiogenesis may play a role in CRC liver metastasis as well.  The 

lymphatic system plays an important role in draining fluid, macromolecules, and dead cells from 

tissues into lymph nodes as well as in the immune response via transportation of immune cells 

[65].  Lymphangiogenesis represents an alternative route to blood vessels for CRC cells to reach 

the liver from the site of the primary tumor.  In fact, it has been proposed that it is easier for 

cancer cells to enter the lymphatic vessel due to the absence of inter-endothelial tight junctions, 

smooth muscle cells, pericytes, and intact BM [104].  Signaling between mainly VEGF-C and to 

a certain extent VEGF-D and their receptor (VEGFR3/Flt-4) regulates lymphangiogenesis.  

Activation of this receptor initiates up-regulation of the ERK and JNK MAP kinases, and the 

Pyk2, NF-κB and AKT signaling pathways, which regulate proliferation, survival, and sprouting 

[105, 106].  Further signaling from platelet-derived growth factor (PDGF)-BB and Ang-1 recruit 

mural cells to the site of lymphangiogenesis [94].  Interestingly, Ang-2 regulates 
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lymphangiogenesis by acting as an agonist to Tie2 receptor on lymphatic endothelial cells [107].  

In addition to this, CRC cells express the chemokine receptor C-X-C chemokine receptor type 5 

(CXCR5), and both lymphatic endothelial and hepatic cells express its ligand (BCA-1/CXCL13) 

[108].  This may partially explain the preference of metastatic spread to the liver in CRC.   

 

c) Intravasation 

EMT allows cells to migrate and, and coupled with angiogenesis the cells can invade the 

tissue surrounding the primary tumor.  These cells encounter capillaries, venules, and/or 

lymphatic channels where they intravasate and enter the circulation.  The molecular mechanisms 

behind intravasation are not yet well-defined, but there are currently two hypotheses.   

The first hypothesis states that metastases develop due to direct blood vessel intravasation 

at the site of the primary tumor, while the second states that cancer cells first colonize lymph 

nodes and then continue to blood vessel intravasation [109].  In the first case, fragmentation 

upon entry into the blood vessel is a large problem that must be overcome by the tumor cells 

[110].  CRC in particular overcome this problem by overexpressing focal adhesion kinase 

(FAK), thereby resisting anoikis and surviving without ECM contact by circumventing integrin 

signaling [111].  FAK, which is the main driver of anoikis resistance in CRC, permits this by 

activating pathways such as ERK or Akt, which help the cell survive [112, 113].  Ras mutants, 

commonly found in CRC (see section 1.1.2), are upstream of ERK and serve to further promote 

the survival of the CRC cells.  In the second hypothesis, metastatic cells first enter efferent 

lymph nodes and subsequently enter blood vessels via the thoracic duct and subsequently the 

vena cava, and this process is tightly linked to lymphangiogenesis (described in the context of 

liver metastasis in the Angiogenesis section) [65].  There are good arguments for both of these 

hypotheses, but the reality may be that both mechanisms occur in any given cancer.   

 Relatively little information regarding molecular mechanisms governing intravasation is 

available.  This is due to the difficulty of creating experimental conditions that mimic the true 

cellular and molecular mechanisms, the fact that most metastatic experiments bypass the 

intravasation step [114], and the lack of animal models [115].  One study found that tumors with 

a high density of vascularization had an increased incidence of intravasation, and that increased 

levels of E-cadherin, α-catenin, β-catenin, metalloprotease (MMP)-2 and -9 did not influence 

intravasation in CRC [114].  Another study found that down-regulation of Programmed Cell 
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Death 4 (PDCD4) is associated with increased levels of invasion and intravasation in CRC [116].  

Interestingly, preliminary studies show that PDCD4 is most likely regulated by topoisomerase 

inhibitors [117], COX-2 inhibitors [118], Myb [119], and Akt [120].  However, another study 

showed that PDCD4 expression is unequivocally negatively regulated by miR-21, which binds to 

nucleotides 228-249 in the 3’ UTR [121].  PDCD4 binds the SP1/SP3 promoter motifs, which 

suppresses expression of the uPAR gene described in the Migration and Invasion section.  This is 

important because, once uPar binds its receptor, the expression of proteases such as plasminogen 

and MMPs is activated.  These proteases contribute to the degradation of the ECM, which favors 

intravasation [65].  The expression of uPAR is positively regulated by the AP-1 promoter, Src-

mediated activation, as well as by Ser73 and Ser63 c-Jun phosphorylation.  Furthermore, Src 

activity levels increase throughout the stages of CRC and are associated with an increased in 

vitro invasion of CRC cells [122]. 

 

d) Mechanical stress and evading apoptosis and immune cells in the circulation 

Once entered into the blood stream, metastatic cells face an enormous number of 

challenges.  Most solitary cancer cells in the circulation die via apoptosis [123].  These 

challenges include evading immune surveillance and apoptosis, and overcoming mechanical 

stress [65].   

Cancer cells must evade Natural Killer (NK) cell-mediated destruction and T cell-

mediated destruction.  Either the NKG2/perforin or Trail pathways mediate tumor cell 

destruction in NK cells [124].  In cancer patients, the expression of IL-8 and IL-12, which 

stimulate these pathways in NK cells, is associated with lower burden of metastasis [125].  To 

overcome the immune system, cancer cells often form aggregates with platelets and use 

mechanisms associated with inflammation to protect against NK cell-mediated apoptosis and 

shear stress [65].  For example, cancer cells can induce up-regulation of glycoproteins which act 

as “non-specific blocking factors” and protect the cancer cells from immune attack [126].  

Furthermore, integrins and adhesion molecules allow the metastatic cells to adhere to the 

endothelial cells that protect the cells from shear stress.  Importantly, adhesion to the endothelial 

cells also aids metastatic cells to avoid anoikis that is induced by detachment from the ECM [70, 

71].   
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Finally, the shear mechanical stress of being in the circulation is a challenge for cancer 

cells.  This stress is greatest in the narrow microvasculature of the heart and with contracting 

skeletal muscle cells [127].  Cancer cells have overcome this challenge by overexpressing stress 

proteins like heat shock protein 70 (HSP70) and by associating with leukocytes and platelets in 

the blood stream [65], which helps to shield them from the stress.  Cancer cells also survive the 

shear stress by regulating levels of nitric oxide (NO) and reactive oxygen species (ROS) [112], 

which are necessary for apoptosis of CRC cells in the liver [128].  In down-regulating NO and 

ROS, cancer cells evade apoptosis.   

It is important to note that it is rare for a cell to survive the entire metastatic cascade.  In a 

study by Fidler in 1970, it was shown that less than 0.1% of tumor cells were still viable after 24 

hours of entering the circulation.  Furthermore, less than 0.01% of these cells were able to form 

metastases [129].  This study supports the “metastatic inefficiency” model, which states that 

many cancer cells die upon entry to various anatomic sites [130].  This complements the now 

widely-accepted “seed and soil” hypothesis, first explained by Stephen Paget in 1889 [131]. 

Paget originally stated that the “seed” was the tumor cell and the “soil” was the target 

organ, and that for a metastasis to form the “seed” and the “soil” had to be compatible.  Now, 

more than 120 years later, the “seed” is identified as the progenitor cell, initiating cell, or cancer 

stem cell, while the “’soil” is identified as the niche or organ microenvironment [132].  The 

cancer stem cell hypothesis states that cancers develop from a few cells that have the potential to 

grow infinitely, to resist apoptosis, and to divide asymmetrically [133].  In CRC it is assumed 

that cancer stem cells originate from mutations in normal colonic stem cells, located at the base 

of the crypt.  Interestingly, the Wnt signaling target gene leucine-rich repeat containing G 

protein-coupled receptor 5 (Lgr5) is a marker of normal colonic stem cells [134].  Several 

markers of CRC stem cells have been identified in Lgr5+ CRC cells, including CD133, CD44, 

CD166, and aldehyde dehydrogenase 1 (Aldh-1) [135].  The organ microenvironment refers to 

the appropriateness of the organ for the metastatic cell, and is comprised of local host cells 

(immune cells, fibroblasts, parenchyma), cytokines, chemokines, and ECM with associated 

proteins.  There is now good evidence that the primary tumor in fact produces factors to create a 

premetastatic niche in the organ before metastasis [136].   
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e) Extravasation  

Surviving metastatic cells (seeds) eventually find an environment (soil) that is 

appropriate for them, adhere to a vessel, and extravasate into an organ.  Many cancers have 

preferred sites of metastasis, and CRC prefers to metastasize primarily to the liver, and 

sometimes the lungs [65].  To successfully extravasate, the ligands on the cancer cell and the 

receptors on the endothelial cell must engage using adhesive interactions, and there must be safe 

passage across the endothelium [69, 137].   

A study using highly metastatic CRC (CX-1) cells showed that, upon entering the hepatic 

microcirculation, the host underwent a rapid inflammatory response resulting in TNFα 

production in the Kupffer cells.  This in turn activates E-selectin expression, which facilitates 

binding to the blood vessel endothelial cells and extravasation [138].   In addition to this, CRC 

cell sialylated death-receptor-3 (DR3) is activated following binding to E-selectin [69, 139], 

implying that cells expressing DR3 will disseminate to the liver preferentially to bind E-selectin.   

Initial contact between ligand and receptor is mediated by selectins, and results in the 

rolling of the cancer cell on the endothelium [65].  This rolling provokes the secretion of 

chemokines by the endothelium, which stimulates cancer cell and integrin activation.  Integrin 

strengthens the adhesion via Ig-CAM members (ICAM).   

Subsequent to adhesion, cancer cells start to migrate across the endothelium by extending 

invadopodia into the cell junctions.  While the mechanism behind this is not clearly understood, 

Tremblay et al. found that the endothelial cell retraction in CRC cells was an ERK-dependent 

dissociation of the VE-cadherin/β-catenin complex, associated with the retraction of a p38-

dependent actin filament [140, 141].  For the next step of extravasation, the cancer cells must 

adhere to the sub-endothelial BM/ECM to either grow and develop as a secondary neoplasm or 

they travel elsewhere [65].  Once across the membrane, the cells must colonize the new site.   

The architecture of the liver also facilitates metastases formation via its unique 

microenvironment [142].  The hepatic microvasculature is dual by nature (two afferent arteries: 

portal and hepatic), tortuous, and slow [143].  In normal liver function, this aids in the filtration 

and recognition of circulating cells, bacteria, and molecules.  However, this function can also aid 

in the arrest of circulating metastatic cells.  In addition to this, the liver’s macrophages (Kupffer 

cells in the endothelia) and the large quantity of surface molecules exposed via the fenestrated 

hepatic sinusoidal endothelial cells (HSEC’s) facilitate efficient absorption of circulating 
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nutrients, toxins, bacteria and other pathogens, old cells, and toxins.  Interestingly, this can also 

aid in the uptake of circulating metastatic cells.   

The liver consists of a heterogeneous population of endothelial cells that aid in 

regeneration and renewal by repairing the hepatic microvasculature [144].  Metastatic cancer 

cells can take advantage of this process by secreting tumor-derived factors to use these same 

cells to contribute to stroma and blood vessel generation [142], creating a favorable 

microenvironment for metastatic development.  Furthermore, activated myofibroblasts are a 

major source of ECM during liver injury and aid in hepatic regeneration.  However, in response 

to tumor-derived factors these myofibroblasts contribute to a favorable microenvironment for 

metastatic development [142].  Finally, metastatic cells can also take advantage of the hepatic 

adaptive immune response to the prolonged up-regulation of immune factors and inflammation.  

This response is intended to save the liver parenchyma from damage, and consists of local 

immune suppression via up-regulation of IL-10, prostanoids, soluble ICAM-1, and TGF-β [145].  

This microenvironment is favorable to infectious diseases, autoimmunity, and cancer metastasis, 

which likely explains the metastasis of CRC to this organ [146]. 

 

f) Colonization 

This is the final step in the metastatic cascade, and is defined as the detectable growth of 

disseminated cancer cells [147].  This implies that the cancer cell has been able to avoid 

apoptosis in the new microenvironment, to divide, and to form new vascularization.  An 

important and not well-understood mechanism that allows for colonization is mesenchymal to 

epithelial transition (MET), where the cell begins to re-express markers of the epithelium such as 

E-cadherin [100].  While MET is still not a very well-understood process, it has been shown that 

the proto-oncogene c-Met (also known as hepatocyte growth factor receptor) regulates MET in 

carcinogenesis [148].  In CRC, it is believed that CAFs contribute to this process by 

overexpressing cyclooxygenase-2 (COX2) and TGF-β [149], which creates a pro-proliferative 

environment.   

It has also been found that CRC cells secrete CD44, which acts as a decoy receptor to 

inhibit interaction of CRC cells with their hyaluronate ligand in the ECM.  This mechanism 

protects the CRC cells from apoptosis [150].  Furthermore, one study found that expression of β-

Galactoside–Binding Protein Galectin 3 in the tumor cell is essential for colonization of 
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metastatic CRC in the liver [151].  A different study found that expression of the fibronectin 

receptor Integrin alphavbeta6 (αvβ6) was essential for liver colonization [152].  On the other 

hand, it was found that metastatic cells have to induce fibroblast stromal expression of periostin 

(POSTN), a component of the ECM, in order to colonize the liver [153].  Expression of growth 

factors (such as TGFα) from the ECM and of growth factor receptors in CRC cells (such as 

EGFR) has been shown to influence proliferation of metastatic cells in the liver [154].  In 

addition to this, expression of the chemokine receptor CXCR4 is essential for proliferation of 

hepatic CRC metastases [155]. 

 

Dr. Beauchemin’s laboratory has defined CRC development very well in the context of 

CEACAM1 (Carcinoembryonic antigen cell adhesion molecule 1)-regulated tumors.  

CEACAM1 (CC1), an adhesion molecule that will be further introduced in the next section, 

which has reduced expression in the early phases of CRC development (tumor suppressor 

function) [156-158], but is up-regulated in later stages of the disease [159-161].  Furthermore, 

CC1 has several functions that implicate it in the metastatic process.  Firstly, CC1 is an 

angiogenic factor that promotes VEGF activity.  In fact, CC1 is involved in regulating the 

VEGFR2/eNOS/Akt pathway [162-164].  Considering the role that angiogenesis plays in the 

metastatic cascade, this is an important pro-metastatic function.  CC1 can also engage in 

juxtacrine signaling while fulfilling its cellular adhesion function [165, 166].  This indicates that 

CC1 has a major role in CRC metastasis.  Finally, the up-regulation of CC1 in the later stages of 

CRC disease combined with its proven expression at the invasive front of advanced human CRC 

tumors [160, 161, 167] suggests that CC1 does indeed regulate CRC metastasis.  In addition to 

this, CC1 expression in both the colonic epithelium and the stroma contribute to cancer 

development [168-170].  Based on this evidence that CC1 plays an important role in metastasis, 

this project investigates epithelial CC1-regulated CRC metastasis.   

 

1.3	
  The	
  CEA	
  Family	
  	
  

 The carcinoembryonic antigen (CEA) was first discovered in 1965 by Gold and 

Freedman during studies investigating tumor-specific antigens of intestinal malignancies [171].  

During the years that followed, other members of the CEA family were discovered.  The CEA 
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family of proteins is divided into two main groups: the carcinoembryonic antigen cell adhesion 

molecules (CEACAM) found at the membrane, and the secreted pregnancy-specific 

glycoproteins (PSG) found in the trophoblast [166, 172-174].  In humans there are 12 genes that 

encode for the CEACAM proteins and 10 that encode for the PSG proteins, all of which are 

located in a cluster on human chromosome 19q13.1-13.2 (murine chromosome 7) [172].  These 

family members differ in function, cellular localization, expression pattern, and primary 

structure.  The CEACAMs, which are part of the immunoglobulin (Ig) superfamily, are 

furthermore highly conserved across 28 mammalian species [175].  Interestingly, the most highly 

conserved member is CEACAM1 [172].   

 Members of the CEACAM family in mice are composed of either variable IgV-like N 

domains exclusively, or of one to eight N domains with one to three Ig constant (IgC)-like 

domains (of type A or B).  However, in humans, CEACAMs have an IgV-like domain and zero 

to six IgC-like domains [172] (Figure 3).  Members of the CEA family are generally involved in 

adhesion interactions [173, 176-178], but have been shown to also have roles in neo-

angiogenesis [179], innate and adaptive immune responses [166], insulin metabolism [180], 

tumor development [181], apoptosis [182], and certain members function as receptors for 

pathological bacteria and viruses [183, 184].   

1.4	
  CEACAM1	
  

 This project focuses on CEACAM1 (CC1), formerly known as Bgp1, CD66a, and pp120 

[172].  Identified in 1976 in the bile of patients with liver disease [185, 186], CC1 is the 

primordial CEACAM.  CC1 is mostly a transmembrane glycoprotein [187], although some 

splicing isoforms are also secreted or anchored to the membrane.  It is expressed in epithelia, 

vessel endothelia, and myeloid and lymphoid cells.   

1.4.1	
  Gene,	
  structure,	
  and	
  major	
  isoforms	
  	
  

a) The Gene 

There are nine exons in the CEACAM1 gene, which can be alternatively spliced to 

generate twelve different isoforms, three of which are secreted instead of being membrane-bound 

[188] (Figure 4).  All members of the CEACAM family share the same intron and exon pattern.  

There is always an exon that encodes the 5ʹ′ untranslated region (UTR) and part of the leader 

peptide, followed by a different exon that encodes the rest of the membrane signal peptide and 
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that encodes the N-terminal IgV-like domain.  Following this are other exons that each encode 

IgC-like domains of either type A or B, which are paired together in an A+B fashion.  Finally, 

there are several exons that encode the C-terminal region and the 3ʹ′ UTR [189].   

Transcription of the CEACAM1 gene is induced by IFN-γ via an Interferon-Stimulated 

Response Element in its promoter region [190-192].  Alternative splicing heavily regulates 

CEACAM1, which is a post-transcriptional evolutionary strategy that allows one gene to code for 

several proteins [193, 194].  This process is mediated by cis-regulatory elements called exonic 

splicing enhancers and silencers, which either promote or inhibit the use of nearby splice-sites.  

The most common splicing effector proteins are part of the heterogeneous nuclear 

ribonucleoprotein (hnRNP) and serine/arginine-rich (SR) families [195, 196].  It was shown that 

alternative splicing controls the transcription of the CC1-long (-L) and CC1-short (-S) 

cytoplasmic tails [197].  hnRNP L and hnRNP A1 mediate transcription of CC1-S by interacting 

directly with exon 7, while hnRNP M is essential for transcription of CC1-L.  In addition to this, 

interferon regulatory factor-1 (IRF-1) has also been shown to regulate Cc1 alternative splicing in 

breast cancer cells (MDA-MB-468), favoring the CC1-L isoform [198].  Down-regulation of 

CC1 in prostate cancer was found to be regulated by Sp2 [199], a member of the Sp family of 

transcription factors that regulates gene expression by binding to GC boxes at their promoters 

[200].   

b) The Structure 

Consequently, all isoforms have the same three general structures: two, three, or four 

heavily glycosylated extracellular immunoglobulin domains, a transmembrane segment and 

either a long (71 amino acids, 73 in mice) or short (10 amino acids) cytoplasmic tail (Figure 5).  

It is important to note that, while the human CC1 gene encodes for only one protein, the murine 

Cc1 gene encodes for two allelic variants: Ceacam1a and Ceacam1b, varying in the N-terminal 

region [201, 202].  However, most inbred mouse strains only express Ceacam1a [203].  

Furthermore, mice have a homologous gene to Cc1 called Ceacam2, which differs in protein 

structure, expression pattern, and function [173].  One difference between the twelve human 

splice isoforms is found via the addition of one, two, or three IgC domains.  Another difference 

is the inclusion or exclusion of exon 7, which yields CC1-L and CC1- S cytoplasmic tails, 

respectively [166].   

c) The Major Isoforms 
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The conventional way to distinguish between the isoforms is to refer to the number of 

extracellular immunoglobulin-like domains, the length of the cytoplasmic tail, and whether or 

not it is secreted.  For example, the major murine isoforms are CC1-2L, CC1-2S, CC1-4L, and 

CC1-4S [172], although secreted forms have also been found [204].  In humans the major 

isoforms are CC1-4S, CC1-4L, CC1-3S, and CC1-3L [188].  For this reason, all work in this 

thesis involving CC1-L used CC1-4L.  The CC1-L and CC1-S isoforms are generally both 

expressed in most cell types, but the balance between them is highly regulated and dependent on 

cis-acting regulatory elements and the down-regulation of hnRNP A1 and L, as well as the up-

regulation of hnRNP M [197].  Interestingly, the ratio of long to short isoforms differs greatly 

dependent on cell type, phase of growth, and activation state [205, 206].  Our laboratory in fact 

showed that during CRC tumor growth, an optimal ratio of isoform expression is necessary to 

observe the tumor-inhibitory phenotype associated with overexpression of CC1, described in 

section 1.6 [207].   

Both CC1-S and CC1-L are involved in homophilic binding [208] and in dimer formation 

at the cell surface [209].  CC1-L dimerization is a method of signal transduction [210].  Both the 

extracellular (N-terminal Ig domain) domain and the CC1-L cytoplasmic domain are involved in 

dimer formation, and CC1-L has a greater tendency to dimerize than CC1-S.  It should be noted 

that the monomeric forms regulate intercellular adhesion [209, 211].  However, this project 

focuses on the cytoplasmic tail of CC1-L due to its important phosphorylatable Tyr and Ser 

residues, as well as its three terminal Lys (Figure 6).   

1.4.2	
  Important	
  motifs	
  and	
  residues	
  of	
  CC1-­‐L	
  	
  

The structure and function of the N-terminal region 

Adhesion plays a major role in embryonic development as well as in the maintenance of 

the tissues of the body [212].  The N terminal IgV domain of CC1 is responsible for intercellular 

homophilic and heterophilic adhesion [213, 214].  In fact, CC1 was first found to mediate 

intercellular homophilic adhesion in Ca2+-independent fashion [215].  It was found that N-

domain residues Val39 and Asp40 are essential for homophilic adhesion [216], while retention of 

the N-domain is essential for heterophilic interactions with pathogens such as the Opa proteins of 

Neisseria meningitidis and Neisseria gonorrhoeae [217]. 
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The function of the phospho-Tyr residues of the cytoplasmic tail 

CC1-L has two unique phospho-Tyr residues (Tyr488 and Tyr515), both of which are 

located within Immuno-receptor Tyrosine-based Inhibitory Motifs (ITIM) (Figure 6).  CC1-L 

contains two ITIMs, which have a six amino acid binding motif (I/V/L/S)XYXX(L/V) and, upon 

tyrosine phosphorylation, serve as a docking site for kinases and phosphatases [218].  Several 

kinases phosphorylating CC1 have been identified to date, including members of the Src-family 

protein tyrosine kinases as well as receptor tyrosine kinases [219].  As shown in CRC epithelial 

HT29 cells, these kinases include c-Src, the insulin receptor (IR), and the epidermal growth 

factor receptor (EGFR) upon EGF treatment [220].  Other kinases include Btk kinase in B cells 

[221], Lyn in neutrophils [222, 223], and Lck and Fyn in T cells [166].  These kinases and their 

implication in CRC tumor development and metastasis will be explored further in section 1.5.   

As shown in mouse CT51 CRC tumor cells and HEK293 cells, SHP-1 and SHP-2 

(encoded by the PTPN6 and PTPN11 genes) are two well-characterized phosphatases that bind 

CC1-L [224, 225].  Interestingly, SHP-1 and -2 bind dimeric CC1-L preferentially, whereas c-

Src binds both monomeric and dimeric CC1-L [226].  SHP-1 is mainly expressed in 

hematopoietic and epithelial cells, and is known to be a negative regulator of cell signaling.  

Conversely, SHP-2 is ubiquitously expressed and is widely accepted as a positive regulator of 

cell signaling [227, 228].  The two Src homology 2 (SH2) domains of SHP-1 and -2 bind CC1-

L’s Tyr488 and Tyr515, although Tyr488 binds with more affinity.  For SHP-1 and -2 

interaction, both of these Tyr residues must be present and at least one of them must be 

phosphorylated.  Furthermore, the presence of the three terminal lysines (3 terminal Lys) was 

also essential for Tyr phosphorylation, and therefore for SHP-1 binding.  Interestingly, the 

presence of phospho-Ser516, found within the second ITIM, was not essential for Tyr 

phosphorylation or for SHP-1 binding.  The only difference in CC1 binding between SHP-1 and 

SHP-2 is the fact that both SH2 domains of SHP-1 can bind the phosphorylated Tyr488 and 

Tyr515, while only the N-terminal SH2 domain of SHP-2 can bind [225].  Dephosphorylation of 

CC1-L by SHP-1 affects insulin clearance in the liver, resulting in increased insulin signaling.  

The importance of insulin signaling in CC1-L-mediated CRC tumor development and metastasis 

will be further discussed in section 1.5.2.   
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The function of the phospho-Ser residues of the cytoplasmic tail 

 CC1 also contains important phospho-Ser residues.  The CC1-L isoform contains the 

multifaceted Ser503 residue, which regulates CRC development [181], insulin clearance in the 

liver by mediating Tyr488 phosphorylation [229], and inhibition of Fas-mediated apoptosis in 

Jurkat T cells [230].  In search of the kinase responsible for phosphorylating Ser503, Fiset et al.  

found that cyclin-dependent kinase 2 (Cdk2) interacts with CC1-L, but that it did not 

phosphorylate Ser503 [231].  In fact, the kinase responsible for Ser503 phosphorylation in all of 

these instances has not yet been identified.  Furthermore, there are 17 predicted phospho-Ser/Thr 

sites in CC1-L, 13 of which conform to the protein kinase C (PKC) consensus site.  However, in 

vitro studies where CC1-L was phosphorylated with PKC β2 isoform revealed that only Ser449 

is truly PKC-phosphorylated [232].  CC1-L also regulates several other signaling pathways that 

will be discussed in section 1.5. 

1.5	
  Expression	
  Pattern	
  of	
  CC1	
  	
  

CC1 is the most widely expressed CEA family member, and this breadth of expression is 

conserved between humans and mice.  CC1 is found in epithelia, endothelia, and myeloid and 

lymphoid cells [187].  Interestingly, it is differentially regulated in a spatiotemporal fashion 

[189], and disruption of this regulation leads to tumor formation in many organs, as discussed in 

section 1.5.3.   

1.5.1	
  Expression	
  in	
  Normal	
  Tissues	
  

 Epithelial expression of CC1 is found in a wide array of tissues, including in the 

esophagus, stomach, epithelial cells of the duodenum, jejunum, and ileum, pancreas, gall 

bladder, kidney, bladder, prostate, cervix, endometrium, sweat and sebaceous glands, liver, and 

the columnar and caveolated cells of the colon [189].  In normal, healthy colon, CC1 is 

expressed in the mid-crypt of the colonic mucosa, and the glycocalyx (apical and lateral part of 

microvilli) [233].  Our laboratory has also previously found CC1-positive cells at the bottom of 

the colonic crypt in mice [168].  It is also localized at the apical surface of enterocytes (mature 

columnar epithelial cells), in microvesicles, filaments, and on highly differentiated epithelial 

cells at the crypt mouth [233, 234].   

 CC1 is also expressed during early stages of embryonic development in both humans and 

rodents.  It is found in the placenta on the invasive extravillous trophoblasts [189].  In mice, it is 
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also expressed in the primitive gut, in the dermis, meninges, lung, kidney, salivary glands, and 

the pancreas (regions of epithelial-mesenchymal interaction).  Finally, CC1 is also present during 

the processes of myogenesis and odontogenesis [235-237].   

1.5.2	
  Expression	
  in	
  Immune	
  Cells	
  and	
  Cell	
  lines	
  

CC1 is expressed by a number of haematopoietic cell types [238].  It is important to note 

that there is significant down-regulation of CC1 expression (both isoforms) in most immortalized 

and transformed epithelial cell lines used in the laboratory, which suggests a proliferative 

advantage for CC1-negative cells [158].  Primary mouse splenic T cells express CC1 [239], and 

resting T cells express low levels of CC1 in vitro [240] and in vivo [241].  However, within 30 

minutes of mitogen stimulation, CC1 is localized at the surface of blast-like CD4+ and CD8+ T 

cells [239].  This means that, upon cellular activation, CC1 localizes quickly to the cell surface 

from an intracellular compartment.  Resting human peripheral-blood CD4+ T cells also express 

low levels of CC1, while CD8+ T cells, γδ T cells [242, 243], and intestinal intraepithelial 

lymphocytes did not [244].  In vivo, T cells express CC1 in the lamina propria of celiac disease 

patients [244] and in the large intestines of patients suffering from inflammatory bowel disease 

(IBD) [245].   

In contrast to T cells, CC1 is expressed constitutively in B cells [166].  Furthermore, 

upon activation with interleukin 2 (IL-2), CD16+ and CD56+ natural killer (NK) cells express 

CC1 at the cell surface [242, 243, 246].  In addition to this, neutrophils also express a variety of 

CEACAMs, including CC1.  It is thought that CC1 is mostly involved in intercellular CC1-CC1 

binding [247].  Finally, CC1 has been found in dendritic cells, where it is also thought to 

participate in intercellular binding [248].  Details of the role of CC1 in these immune cells are 

outlined in section 1.6.6.   

The tumorigenic capacity of non-tumorigenic cell lines is increased when CC1 is down-

regulated [249], while the overexpression of CC1-L in cancer cell lines inhibits tumorigenesis in 

vitro as well as in vivo [170, 249].  This is consistent with what is observed in terms of CC1 and 

immunosuppression.  For example, a cell line expressing CC1 is protected from NK cell-

mediated destruction, and this protection increases linearly with concentration of CC1 [250].  In 

summary, intercellular binding of CC1 inhibits cellular growth, while immune cell-mediated 

destruction is inhibited by CC1-dependent interactions with immune cells.  This supports the fact 

that CC1-expressing tumors are aggressive due to their capacity to evade immune cell-mediated 
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destruction and that CC1-negative tumors are aggressive because they are able to escape 

proliferative regulation [251-253].  Further details on this dual role of CC1 are found in section 

1.5.3.   

CC1 is found in intercellular junctions and at the cell surface in unpolarized and stratified 

epithelial cells, whereas in simple, polarized epithelial cells CC1 is found in the apical microvilli 

[254].  In Madrin-Darby Canine Kidney (MDCK) epithelial cells, CC1-L polarized to both the 

apical and basolateral cell surfaces, while CC1-S only polarized to the apical surface [255].  In 

these same cells, it was found that PI3K-dependent shuttling to the endosome/lysosome 

compartment was dependent on Tyr phosphorylation.  Furthermore, Tyr515 retention in the 

cytoplasmic tail was essential for lateral surface expression of CC1-L, but not Tyr488.  This 

lateral surface CC1 was present in adherens junctions, and not in tight junctions or desmosomes 

[256].  Retention of CC1 at intercellular junctions is highly dependent on homophilic CC1-CC1 

interactions as well as on interaction with actin [257].  Interestingly, in Swiss 3T3 fibroblast cells 

this localization is controlled by the Rho GTPases.  Cdc42 and Rac1, as well as their downstream 

effector PAK1 can target CC1 to intercellular junctions via interactions with the transmembrane 

domain of CC1.  However, activated Rho cannot and this results in an accumulation of CC1 at 

the cell surface [258].   

1.5.3	
  Expression	
  in	
  Human	
  Tumors	
  	
  

 In terms of regulation of expression, CC1 isoforms are down-regulated in the early stages 

of several cancers including colon [158, 259], prostate [260], liver [261], and breast [262].  This 

down-regulation is most often found in hyperplastic lesions, which is an early phase in cancer 

progression [260, 263].  Furthermore, forcing re-expression of CC1 isoforms in colorectal and 

prostate cancer cells inhibited tumor development in syngeneic and immune-deficient mice [170, 

249].  This implies that CC1-L expression was essential for this tumor-inhibitory phenotype, and 

indicates that CC1-L in this case behaved as a tumor suppressor.  However, CC1 (especially 

CC1-L) is highly expressed at the invasive front of advanced human CRC [264-266] and it is re-

expressed at the adenoma/high-grade dysplasia stage of CRC progression, which is associated 

with metastatic invasion [267].   

 CC1 is overexpressed in some aggressive forms of cancer such as melanoma [251], non-

small cell lung [252], gastric [268], thyroid [269], and bladder [270].  Contrary to the above 

studies that associate CC1-L with tumor inhibition, these studies indicate that high CC1 
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expression is associated with metastasis [271].  This dual role is explained, at least in part, by the 

fact that CC1-L is involved in the angiogenic switch [272].  The down-regulation of CC1, 

associated with the early phases of many cancers as explained above, is concurrent with an up-

regulation of CC1 in the endothelial cells of adjacent blood vessels.  This down-regulation is also 

accompanied by an up-regulation of pro-angiogenic factors VEGF-A, -C, -D, and Ang-2.  The 

adjacent blood vessels have an increased number of fenestrations, inter-endothelial and trans-

endothelial gaps, and a higher degree of degradation of the basement membrane.  [272] This 

increased vascular permeability, resulting in structural destabilization, is associated with the up-

regulation of vascular endothelial growth factor (VEGF)-A, -C, and –D [273-276].  Furthermore, 

it was recently shown by our laboratory that down-regulation of CC1 increases vascular 

permeability in vivo [164].  Interestingly, pro-lymphangiogenic factors, VEGF-C and -D, were 

increased upon the down-regulation of CC1 [272, 276, 277].  In fact, CC1 plays an important 

role in tumor lymphangiogenesis and reprogramming of vascular endothelial cells to lymphatic 

endothelial cells.  This is accomplished by CC1’s interaction with lymphatic marker Prospero 

homeobox protein 1 (Prox1) and VEGF receptor 3 (VEGFR-3) [278].   

 Up until this point, I have discussed CC1-L expression in the “seed” (tumor cell).  Our 

lab has recently shown, using CC1-deficient (Cc1-/-) mice, that CC1 expression in the “soil” 

(liver parenchyma) increased hepatic metastatic burden in CRC [169].  Furthermore, our lab 

showed that colonocytes in Cc1-/- mice had an increased rate of proliferation and a decreased 

level of apoptosis [168], and that Apc1638N/+:Cc1-/- mice had higher tumor burden than their wild-

type (WT) counterparts [279].  It is clear that CC1 plays different roles in the soil and in the 

seed.  Given these diverse functions of CC1, its function is tissue-specific and is regulated in a 

spatio-temporal manner [189].  My project focuses on the role of CC1-L in the tumor cell in 

CRC hepatic metastasis.   

1.6	
  CC1	
  in	
  CRC	
  tumor	
  progression	
  and	
  metastasis	
  	
  

As mentioned in section 1.5, CC1 is down-regulated in the early stages of CRC in 

humans, mice, and rats [156-158], which lead to the hypothesis that CC1 behaves as a tumor 

suppressor.  In fact, CC1 expression is significantly decreased in human microadenomas and 

adenomas of CRC, indicating that CC1 down-regulation contributes to malignant transformation 

[157, 280].  Interestingly, a 1-bp deletion in the human CC1 gene has been found in a 

microsatellite region of the 3’ UTR, which is suspected to significantly decrease CC1 expression 
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[281] and thereby aid in tumor progression.  CC1’s role in CRC tumor inhibition has been 

thoroughly investigated in vitro as well as in vivo, and it has been found that Tyr488, Tyr515, 

Ser503, and the 3-terminal Lys all play a role in this phenotype [181, 225, 282, 283].   

1.6.1	
  The	
  cytoplasmic	
  domain	
  of	
  CC1	
  inhibits	
  tumor	
  progression	
  

  Through cell culture work and xenograft models, the tumor inhibitory function of CC1 

was investigated in prostate cancer and in CRC.  It was found that expression of CC1 inhibited 

prostate cancer tumor progression [249, 284, 285] as well as CRC tumor progression [170].  

Further investigation revealed that the presence of the cytoplasmic tail is necessary to maintain 

the tumor inhibitory phenotype [207, 282, 283].  Only CC1-L displays this phenotype, not CC1-

S [207].  Given the knowledge that CC1-L classically mediates downstream signaling pathways 

via RTKs [188], the investigation into the essential phospho-residues for this phenotype began.   

 

The Tyr Residues and the 3 Terminal Lys 

 Using CT51 CRC cells and allografts with Balb/c sygneneic mice, our laboratory showed 

that several residues were important for the tumor inhibitory phenotype [282].  Through 

deletions and mutational analysis, it was found that the presence of Tyr488, the 3 terminal Lys, 

and Val518 were all essential for CRC tumor inhibition.  While Val518 is not a phospho-residue, 

it is important in the interaction between CC1-L and SHP-1 and -2 [225], and so it was 

investigated in the context of CRC progression.  The importance of Val518 in both studies 

indicates that SHP-1 and -2 binding could also be involved in CRC development.  Similarly, the 

3 terminal Lys were investigated due to their influence on Tyr phosphorylation.  Their presence 

was essential for Tyr phosphorylation, and therefore SHP-1 binding [225].  The Tyr515Phe 

mutation and the deletion of the N-terminal behaved like wild type (WT) CC1-L.  However, 

when both Tyr488 and Tyr515 are deleted there is partial inhibition of tumor progression [282].  

This indicates that, while the two Tyr residues have distinct signaling partners, they may be 

interdependent.   

 A study on prostate cancer progression also investigated some of these same residues, 

using DU145 human prostate cancer cells and xenografts in nu/nu mice [286].  It was found that 

CC1-L in these cells was phosphorylated in the C-terminal region (the last 65 amino acids).  

Furthermore, this study found that Tyr488 was not essential for the tumor-inhibitory effect of 

CC1-L, which is contradictory to the study by Izzi et al. discussed above [282].  This could be 
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due to the difference in cell transfection method, in cancer cell line, or in mouse model as nu/nu 

mice are immune-deficient. 

 

The Ser503 Residue 

 Another study in our laboratory investigated the role of phospho-Ser503 in CRC tumor 

progression using CT51 CRC cells and Balb/c syngeneic mice as well [181].  It found that the 

tumor burden of mice injected with CT51 cells overexpressing the CC1-L Ser503Ala mutant was 

higher and similar to that of CC1-S.  The search for the kinase responsible for Ser 

phosphorylation first investigated the already highly-suspected PKC and PKA [287, 288].  It was 

first found that phorbol ester phorbol-12-myristate-13-acetate (PMA), a known activator of PKC, 

increases basal phosphorylation and that CC1-L is sensitive to staurosporine, a general Ser 

kinase inhibitor.  It was also found that the use of PKC-specific inhibitor calphostin C did not 

reduce the level of phosphorylation.  Two other PKC-specific inhibitors, H7 and sphingosine 

inhibitors, also did not reduce phosphorylation levels.  It was also determined that Ser503 is 

indeed a site of in vivo phosphorylation, but that it was likely not the sole residue responsible for 

serine phosphorylation by this PMA-inducible kinase.  Interestingly, PMA-treated cells differed 

in morphology, CC1-L localization, and actin cytoskeleton organization as compared to 

untreated cells.  This indicated a trafficking phenotype where CC1-L translocates from the cell 

membrane to the cytoplasm.  In addition to this, the study mentioned above by Izzi et al. also 

revealed that Ser503 was essential for the CC1-L-mediated tumor inhibitory phenotype [282].   

These studies revealed the recurring importance of these specific Tyr, Ser, and Lys 

residues in tumor progression.  Interestingly, these residues also play essential roles in other 

CC1-L-mediated processes related to tumor progression and metastasis, which will now be 

described.  In fact, most of CC1’s functions participate in the hallmarks of cancer, including 

proliferation, migration, metastasis, apoptosis, and immune surveillance and evasion [63].   

1.6.2	
  CC1-­‐L,	
  the	
  IR	
  and	
  EGFR:	
  regulator	
  of	
  proliferation	
  

a) CC1-L and the insulin receptor 

 Insulin-induced internalization and recycling of the insulin receptor (IR) regulate cellular 

sensitivity to insulin.  Once internalized, the IR is recycled while insulin is degraded via the 

endosome or lysosome [289].  CC1-L was identified as a substrate for the Tyr kinase activity of 
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the IR and EGFR decades ago [290, 291], and since then the details of these interactions have 

been investigated. 

 Upon insulin activation, the IR is autophosphorylated and CC1-L is endocytosed with the 

IR complex [292, 293].  Interestingly, this cellular process is dependent on Ser503 

phosphorylation by a cAMP-dependent kinase that is not yet identified [293].  As for the IR, the 

presence of Tyr1316 of the β-chain is essential for CC1-L Tyr488 phosphorylation [294], which 

mediates interaction with an unknown adapter protein that facilitates the targeting of insulin for 

degradation [180].  CC1-L therefore down-regulates the mitogenic effects of insulin through 

insulin clearance [180].  However, CC1-L also down-regulates insulin through its interaction 

with Src homology 2 domain-containing (Shc) adaptor protein, which are associated with 

cellular proliferation [295].   

 Upon insulin activation, the IR phosphorylates CC1-L at Tyr488 which then binds to the 

SH2 domain of the Shc protein.  Interestingly, in primary hepatocytes, the presence of both 

Tyr488 and Ser503 is essential for this interaction.  In binding Shc, CC1-L inhibits its ability to 

couple the IR with Grb2 [295].  Upon binding to Shc, the Grb2/SOS and Grb2/GAB complexes 

up-regulate the mitogen-activated protein kinase (MAPK) and the PI3 kinase (PI3K)/Akt 

proliferative pathways [180].  When CC1 binds Shc upon insulin stimulation, the MAPK and 

PI3K/Akt proliferative pathways are thus down-regulated.  It is this signaling that results in the 

phenotype of slower growth, decreased DNA synthesis, and slower progression through the cell 

cycle in CC1-L-expressing cells [295].   

 Sonia Najjar’s laboratory has investigated in vivo CC1-L-mediated insulin clearance via 

the transgenic mouse model (L-SACC1) that expresses a Ser503Ala dominant negative mutant, 

consequently inhibiting phosphorylation at this residue [229].  The targeted expression of this 

mutant in the liver hepatocytes, driven by the ApoAI lipoprotein promoter, results in chronic 

hyperinsulinemia due to impaired insulin clearance.  Furthermore, the transgenic mice develop 

visceral adiposity with fatty acid and triglyceride levels similar to the phenotype of type II 

diabetes.  A similar phenotype was observed in Ceacam1-/- mice which were predisposed to 

hepatic steatosis by a high fat diet [296, 297].  The L-SACC1 mice and the Ceacam1-/- mice had 

increased fat due to the interaction between CC1-L and fatty acid synthase (FAS) upon IR 

activation.  This resulted in insulin-mediated FAS inhibition.  Importantly, phosphorylation of 

Tyr488 and Ser503 is essential for the CEACAM1-L-FAS interaction.    
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As mentioned in section 1.4.2, dephosphorylation of CC1-L by SHP-1 and -2 affects 

insulin clearance in the liver, resulting in increased insulin signaling to the IRS-PI3K-Akt 

pathway in liver and muscle.  Mice deficient in SHP-1 (Ptpn6 me-v/me-v also known as viable 

motheaten) have hyperphosphorylated CC1-L, which effectively blocks insulin stimulation.  The 

lack of SHP-1, resulting in blocked CC1-L insulin signaling, caused increased glucose tolerance 

and sensitivity in these mice [298].  The link is therefore clear between CC1-L and insulin 

signaling, confirming the role that CC1-L plays in regulating cellular proliferation.   

 

b) CC1-L and the EGFR 

 CC1-L is linked to proliferation via EGFR signaling as well [299].  In fact, CC1-L is 

phosphorylated by both the IR and the EGFR at the same site: Tyr488, with prior 

phosphorylation of Ser503.  Similarly, Shc recruitment by CC1-L results in the uncoupling of 

EGFR signaling from the Ras/MAPK pathway.  Using the MCF-7 (breast cancer) and COS-7 

(fibroblast-like) cell lines, it was shown that there is a decrease in cell growth after transfection 

of CC1-L after EGF stimulation [299].  EGFR is activated in epithelial cells by adipose tissue 

that secretes heparin binding (HB)-EGF into the portal vein [300].  HB-EGF increases 

proliferation of hepatocytes in the L-SACC1 mice, which is in line with its role in mitogenesis 

during liver regeneration [301].  Due to the increased hepatocyte proliferation and metabolic 

derangement that accompanies the inactivation of CC1-L in the liver, this study showed that 

CC1-L regulates obesity and insulin resistance with EGFR activation and abnormal epithelial 

cell growth [299].    

1.6.3	
  CC1	
  and	
  the	
  cytoskeleton:	
  regulator	
  of	
  migration	
  	
  

CC1 also has a role to play in migration due to its interactions with several cytoskeletal 

proteins.  CC1-S binds to calcium-modulated protein (calmodulin) in a calcium-dependent 

reaction [302].  Calmodulin is the Ca++ regulatory subunit of the myosin light-chain kinase that is 

highly involved in cytoskeletal functions and enzyme activities in eukaryotic cells [303-305].  

Furthermore, increased levels of Ca++ are associated with the blocking of CC1 dimerization, 

which is most likely regulated by calmodulin that binds the CC1-L cytoplasmic tail [209].  This 

interaction would inhibit these dimers from preferentially binding to Src kinases to conduct 

downstream signaling [210].  CC1 can also bind tropomyosin and globular actin [306], which 

reaffirms CC1’s role with the cytoskeleton.  The Phe449 and Lys451 residues bind actin during 
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cytoskeletal re-organization [307].  Interaction between CC1-S and fibrillar actin (F-actin) 

occurs, but is thought to be indirect [257, 306].  It is important to note that CC1-L is found at the 

cell-cell contacts (apical and lateral surface) of epithelial cells [255, 257].  The Shively 

laboratory proposed that CC1-S serves as a potential G-actin polymerization site, and that 

polymerized actin filaments anchor on CC1-L [306].   

In addition to this, interaction between Filamin A (FLNa) and CC1 was discovered via 

the Yeast Two-Hybrid system [308].  FLNa is important in modulating cell shape and in motility 

by cross-linking filamentous actin to orthogonal networks, by binding to β-integrin subunits 

thereby anchoring actin filaments to the extracellular matrix, and by providing a scaffold for 

guanosine-triphosphatases (GTPases) of the Ras and Rho families [309, 310].  It was also found 

that Rho GTPase activity was essential for CC1-L-targeting to the cell-cell contacts in epithelial 

cells.  Cdc42 and Rac1 induced this targeting, and the transmembrane domain of CC1-L was 

essential [258].  Furthermore, migration studies revealed that CC1-L binding to FLNa reduced 

migration and cell scattering [311], indicating that CC1-L regulates migration.  The migratory 

role of CC1-L in melanoma cells was defined when it was found to increase migratory and 

invasive activities, which were blocked upon introduction of anti-CC1 antibodies [312].   

1.6.4	
  CC1-­‐L:	
  regulator	
  of	
  invasion	
  and	
  metastasis	
  

a) CC1 and invasion and metastasis  

Up-regulation of CC1 is associated with increased invasiveness, metastatic spread, and 

unfavorable prognosis in non-small cell lung cancer [313], thyroid cancer [269], gastric 

carcinoma [268], pancreatic tumors [314], malignant melanoma [312], and metastatic CRC cells 

[161, 266].  CC1 expression is correlated with the development of metastatic disease, and there is 

a correlation between CC1 expression and poor prognosis in the above-mentioned cancers [252].  

In fact, in a human thyroid microarray CC1 expression matched metastatic incidence.  Upon CC1 

transfection into WRO cells (human thyroid tumor), there was decreased cell cycle progression, 

up-regulation of p21, decreased phosphorylation of Rb, and increased cell matrix adhesion, 

migration and invasion [269].  Furthermore, CC1 binds integrin αvβ3 at the invasive front of 

melanomas and at the apical surface of glandular cells of endometrium [165].  The localization 

of the CC1/integrin β3 complex at the tumor-stroma interface in these two settings implicates 

CC1 in cellular invasion.   
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Re-expression of CC1 in the advanced stages of CRC, with a predominance of CC1-L 

over CC1-S, is also indicative of a correlation between CC1 expression and increased 

hematogenous metastasis, lymph node involvement, and decreased survival [265].  Ieda et al. 

further showed that CC1-L is up-regulated at the invasive front of CRC tumors, indicating a role 

for CC1-L in CRC invasion.  This study also emphasizes the importance of a balance of CC1-S 

and CC1-L for maintenance of a non-cancerous phenotype.  Although this study did not 

elucidate the mechanism behind this regulation, it hypothesized that CC1 and the β3 integrin may 

be functionally connected, as they are in neutrophils [315] and melanoma [312]. 

Our laboratory recently investigated the contribution of stromal-derived CC1 on hepatic 

metastasis of CRC [169].  Arabzadeh et al. showed that there was a significant reduction in Cc1-

/- liver metastatic burden, after intrasplenic injection of metastatic CRC MC38 cells and after tail 

vein injection of B16F10 melanoma cells.  Upon evaluation, it was found that there was 

decreased early survival and proliferation of MC38 cells within the Cc1-/- liver.   There was also 

down-regulation of CCL2, CCL3, and CCL5 chemokines, which are essential for myeloid-

derived bone marrow-derived cell (BMDC) emigration to distant sites [316, 317].  Indeed, there 

was a decrease in CD11b+Gr1+ myeloid-derived BMDC and immune cell recruitment to the 

metastatic site.  CC1’s role in this was confirmed by adoptive transfer experiments and 

metastatic assays.  This study demonstrated that CD11b+Gr1+ myeloid-derived BMDCs are key 

metastatic contributors in Cc1-/- mice, but that other cells present in the liver likely also 

contribute to metastasis formation.  Interestingly, the metastatic nodules in the Cc1-/- mice 

displayed increased vascular density, but had less mature vessels.  This increase in angiogenesis 

was not attributed to VEGF levels, but rather to the granulocyte colony-stimulating factor (G-

CSF) [318].  Lu et al. demonstrated that G-CSF induces the expression of prokineticin 2 (Bv8) 

from CD11b+Gr1+ myeloid-derived suppressor cells (MDSCs).  Finally, decreased levels of 

activated STAT1 and STAT3, along with increased levels of activated Akt were found in Cc1-/- 

metastatic liver.  The elevated Akt levels are in line with CC1’s role as a regulator of apoptosis 

[263, 319].  Overall, the role of CC1 in regulating invasion and metastasis is dependent on stage 

of disease and type of tumor.   
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b) CC1 and angiogenesis 

 CC1 was first implicated in angiogenesis by the demonstration of its expression on 

microvessels of proliferating tissue, in wound healing edges in granuloma tissue [320], and in 

immature blood vessels of various tumors [321].  It was then identified as an angiogenic factor 

via angiogenesis assays [162], and it was identified as a key mediator of vascular integrity and 

formation of the in vivo vascular network, particularly during normal neo-vascularization [322].  

Furthermore, endothelial CC1-L affects cytoskeletal architecture and integrin-mediated 

signaling, implicating it in angiogenic activation [323].  Volpert et al. showed that prostate 

carcinoma cells overexpressing CC1-L inhibited endothelial cell migration and corneal 

neovascularization in vivo.  They also showed that this increased the number of endothelial cells 

[324].  Interestingly, they found that the Ser503 residue was essential for this phenotype.  In 

prostate intraepithelial neoplasia (PIN), down-regulation of CC1-L was accompanied by its up-

regulation in adjacent vessels [272].  This was associated with increased vascularization and 

decreased vessel stabilization.  Moreover, endothelial CC1 promotes lymphatic reprogramming 

of vascular endothelial cells, which increases tumor lymphangiogenesis [278].  This increased 

tumoral access to lymphatic vessels implicates CC1 in metastasis.   

 A study from our laboratory found that CC1 is an important regulator of vascular 

permeability [164].  This study links CC1-L and the VEGFR2/Akt/eNOS-mediated vascular 

permeability pathway.  CC1-null primary endothelial cells had increased vascular permeability 

because of increased NO production, which is a known angiogenesis promoter that regulates 

vascular remodeling, permeability, and integrity [325, 326].  The increased NO levels were a 

consequence of increased Akt and endothelial nitric oxide synthase (eNOS) activation [326].  

Indeed, eNOS produces NO, but can also be stimulated to induce VEGF expression, which 

produces NO in turn via PI3K/Akt-dependent eNOS activation [326].  Treatment with VEGF in 

this study resulted in elevated VEGFR2 activity as well as increased Src- and SHP-1-dependent 

CC1-L Tyr phosphorylation.  Appropriately, this study found that the CC1-L Tyr488Phe mutant 

and CC1-S yielded lower NO production, due to the lack of SHP-1 signaling [225].  

Interestingly, this study also found that the CC1-L Ser516Ala mutant had no effect on the 

phenotype.   

 CC1 also plays an important role in metastatic development in myeloid cells via 

promotion of angiogenesis.  CD11b+ myeloid cells endogenously express high levels of CC1, 
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and this is associated with VEGF-dependent angiogenesis [327].  CC1 also regulates 

angiogenesis in a Bv8 (prokinecticin-2)-dependent manner [318].  CC1-null mice with B16F10 

melanoma allografts had increased MDSC presence in the tumors, which themselves had 

increased growth and angiogenesis.  MDSCs, in fact, produce Bv8 via the G-CSFR-mediated 

pathway.   

In sum, CC1 regulates metastatic angiogenesis via at least two pathways.  CC1 mediates 

the levels of activated STAT3 in liver metastatic nodules as shown with intrasplenic injection of 

metastatic CRC MC38 cells and with tail vein injection of B16F10 melanoma cells [169].  In 

addition to this, CC1 regulates angiogenesis via the G-CSFR-Bv8 signaling pathway, as shown 

in myeloid cells [318].   

1.6.5	
  CC1-­‐L:	
  regulator	
  of	
  apoptosis	
  	
  

 The role of CC1 in apoptosis has been defined in breast cancer.  CC1-S mediates 

apoptosis during mammary morphogenesis, and in the case of breast cancer, the malignant 

phenotype can be reverted with re-expression of CC1-S in 3D culture matrices [182].  In this 

study it was found that CC1-S regulates apoptosis by translocation of Bax from the cytosol to the 

mitochondria and release of cytochrome c into the cytoplasm, which is part of a mitochondrial 

signaling pathway.  CC1 also has a pro-apoptotic role in human pulmonary artery endothelial 

cells [324].  Interestingly, this study found that the CC1-L Ser503Ala mutant reverted the 

phenotype and resulted in less apoptosis.  Furthermore, the hyperplastic growth of colonic 

epithelium is due to reduced apoptosis (as opposed to increased proliferation) [328].  Increased 

proliferation and decreased apoptosis was also observed in colonocytes of Cc1-/- mice [168].   

 Nittka et al. demonstrated in HT29 human CRC cells and human T lymphocyte Jurkat 

cells that pro-apoptotic signaling likely occurs via CC1 signal transduction.  In this case, the pro-

apoptic signaling is carried out via CC1 by homo- and heterophilic adhesion to other CEACAMs 

at the cell surface [263].  CC1 crosslinking was also necessary for ERK1/2 signaling in human 

leukocytes [329].  The results of these studies indicate that CC1 regulates morphogenesis by 

apoptosis.    
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1.6.6	
  CC1-­‐L:	
  regulator	
  of	
  immune	
  evasion	
  	
  

 The long and short isoforms of CC1 also play pivotal roles in immune cell functions, 

often times participating in different signaling pathways.  This section will examine CC1’s role 

in T cells, B cells, Natural killer cells, neutrophils, and dendritic cells.   

 

a) T cells 

Upon IL-2, IL-7, IL-15 cytokine treatment, CC1 at the cell surface is up-regulated in 

vitro [243, 245, 330, 331].  Details of T cell CC1 expression patterns are found in section 1.5.2.  

It is important to note that CC1 is heavily glycosylated, and that different glycoforms have 

different functions [166].  Given this information, it is interesting that CC1 expressed in T cells 

do not have the sialyl-Lewis X moieties that are found in granulocytes [330, 332].   

CC1 regulates immune responses and immune-mediated diseases in T cells, in addition to 

adhesion [166].  CC1 also regulates T cell adhesion to other lymphocytes and to tumor cells, and 

it regulates cytolytic activity [244].  This regulation is accomplished via CC1-L Tyr 

phosphorylation by the kinases Fyn or Lck [333], which results in the shuttling of CC1-L to lipid 

rafts where it binds the CD3ε chain [334] and in the shifting of dimers to monomers, favored for 

calmodulin binding.  CC1-L is then dephosphorylated by SHP-1, and associates with the T cell 

receptor (TCR)-associated CD3ζ chain and ZAP70 Tyr kinase.  This interaction inhibits TCR 

signaling, decreasing signaling [220, 334, 335] through the MAPK pathway (decreased 

activation of JNK and ERK) and decreasing levels of IFN-γ, IL-4, and IL-2 [334, 335].  CC1-L 

thus regulates inflammatory pathways in T cells as an inhibitory co-receptor, in a SHP-1-

dependent fashion [220].   

The ratio of CC1-L/CC1-S is important for this inhibitory phenotype.  CC1-3S 

transfection into Jurkat T cells displayed the opposite phenotype of CC1-3L transfection, 

resulting in increased MAPK signaling and cytokine production [335].  Interestingly, 

transfection of both isoforms into these same cells displayed a phenotype in between that of 

CC1-S and CC1-L alone [226].  One possible explanation for this phenotype is that the incidence 

of CC1-L homodimers decreases in the presence of CC1-S, which would prevent SHP-1 

association.   
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b) B cells 

 Similarly to T cells, CC1-L plays a co-inhibitory role in B cell FcγRIIB (receptor to the 

Fc domain of IgG) signaling.  The cytoplasmic Tyr residues are also essential for the SHP-1 and 

-2 - mediated interaction [336].  However, CC1 stimulates B cell activity when it homodimerizes 

in trans [205].  This contradictory role likely depends on the functional state of the cell, which 

has been proven to be similar in epithelial cells [337].  Another study using a Burkitt’s 

lymphoma B cell line found that, upon CC1-L Tyr phosphorylation and subsequent interaction 

with SHP-1, PI3K signaling and CD19 LFA-1-induced B cell aggregation are reduced.  This 

leads to CC1-L-mediated apoptosis [338].   

 

c) Natural killer cells 

 Resting natural killer (NK) cells do not express CC1, but upon activation with IL-2 

CD16- and CD56+ NK cells up-regulate its expression at the cell surface [243, 246, 330].  CC1 

inhibits MHC-class-I-independent cytotoxic activity via homophilic trans-ligation in NK cells 

[339].  Indeed, as is the case in other immune cells, the presence of the long cytoplasmic tail is 

essential for this inhibitory phenotype [250].  CC1 is also implicated in suppression of tumor 

immunosurveillance in cancers that up-regulate CC1 expression, such as melanoma.  The 

abundance of CC1 at the cell surface allows for homophilic binding on NK cells, preventing NK-

mediated tumor cell destruction [250].  In particular, CC1 binds the NK gene 2 member D 

(NKG2D) receptor, and consequently SHP-1 dephosphorylates Vav1, blocking cytolytic 

signaling [340].  Given this information and the fact that increased invasiveness accompanies 

CC1 up-regulation, CC1 expression is thought to be responsible for the poor prognosis for 

survival for melanoma [251].  CC1 further aids tumor cells in escaping immune surveillance by 

down-regulating NKG2D ligands, rendering tumor cells less sensitive to NK cell-mediated lysis 

[341].  Interestingly, soluble CC1-Fc chimeric proteins have been shown to block the CC1 trans 

homophilic interaction between tumor cells and NK cells, effectively blocking the inhibition of 

NK cell-mediated tumor cell destruction [342].   

 

d) Neutrophils 

 CC1 is expressed on activated neutrophils, stimulated by various activating signals such 

as the chemotactic formylated peptide N-formyl-methionine-leucine-phenylalanine (fMLP) [343, 
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344], the calcium ionophore A23187, tissue plasminogen activator (tPA) [345], and retinoic acid 

(RA) [346].  In rat granulocytes (which only express CC1), CC1 is an activation and 

differentiation marker [347], and upon stimulation CC1-L is Tyr phosphorylated by kinases such 

as pp60c-Src, Lyn, and Hck [219, 222].  Furthermore, Singer et al. discovered that CC1 regulates 

the delay of spontaneous apoptosis via treatment of polymorphonuclear granulocytes (PMN) 

with a CC1-specific mAb, which resulted in delayed spontaneous apoptosis in a dose- and time-

dependent manner [347].  The Erk1/2 pathway, recognized as anti-apoptotic, mediates this pro-

survival effect of CC1 in granulocytes.  Upstream of this is the dephosphorylation of CC1 by the 

phosphatase SHP-1, which as previously stated binds the cytoplasmic domain of CC1-L upon 

Tyr phosphorylation [224].  Singer et al. also investigated the role of CC1 in stress-induced 

apoptosis, and found that CC1 mediates delayed FasL-induced apoptosis via caspase-3.  In 

monocytes in general, CC1-L also increases survival via the PI3K and Akt signaling pathways 

[348].   

 

e) Dendritic Cells 

 An anti-CC1 antibody (AgB10) stimulates the maturation of dendritic cells (DC) [248].  

This antibody also resulted in the release of chemokines such as CC-chemokine ligand 3 

(MIP1α) and CXC-chemokine ligand 2 (MIP2), IL-6, and IL-12.  Interestingly, these effects 

were also seen with the treatment with an anti-FcγRIIB co-inhibitory antibody [349].  CC1 Lewis 

X epitopes also regulate DC maturation by binding to Dendritic Cell-Specific Intercellular 

adhesion molecule-3-Grabbing Non-integrin (DC-SIGN), a C-type lectin receptor that typically 

binds to blood vessel endothelial cells and activates CD4+ T cells [350-352].  These studies show 

that CC1 negatively regulates DC maturation.   

 

 The expression of CC1 in various immune cells is essential for escape from immune 

surveillance, and for immune cell progression.  CC1’s regulation of these processes is often 

SHP-1 or -2-dependent, which implicates CC1-L as an essential isoform.  This is an interesting 

fact considering that most immune cells that express CC1-L also express CC1-S, indicating that 

the role of CC1 is dependent on a balance between the two isoforms.  Importantly, Chen et al. 

discovered that, in Jurkat T cells, CC1-L and CC1-S have distinct inhibitory and stimulatory 

functions, respectively [335]. 
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1.7	
  CEA	
  and	
  CC6	
  in	
  CRC	
  tumor	
  progression	
  and	
  metastasis	
  	
  

 CEA (also called CC5) and CC6 represent two other prominent members of the CEA 

protein family.  They are also heavily implicated in CRC progression and metastasis [188].  They 

are both expressed in columnar epithelial and goblet cells in the colon [353, 354] and, although 

not studied in this project, their roles in CRC tumor progression and metastasis are important for 

the discussion of future direction.   

1.7.1	
  CEA	
  

 CEA has been used as a CRC tumor marker for the past 50 years.  However, its 

suitability as a biomarker has been questioned due to comparative studies using new imaging 

techniques and targeting methods [188].  One study found that CC6 was a more suitable 

biomarker and that tumor-associated CEA levels had no prognostic value in CRC patients [355].  

However, another study that compared CEA to other CRC biomarkers such as EGFR, tumor-

associated glycoprotein-72 (TAG-72), and folate receptor-α (FRα) found that CEA was by far 

the superior biomarker in terms of sensitivity [356].  Moreover, CEA serum levels were found to 

be indicative of overall survival with CRC by a study that used the Surveillance Epidemiology 

and End Results (SEER) database in the United States [357].  CEA has also been investigated as 

a marker for CRC metastasis.   

 It has been shown that CEA contributes to CRC liver metastasis [358], and that soluble 

CEA plays a role in enhanced liver metastasis [359].  It is the interaction between the CEA 

receptor (CEAR) and the hnRNP M, expressed at the surface of liver Kupffer cells.  This 

interaction brings about pro-inflammatory signaling (IL-1α and β, IL-6, TNF-α) which results in 

increased expression of cell adhesion molecules (ICAM-1, VCAM-1, E-selectin), and increased 

adherence of metastatic cells in the vasculature [360].  CEA also signals through the DR5 

receptor (TRAIL-R2), which leads to increased metastasis through decreased anoikis (a form of 

programmed cell death, induced by detachment from the ECM) [361].   

 Experiments using an APCMin/+ (C57Bl/6 background) mouse model showed that CEA 

expression does not influence tumorigenesis [362].  However, another experiment using the 

CEABAC mouse model (FVB background), which expressed CEA, CC6, and CC7, showed 

increased incidence of CRC [363].  Of course, these differences might be due to different genetic 

background and/or different levels of expression of the CEA family in the CEABAC mouse.   
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 Finally, CEA has been proven to play a role in tumor development as shown in in vitro 

studies as well.  Its function as an intercellular adhesion molecule indicates that it can form 

CEA-CEA bridges between tumor cells or between tumor and stromal cells [176].  In addition to 

this, CEA has been found to activate integrin signaling in lipid raft subdomains, which in turn 

activates integrin-linked kinase (ILK), PI3K, and AKT pathways [364].  It is via this signaling 

that CEA plays a role in inhibiting differentiation programs [365, 366], inhibiting anoikis and 

apoptosis [367], and interrupting cell polarization [366].  CEA also inhibits NK cell cytolytic 

activity via the N domain [178].   

Potential antitumor vaccines are in fact exploring CEA’s interactions with immune cells, as 

reviewed in [368].  Furthermore, an elevated CEA serum level indicates metastasis and poor 

prognosis [369].  In fact, CEA expression contributes to liver metastasis in CRC by inhibiting 

TGF-β signaling [370]. 

1.7.2	
  CC6	
  

 There is unfortunately no CC6 transgenic mouse model available yet to fully investigate 

the role of CC6 in vivo [188].  However, it has been shown that CC6 overexpression in 

pancreatic cells inhibits CRC differentiation and anoikis, and that this inhibits hepatic metastasis 

of these cells [366, 371].  In fact, overexpression of CC6 in Capan2 pancreatic cancer cells was 

shown to provide resistance to gemcitabine (chemotherapetuic drug for pancreatic cancer), while 

the silencing of CC6 in BxPC3 cells resulted in chemosensitization to the drug [372].  In this 

instance, Src-dependent AKT signaling was responsible for the difference in phenotype.  

Furthermore, CC6 expression is associated with increased invasiveness [372], which matches the 

aggressiveness of pancreatic tumors seen in patients: absence of CC6 expression is associated 

with lack of lymph node involvement, higher survival, and lower stage of disease [373].  In fact, 

anti-CC6 antibody drug conjugate therapeutic investigations have yielded very promising results, 

and clinical trials are the next step for this field [188].   

 CC6 is also a good biomarker and predictor of overall and disease-free survival in CRC 

patients [355].  It has been shown that CC6 plays an important role in regulating metastasis, due 

to the increased E-cadherin promoter activity that accompanies CC6 suppression [374].  In 

addition to this, another study showed that increasing CC6 expression in HCT116 CRC cells 

increased invasion through the ECM, while suppressing CC6 expression in LoVo CRC cells 

decreased invasion [375].  Both CEA and CC6 were found to contribute to CRC metastasis in an 
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experiment using GW-39 CRC cells pre-treated with Fab’ fragments (region of the Ab that binds 

to the antigen) of mAbs against CEA and CC6 [374].  It showed that cells pretreated with the 

mAbs resulted in decreased metastatic burden in vivo, affirming CEA and CC6’s roles in CRC 

metastasis.   

 

 Given the importance of both CEA and CC6 is CRC development and metastasis, future 

experiments for this project will investigate their roles in the context of liver metastasis of MC38 

CRC cells in C57Bl/6 mice.  This will be further discussed in the Future Directions section.   

1.8	
  Objectives	
  	
  

 The objective of this thesis work is to understand the role that CC1-L plays in CRC 

metastasis to the liver.  Previous works mentioned above implicate key residues in the 

cytoplasmic tail in CRC tumor development: Tyr488, Tyr515, Ser503, and the 3 terminal Lys.  A 

CC1-negative population of metastatic CRC MC38 cells overexpressing CC1-L, CC1-S, and 

Tyr488,515Phe had previously been characterized in vitro and in vivo in this laboratory 

(Arabzadeh et al., manuscript in preparation for Gastroenterology 2014).  These studies showed 

that CC1-L yields a lower metastatic burden than both CC1-S and Tyr488,515Phe.  Within this 

thesis project, I overexpressed mutations of the remaining residues (Ser503Ala, 3Lys3Ala) in 

addition to one control mutation (Ser516Ala) in the MC38 CRC cell line.  In order to remain 

syngeneic to the previous work in this laboratory, C57Bl/6 CC1+/+ mice were used.  This project 

first aimed to characterize the phenotype resulting from overexpression of these three mutants in 

vitro and in vivo.  The main residue of interest was Ser503, due to its regulation of CRC 

development [181, 282], insulin clearance in the liver via Tyr488 phosphorylation [229], 

inhibition of Fas-mediated apoptosis in Jurkat T cells [230], and its regulation of angiogenesis in 

prostate carcinoma cells [324].  From the results of this thesis, we expect to clarify the 

mechanisms whereby CC1-L regulates metastasis in CRC.   
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Figure 1: Histopathology of colorectal cancer.  

The histopathology of colorectal cancer (CRC) is defined by a series of morphological changes, 

which are accompanied by mutations in specific oncogenes and tumor suppressors.  The 

epithelium of the colon has many invaginations called crypts, which serve to increase the surface 

area.  The lower third of the crypt contains the dividing cells, while the upper two thirds contain 

the differentiated cells.  The earliest stage of colorectal neoplasia is an aberrant crypt focus 

(ACF), which can consist of either dysplastic or non-dysplastic cells.  Dysplastic cells are more 

likely to become a polyp, which is a benign tumor that protrudes into the intestinal lumen.  

Polyps can be hyperplastic or adenomatous, the latter being more likely to progress to a 

malignant carcinoma.  Each step along this path is associated with the loss of function of a tumor 

suppressor or with the gain of function of an oncogene, as depicted in the figure.  In addition to 

this, higher nuclear levels of β-catenin are associated with higher malignancy.  
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Figure 2: The Metastatic Cascade. 

Metastasis is a series of steps that are often referred to as the metastatic cascade, and each step 

can be rate-limiting.  A) The primary tumor proliferates.  B) Certain cells acquire the ability to 

invade the local tumor environment.  C) These cells intravasate into the vasculature where they 

must evade destruction by immune cells, survive of the mechanical stress of the vessel, and 

evade anoikis.  D) Attachment to the vessel endothelial cell and extravasation.  E) Establishment 

of secondary neoplasm at a distant site and metastatic growth.  
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Figure 3: The human CEACAM isoforms. 

All CEACAM1 isoforms have one variable-like domain (N domain).  Following this, there are a 

variable number of C2-like immunoglobulin domains (A or B), leading to the transmembrane 

domain.  This is followed by the intracellular domain, which consists of either a long or short 

cytoplasmic tail.  It is important to note that there are secreted forms of CEACAM1 that lack the 

transmembrane and intracellular domains.  CC1 also has many N-linked glycosylation sites, 

represented here by balls and sticks.  
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Figure 4: Alternative splicing and the long and short isoforms of CC1. 

Alternative splicing produces the two major isoforms of CC1: CC1-L which is characterized by a 

long cytoplasmic tail, and CC1-S which is characterized by a short cytoplasmic tail.  The 

difference between the two isoforms is the inclusion or exclusion of exon 7.  
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Figure 5: The short and long cytoplasmic tail of CC1-L. 

Both isoforms (CC1-L and CC1-S) have the same three general structures: three, or four (shown 

here) heavily glycosylated (depicted by the sticks and balls) extracellular immunoglobulin 

domains (termed A or B), a transmembrane segment and either a long (71 amino acids, 73 in 

mice) or short (10 amino acids) cytoplasmic tail.  



 47 

 



 48 

Figure 6: The important residues and motifs of CC1-L. 

CC1-L contains several residues that are essential for its tumor inhibitory phenotype: two 

phospho-Tyr residues (Tyr488 and Tyr515), one phospho-Ser residue (Ser503), and the 3 

terminal Lys (3K).  The two phospho-Tyr residues are located within ITIM motifs, which serve 

as a docking site for kinases and phosphatases.  



 49 

 



 50 

II.	
  Materials	
  and	
  Methods	
  

2.1	
  ΨII	
  Cell	
  Transfection	
  by	
  Calcium	
  Phosphate	
  Co-­‐Precipitation	
  	
  

The ΨII packaging cell line was seeded to achieve 70% confluency on the day of the 

experiment, and were grown in α-MEM medium (Multicell), supplemented with 10% heat-

inactivated fetal bovine serum (FBS) (Gibco), 100U/ml penicillin, 10mg/ml streptomycin 

(Multicell), and 2µM L-glutamine (Gibco).  Four different calcium phosphate co-precipitation 

transfections [376] were carried out using 5 µg of the retroviral vector plasmid DNA pLXSN 

including either: no insert (neo), or including the CEACAM1-L-S503A, 3K-3A, and S516A 

mutants.  Transfected ΨII cells were selected for two weeks with G418 (geneticin, Multicell) at a 

concentration of 1 mg/mL.   

2.2	
  Retroviral-­‐mediated	
  Metastatic	
  MC38	
  cell	
  infection	
  	
  

The stably transfected ΨII cells were seeded to achieve 70% confluency the day of the 

experiment, while the metastatic MC38 cells provided by Dr. Pnina Brodt (McGill University) 

and Dr. Shoshana Yakar [377], were seeded to ahieve 50% confluency the day of the experiment 

and grown in D-MEM medium (Gibco), supplemented with 10% heat-inactivated FBS (Gibco), 

100U/ml penicillin, and 10mg/ml streptomycin (Multicell).  The supernatant from the ΨII cells 

was passed through a 0.45µm filter and mixed with 80 µL of polybrene (1 mg/mL).  The MC38 

cells were incubated overnight with the virion-containing medium from untrasnfected and 

transfected ΨII.  The untransfected cells served as a negative control.  The next day, this was 

repeated to achieve a superinfection.  G418 was added on the third day at a concentration of 750 

µg/mL and cells were selected for two weeks.  The cells were analyzed on the FACScan (BD 

Biosciences) after selection using an in-house rabbit anti-CC1 pAb (3759 1:50) [169] and the 

goat anti-rabbit FITC-conjugated secondary antibody (Multicell, 1:100).  The cells were 

subsequently sorted by the McGill Flow Cytometry Facility on the FACSAria Cell 

Sorter/Analyzer (BD Biosciences), using the same antibodies, to obtain uniform populations 

expressing high levels of the S503A, 3K-3A, and S516A CC1-L mutants.  The highest-

expressing 40% of cells were selected out of the population via FACS sorting and this population 
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was subsequently expanded.  Each experimented is started with a fresh vial of frozen cells from 

this sort.   

 

The MC38 empty vector control (MC38 CT) and the MC38 CC1-L control cell lines were 

generously provided by Dr. Azadeh Arabzadeh, research associate in the laboratory.  They were 

prepared using the same protocol described above (Arabzadeh et al., manuscript in preparation).   

2.3	
  Animals	
  

All in-house 11H11 Ceacam1+/+ wild type mice (C57BL/6 backcross 16) were bred 

through homozygote matings by Claire Turbide, and all other Ceacam1+/+ wild type mice mice 

on a C57BL/6 background were purchased from Harlan.  The 2D2 and 11H11 Ceacam1-/- 

knockout mice (C57BL/6 backcross 21) were also bred in house.  All mice are fed the Charles 

River diet and kept on a bedding of wood shavings.  Mice brought in from outside our facility 

were given two weeks to acclimatize to the diet and bedding. 

The mice were housed in pathogen-free conditions at the McGill Animal Resources Centre.  All 

experiments were reviewed and approved by the McGill University Animal Care committee, and 

were done in compliance with the Canadian Council on Animal Care. 

2.4	
  Mouse	
  Experiments	
  	
  

All experimental mice were of the same age (between 8-12 weeks old) and sex (males 

only).  The intrasplenic injection liver metastasis assay was performed as described previously 

[378, 379].  To summarize, the mice were anesthetized with a cocktail consisting of ketamine (50 

mg/mL), xylazine (5 mg/mL), acepromazine (1 mg/mL), and saline (0.9%).  Viable MC38-

derived cells (2x105) were suspended in 50 µl of phosphate-buffered saline containing 2% FBS 

and were injected intrasplenically into the mice.  All cells used in these experiments were 

analyzed via flow cytometry to ensure that the expression levels of CC1-L were comparable.  

The spleen was removed three min.  after injection of the cells, following ligation of the vascular 

supply and venous drainage.  The wound was then sutured.  The Ceacam1+/+ wild type mice 

were sacrificed 14 days post-injection, while the Ceacam1-/- knock out mice were sacrificed 14-

17 days post-injection.  Liver metastases were retrieved and processed for analyses (described 

below). 
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2.5	
  Preservation	
  of	
  Tissue 

After the mice were sacrificed, blood was collected and frozen at -80°C, and the livers 

were removed, weighed, and prepared for preservation.  For 

immunohistochemistry/immunofluorescence, livers were fixed in 10% phosphate-buffered 

formalin overnight, dehydrated in 70% ethanol, and then embedded in paraffin by the Histology 

Core (Goodman Cancer Research Centre).  For immunofluorescence analyses, liver tissue was 

flash-frozen in O.C.T.  Compound (Tissue Tek) for cryo-sectioning.  Normal areas of fresh liver 

and metastatic nodule tissue were also immediately frozen on dry ice and preserved at -80°C.   

2.6	
  Determination	
  of	
  Metastatic	
  Burden	
  	
  

Paraffin-embedded liver sections (4 µm thick, four step sections/ mouse, separated by 

200 µm) were stained with hematoxylin and eosin to differentiate between normal liver 

parenchyma and metastatic nodules.  These slides were first scanned using a ScanScope XT 

digital scanner (Aperio Technologies, Vista, CA, USA).  The average metastatic burden was 

computed using a pixel contrast detection algorithm (Pixel Contrast Analysis) designed by our 

colleague Shawn McGuirk (PhD candidate, McGill University) and reported as an area fraction 

(ratio of surface nodule area/total surface area).  To use the Pixel Contrast Analysis, the user first 

defines the pixel color(s) representative of the metasatic lesions.  The program then analyzes all 

pixels and determines the area covered by metastatic lesions as well as the total area.  The 

metastatic burden, measured as an area fraction, is computed from these two values.   

2.7	
  Immunohistochemistry	
  

 Immunohistochemistry performed to detect CEACAM1 was performed on formalin-

fixed, paraffin-embedded liver tissue.  Antigen retrieval was performed on de-paraffinized 

sections incubated with 10 mM sodium citrate buffer (pH 6.0) at 95°C for 20 minutes.  The 

samples were blocked with a 10% solution of bovine serum albumin (BSA) containing 2% goat 

serum in tris-buffered saline with 0.05% Tween and 0.025% Triton-X-100 (TBST) for 30 

minutes at 20°C.  The sections were incubated for 18 h at 4°C with an in-house mouse anti-CC1 

monocolonal Ab (1:750 and labelled with Alexa Fluor 594 secondary antibody (1:600) for one 

hour at room temperature.  They were counterstained with 4',6-diamidino-2-phenylindole 

(DAPI) at 1 µg/mL (DAKO) for 20 minutes.  Sections were mounted in DAKO Cytomation 
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mounting medium and analyzed on a Zeiss LSM Pascal on Axiovert 200 microscope.   The Ki67 

antigen was retrieved following the protocol described above.  The anti-Ki67 (Abcam, 1:1000) 

primary and the Alexa Fluor 488 secondary Ab (1:800) were used.   

2.8	
  xCELLigence	
  Proliferation	
  Assay	
  

 To assess the proliferative properties of the MC38-derived cell lines, a proliferation assay 

was performed on the Roche xCELLigence machine following the protocol provided by Roche 

with the machine.  All cells used in these experiments were analyzed via flow cytometry to 

ensure that the expression levels of CC1-L were comparable.  Viable MC38-derived cells were 

suspended in 1 mL of 10% FBS RPMI media, as described above, and 2x105 cells (100 µL) were 

plated into each well of the E-plate.  Each cell line was run in duplicate or triplicate, and at least 

two wells were loaded with media only in order to assess background levels.  The E-plate has 

gold microelectrodes at the bottom of each well, which detect electrical impedence and reports a 

value called cell index.  The cell index is an arbitrary value that represents the cellular biological 

status, which is comprised of cell number, viability, strength of binding, and morphology.  Once 

attached to the docking station, the cell index at 30 minute intervals is recorded live on the 

software on the computer for 48 h.  In this experiment, doubling time was caclulated between 3 

and 45 h using the software provided by Roche with the machine.  The doubling time is 

calculated using the cell index values, by first converting the data into its logarithmic form and 

then doing a linear regression analysis to determine both the slope and the standard deviation of 

the slope.  The doubling time is calculated from this slope.  

2.9	
  Pervanadate	
  and	
  MG132	
  Treatments	
  

 In order to determine Tyr phosphorylation status of the cell lines, the general Tyr 

phosphorylation inhibitor pervanadate was used.  All cells used in these experiments were 

analyzed via flow cytometry to ensure that CC1-L expression levels were comparable.  Cells 

were grown to ~ 70% confluency in 15 cm plates.  The cells that received no pervanadate 

treatment (negative controls) were scraped off of the plate and lysed first.  The pervanadate was 

then prepared (0.5 mL of 50 mM vanadate, 1.9 mL 30% H2O2, 7.6 mL H2O) and was incubated 

at room temperature for 15 min.  Following this, the cells were treated with 300 µL of 

pervanadate for 7.5 min. at 37°C, scraped off of the plate, and lysed.  All cells were lysed within 

10 min. of treatment.  To assess possible CC1-L degradation, certain cells were also treated with 
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the proteasome inhibitor MG132 (N-(benzyloxycarbonyl)leucinylleucinylleucinal)  (10 µM) for 

12 h.   

 Following protein quantification (bicinchoninic acid assay, Pierce), an 

immunoprecipitation was performed using the CC1-specific in-house rabbit pAb and 200 µg of 

total lysate.  The total lysate was first precleared with 10 µg of IgG (rabbit) for 1 h at 4°C on a 

rotary shaker.  The volume was equalized to 500 µL among samples using lysis buffer.  Then the 

lysate was precleared with 30 µL of the slurry of Protein A beads for 1 h at 4°C on a rotary 

shaker.  The samples were centrifuged at 4000 rpm for 2 min. at 4°C three times, each time being 

washed with lysis buffer.  The lysate was then incubated with 2 µg of the CC1-specific antibody 

mentioned above for 2 hrs at 4°C on rotary shaker.  Next, the lysate was incubated with 30 µL of 

the slurry of Protein A beads for 1 h at 4°C on a rotary shaker.  Finally, the samples were 

centrifuged at 4000 rpm for 2 min. at 4°C three times, each time being washed with lysis buffer.  

The beads were resuspended in 30 µL of 2x loading dye and heated at 95°C for 10 min.  

Visualization of Tyr phosphorylation was carried out via Western blotting with the 4G10 anti-

phospho-Tyr antibody.  The blots were then stripped and incubated with the CC1-specific mouse 

mAb.  Total cell lysate was also analyzed via Western blotting as an indicator of the efficiency of 

the immunoprecipitation.   

2.10	
  Statistical	
  Analysis	
  

All results are presented as mean ± SD unless otherwise stated.  Statistical significance 

between samples was assessed by analysis of variance (ANOVA).  A P value of <0.05 was 

considered statistically significant. 
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III.	
  Results	
  

3.1	
  Expression	
  of	
  CC1	
  in	
  metastatic	
  MC38	
  CRC	
  cell	
  line	
  

To evaluate the importance of specific residues in the metastasis-inhibitory phenotype of 

CC1-L, metastatic CRC MC38 C57Bl/6 cells were infected with wild-type CC1-L, empty vector 

control, and the CC1-L mutants (Ser503Ala, 3 terminal Lys3Ala, and Ser516Ala).  After 

antibiotic selection was completed, cell populations of each mutant cell line were sorted by 

FACS sorting and stock of cells were frozen down for further use.  A representative immunoblot 

of total CC1-L expression was comparable among CC1-L wild-type and variant cell lines (Figure 

7A, B, n=3).  As expected, the empty vector control (CT) cell line did not express CC1-L, and 

was statistically different than all other cell lines (p<0.05).  There is also significance between 

both the CC1-L (p<0.005) and 3K-3A (p<0.05) cell lines and the Ser503Ala (S503A) cell line.  

These differences are likely due to the large variation in the values of S516A.  

Surface expression of CC1 was evaluated using flow cytometry (Figure 7C).  This was 

first evaluated as a percentage of total cells expressing CC1-L (Figure 7D).  There was a very 

significant difference in percentage of total cells expressing CC1-L between the CT cell line and 

every other cell line (p<0.0005).  Surface CC1-L expression was next evaluated as a median 

fluorescence intensity (MFI) of the cell lines (Figure 7E).  There was no significant difference in 

MFI between the CC1-L-expressing cell lines.  Overall, these data confirm that the CT cell line 

does not express any CC1-L, and that the other cell lines express a comparable amount of total 

and surface CC1-L.  

3.2	
  Proliferation	
  rate	
  of	
  empty	
  vector	
  control,	
  CC1-­‐L	
  wild-­‐type,	
  and	
  CC1-­‐L-­‐variant	
  cell	
  

lines	
  

 In order to characterize the phenotypic differences in vitro between these cell lines, a 

proliferation assay was performed using the Roche xCELLigence machine.  This method was 

chosen due to its accuracy, consistency, and ease of use [380].  The metastatic CRC MC38 cell 

lines described above (CT, CC1-L, S503A, 3K-3A, S516A) were evaluated in triplicate in three 

separate experiments. The log phase of growth was used in the calculation of doubling time (~3 

to 45 h).  A representative graph of three independent experiments shows a doubling time of ~ 17 
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h for CT, ~ 27 h for CC1-L, ~21 h for S503A, ~19 h for 3K-3A, and ~19 h for S516A ± SD 

(Figure 8).  The doubling times of all cell lines were significantly different from that of CT 

(p<0.005).  Similarly, the doubling times of all cell lines were significantly different from that of 

both CC1-L (p<0.0005) and S503A (p<0.0005).  Overall, the CC1-L cell line proliferated the 

slowest (highest doubling time), and the CT cell line proliferated the quickest (lowest doubling 

time).  All variants (S503A, 3K-3A, and S516A) proliferated at rates more similar to that of CT 

than CC1-L.  In summary, mutation of these residues in the MC38 background partially restored 

the proliferative capacity of the cells relative to CC1-L wild-type. 

3.3	
  Metastatic	
   burden	
   of	
  wild-­‐type	
  mice	
   injected	
   intrasplenically	
  with	
   empty	
   vector	
  

control,	
  CC1-­‐L	
  wild-­‐type,	
  and	
  CC1-­‐L	
  variant	
  cell	
  lines	
  

 Intrasplenic injections were performed to evaluate the metastatic ability of the MC38 cell 

lines (CT, CC1-L, S503A, 3K-3A, and S516A) on 40 male C57Bl/6 mice in total (8 mice/cell 

line).  This method of experimental metastasis bypasses the metastatic intravasation step, but has 

been used as a model since 1986 [378].  Each mouse was injected with 2 x 105 cells (in 50 µL), 

the expression of which was verified via flow cytometry the day prior to the surgery.  All 

injections were performed within 4 h of cell trypsanization to avoid cell death.  Two weeks post-

surgery, the mice were sacrificed and their livers were examined for metastatic burden by H & E 

staining of liver sections separated by 50 microns (Figure 9A).  Analysis of the livers using the 

Pixel Contrast Analysis (described in Materials and Methods) showed that the CT cell line 

resulted in the highest metastatic burden (significantly different from that of the 3K-3A cell line, 

p<0.005), the CC1-L cell line displayed the lowest metastatic burden (significantly different 

from that of all other cell lines, p<0.0005), and the variant cell lines (S503A, 3K-3A, and 

S516A) yielded metastatic burdens more similar to that of the CT cell line (Figure 9B).  The 

results of this experiment show that the CC1-L wild-type-expressing cells maintain the 

metastasis-inhibitory phenotype as previously described by our laboratory in the context of CRC 

development [170].  This experiment also showed that the CT cell line resulted in the highest 

metastatic burden, and that all three variants (S503A, 3K-3A, S516A) displayed metastatic 

burdens more similar to that of the CT than the CC1-L cell line. In summary, as reported for 

CT51 tumorigenic cell line, modifications of these residues in CC1-L lead to phenotypic 

differences in metastasis.  
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3.4	
   CC1	
   degradation	
   and	
   phosphorylation	
   status	
   not	
   statistically	
   different	
   between	
  

CC1-­‐L	
  wild-­‐type	
  and	
  variant	
  cell	
  lines	
  

 In order to elucidate signaling pathways that are differentially affected in the CC1-L 

variant cell lines compared to the CC1-L wild-type and the empty vector control cell lines, 

phosphorylation status of the wild-type and Ser503Ala cell lines was evaluated.  The current 

literature demonstrates that, at least in the context of insulin clearance, Ser503 phosphorylation is 

essential for Tyr488 phosphorylation, which in turn permits insulin-induced phosphorylation, 

leading to insulin clearance in 3T3 fibroblast cells [293].  To investigate phosphorylation status, 

we decided to use pervanadate, which is a known insulin mimetic and irreversible inhibitor of 

protein-Tyr phosphatases [381].  Vanadium compounds are known to behave as insulin, in that 

they lower glucose levels in insulin-resistant forms of diabetes via a PI3K- and PKB-independent 

pathway [382].  Treating cells with this Tyr phosphatase inhibitor would permit the assessment 

of the physiological level of CC1 Tyr phosphorylation.  In keeping with the work mentioned by 

Najjar et al., it was expected that CC1-L would be phosphorylated to a significantly lesser degree 

in MC38 cells expressing the Ser503Ala mutant as compared to the wild-type.  We noticed after 

the first pervanadate experiment that there was differential expression of CC1 itself in the wild-

type and Ser503Ala cell lines (Figure 10A).  To investigate the possibility of proteasomal CC1 

degradation following cell lysis, cells were treated with the proteasome inhibitor MG132 in 

conjunction with pervanadate inhibition of phosphorylation.  Following an immunoprecipitation 

with an in-house anti-CC1 pAb [169], phosphorylation status and CC1 expression was examined 

(Figure 10A).   

Using the ImageJ (NIH) analysis software, Western blots were analyzed to determine if 

there was a difference in CC1 expression between untreated and treated cells (Figure 10B).  

Actin from the whole lysate control for this experiment was used as a loading control for this 

analysis.  ANOVA analysis revealed that there was no significant difference in CC1 expression 

between the treated and untreated cells, indicating that CC1 expression is stable in both cell 

lines.  

 To investigate the phosphorylation status of the CC1-L wild-type and Ser503Ala cell 

lines, cells were treated with pervanadate.  Upon immunoprecipitation using the in-house anti-

CC1 pAb and 50 µg of lysate, Western blots were incubated with the 4G10 anti-phospho-Tyr 

and an anti-CC1 antibody.  A representative experiment of three is shown (Figure 10C).  While 
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the same general trend is followed in all three experiments (greater fold increase of Tyr 

phosphorylation in the wild-type cell line as opposed to the Ser503Ala cell line), ImageJ (NIH) 

analysis determined that there was no significant difference in phosphorylation status between 

these two cell lines (Figure 10D).  Furthermore, the large error values associated with these data 

indicate that either there is no pronounced difference in phosphorylation status or that there is 

much technical variability that needs to be addressed.  Given the significant error values of this 

data, this experiment needs to be repeated in order to reach a solid conclusion.  

3.5	
   Continued	
   CC1	
   expression	
   in	
   metastatic	
   nodules	
   of	
   Cc1-­‐/-­‐	
   mice	
   injected	
  

intrasplenically	
   with	
   empty	
   vector	
   control,	
   CC1-­‐L	
   wild-­‐type,	
   and	
   CC1-­‐L	
   variant	
  

Ser503Ala	
  cell	
  line	
  

 One important question to answer when performing these assays is to verify that CC1 

expression has been maintained in the tumors developing in vivo for 14-17 days.  We 

encountered many technical difficulties in the assessment of CC1 expression in the wild-type 

mouse background due to the presence of CC1 expressed endogenously in many tissue types.  To 

obviate this difficulty, an in vivo experiment was repeated in Cc1-/- mice.  A Western blot 

performed on tumor lysates from 9 of these mice displayed that CC1-L expression was 

maintained in all mice after 15-17 days and that mice injected with the empty vector control (CT) 

did not express CC1-L (Figure 11).  Other mice were excluded from the data because of surgical 

complications or because lung metastasis was observed in Cc1-/- mice, which displayed zero 

hepatic metastatic burden (Arabzadeh, A., personal communication).  Three of the four mice 

injected with the Ser503Ala cell line had reduced CC1-L expression as compared to the mice 

injected with the CC1-L wild-type cell line.  The blot was also probed with an actin-specific 

antibody, which served as a loading control.  All mice injected with the CT cell line were 

sacrificed 15 days post-injection and all mice injected with the CC1-L and Ser503Ala cell lines 

were sacrificed 17 days post-injection.  In summary, the expression of CC1-L appears to be 

maintained throughout the development of the metastatic nodules whereas that of the Ser503Ala 

mutant is, in general, significantly reduced over the same period.  It is presently unclear why this 

mutant’s expression is significantly decreased.  Repeating this experiment with more mice per 

cell line and calculating metastatic burden of their livers would provide insight as to whether or 

not the reduced CC1 expression in the Ser503Ala cell line results in decreased metastatic burden.  
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If this were the case, it would suggest that the Cc1-/- environment negatively selects against the 

Ser503Ala mutant, indicating that this residue is particularly important in the knockout context.   
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Figure 7: CC1 expression in metastatic CRC MC38 C57Bl/6 cell lines  

A) Western blot on whole cell lysates showing the total expression of CC1 in the infected MC38 

cell lines (empty vector control (CT), wild-type protein (CC1-L), 3Lys3Ala (3K-3A), Ser503Ala 

(S503A), Ser516Ala (S516A)), using an in-house monoclonal anti-CC1 antibody.  Anti-actin 

immunoblotting confirmed equal loading of proteins.  B) Quantification of CC1 expression in the 

cell lines relative to CC1-L using ImageJ (NIH) on 3 replicate gels ± SD.  *p<0.005, **p<0.005, 

paired one-tailed T-test.  C) Flow cytometry profiles displaying CC1 surface expression for all 4 

cell line (wild-type CC1-L, 3Lys3Ala mutant, Ser503Ala mutant, and Ser516Ala compared to 

the empty vector control cell line (CT)).  D) Quantification of the flow cytometry profiles.  The 

percent of CC1-positive cells were calculated from 5 replicate experiments ± SD.  ***p<0.0005, 

Student’s T-test.  E) Quantification of the flow cytometry profiles.  The median fluorescent 

intensity was calculated from 5 replicate experiments ± SD.  *p<0.05, **p<0.005, Student’s T-

test. 
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Figure 8: Doubling time of the metastatic CRC MC38 C57Bl/6 cell lines. 

The Roche xCELLigence system was used to evaluate the proliferative capacity of MC38 cell 

lines overexpressing the empty vector control (CT), the wild-type protein (CC1-L), the 

Ser503Ala mutation (S503A), the 3Lys3Ala mutation (3K-3A), and the Ser516Ala (S516A) 

mutation.  Over a period of 60 hours, the system recorded the impedance value as a Cell Index 

value, which is a quantitative value of cell number.  From this real-time xCELLigence cell index 

data, doubling time was generated using the RTCA software, provided by Roche with the 

instrument.  Cell lines were analyzed in triplicate, and this is a representative trial of 3.  Doubling 

time calculated for each cell line ± SD is displayed; **p<0.005, ***p<0.0005, ANOVA. 
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Figure 9: Metastatic tumor burden in the liver of wild-type C57Bl/6 mice post-intrasplenic 

injection of metastatic CRC MC38 C57Bl/6 cell lines. 

MC38 cells overexpressing the empty vector (CT), the wild-type CC1-L protein (CC1-L), the 

Ser503Ala mutation (S503A), the 3Lys3Ala mutation (3K-3A) and the Ser516Ala (S516A) 

mutation were intrasplenically injected into 40 male C57Bl/6 mice (8 per cell line) to evaluate 

the metastatic capacity of each cell line.  Mice were sacrificed two weeks post-surgery and livers 

were examined for metastatic burden, as described in Materials and Methods.  A) Representative 

metastatic tumor burden of C57Bl/6 wild-type mice 2 weeks following intrasplenic injection of 

metastatic CRC MC38 cells expressing wild-type CC1-L and variants.  The specimens were then 

paraffin-embedded and stained with hematoxylin and eosin, with 4 step sections per liver/mouse.  

B) Quantification of metastatic burden as a fraction of total tissue area, using the Pixel Contrast 

Analysis that compares color contrast in pixels.  The results were obtained from 39 mice (one 

excluded from CT group due to surgical complications); **p<0.005, ***p<0.0005, ANOVA. 
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Figure 10: Phosphorylation status and CC1-L degradation. 

A) Western blot on immunoprecipitated lysate (with an in-house anti-CC1 pAb [169]) showing 

the results of treatment with the MG132 proteasome inhibitor to evaluate protein degradation 

(see B) in conjunction with the phosphatase inhibitor, pervanadate, to evaluate Tyr 

phosphorylation status (see C, D) in metastatic CRC MC38 cells overexpressing the empty 

vector control (CT), the wild- type CC1-L protein, and the Ser503Ala (S503A) mutant.  Blots 

were incubated with the 4G10 anti-phospho-Tyrosine antibody to evaluate phosphorylation 

status, stripped and then blotted with an in-house anti-CC1 antibody. Also included as a control 

for MG132-treated cells were cells treated with DMSO (last three lanes).  As a further control, 

total cell lysate from treated and untreated cells was also incubated with the 4G10 anti-phospho-

Tyrosine and CC1 pAb (not shown), then stripped and incubated with an antibody against actin.  

B) Quantification of MG132 experiment (see A), displayed as fold difference in total CC1 

expression.  CC1 expression of the CC1-L and Ser503A cell lines without MG132, with MG132, 

and with DMSO are displayed.  There was no significant difference between cell lines 

(ANOVA). ImageJ (NIH) analysis software was used to quantify the Western blot.  C) Western 

blot displaying the results of treatment with the phosphatase inhibitor, pervanadate, on metastatic 

CRC MC38 cells overexpressing wild-type CC1-L, an empty vector control (CT), and the 

Ser503Ala variant.  Cells were treated with pervanadate for 7.5 minutes and then lysed and 

quantified (BCA assay, run in triplicate).  50 µg of whole cell lysate was used to 

immunoprecipitate CC1 (in-house antibody). This is a representative experiment of 3.  Blots 

were revealed with either anti-pTyr or anti-CC1 antibodies.  D) Quantification of pervanadate 

experiment (see B), displayed as a fold increase in phosphorylation between treated and 

untreated cells.  ImageJ (NIH) analysis software was used to quantify the Western blot, and no 

significant difference between cell lines was found using ANOVA. 
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Figure 11: Expression of CC1 in the metastatic nodules of CC1-/- mice post-intrasplenic 

injection of metastatic CRC MC38 C57Bl/6 cell lines. 

MC38 cells overexpressing the empty vector (CT), the wild-type CC1-L protein (CC1-L), the 

3Lys3Ala mutation (3K-3A), and the Ser503Ala mutation (S503A) mutation were 

intrasplenically injected into 14 male Cc1-/- C57Bl/6 mice to evaluate the metastatic capacity of 

each cell line in the Cc1-/- background.  Mice were sacrificed 15-17 days post-surgery and livers 

were examined for metastases formation.  A Western blot using metastatic nodule total lysates of 

C57Bl/6 Cc1-/- mice following intrasplenic injection of metastatic CRC MC38 cells expressing 

wild-type CC1-L and variants.  Blots were incubated with an in-house CC1-specific mAb. Anti-

actin immunoblotting confirmed equal loading of proteins. 
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IV.	
  Discussion	
  

In this work, the importance of the CC1-L Ser503, 3 terminal Lys, and Ser516 residues in 

CRC metastasis was evaluated.  The metastatic CRC MC38 cell lines were used to define an in 

vitro proliferative phenotype of mutants of these residues.  They were also used to define an in 

vivo phenotype with regard to the incidence of hepatic metastasis in an experimental metastasis 

model.   

4.1	
  In	
  vitro	
  characterization	
  of	
  MC38	
  CC1-­‐L	
  wild-­‐type	
  and	
  variant	
  cell	
  lines	
  

 Increased cell cycle progression is a common change that promotes tumor progression 

and metastatic growth [212].  Given the tumor-inhibitory property of CC1-L, we hypothesized 

that the cells expressing CC1-L wild-type would have the highest doubling time in comparison to 

the empty vector control (CT) and the CC1-L mutants.  We further hypothesized that the CT 

cells would display the lowest doubling time, while the mutants of the residues believed to be 

important for CC1-L function (Ser503, 3 terminal Lys, Ser516) would have doubling times 

closer to that of the CT than the wild-type cells.  In an effort to elucidate the in vitro phenotype 

of the MC38 CT, CC1-L wild-type, and CC1-L variant cell lines, doubling times were evaluated.  

These results were compared against previous proliferation experiments conducted in our 

laboratory using the CT and CC1-L wild-type cell lines (Arabzadeh et al., manuscript in 

preparation), and the doubling times were dissimilar.  This thesis found that the CT cell line had 

a doubling time of ~ 17 h and the CC1-L cell line had a doubling time of ~ 27 h, while the 

unpublished manuscript found doubling times of ~ 5 h and ~ 13 h, respectively.  While a trend is 

followed in these experiments, there is a discrepancy between the values of doubling times.  This 

could be explained by a slightly different number of cells seeded and by a slightly different time 

window of data points.  With respect to the doubling time of the MC38 CT cell line, 17 h is 

comparable to the doubling times found for the MC38 cell line by Hu et al. (24 h) [383].  This 

discrepancy will be investigated via further proliferation trials using the xCELLigence system.  

These doubling times can further be compared to the cell cycle of normal eukaryotic cells, which 

is around 24 hours [384]. 

 The Ser516Ala CC1-L variant cell line displayed an unexpected phenotype.  It was 

originally supposed to serve as a control mutation for this project, based on the paper by Huber et 
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al., which showed that the Ser516Ala mutation did not affect CC1-L’s binding to SHP-2 or CC1-

L phosphorylation [225].  This is the first evidence of the importance of the Ser516Ala mutation 

in the context of metastatic CRC MC38 cell proliferation.  This phenotype is likely either 

associated with the location of Ser516 within the second ITIM of CC1-L or with the disruption 

of any interaction with binding partners of Tyr515 (previously shown to play a partial role in 

CRC development [282]), blocking downstream signaling.  As mentioned in section 1.4.2, ITIMs 

are docking sites for kinases and phosphatases [218].  To test the importance of this ITIM for the 

functioning of the Ser516 residue, another mutant with the ITIM deleted could be generated.  If 

these cells behave the same way as the Ser516Ala mutant, then this would indicate that the 

Ser516Ala mutant obstructs ITIM binding or favors binding of a different partner.   

This in vitro experiment also demonstrated that all CC1-L variant cell lines have a 

doubling time closer to that of the CT cell line, indicating that Ser503, the 3 terminal Lys, and 

Ser516 are all essential residues for the tumor inhibitory effect of CC1-L. To confirm these 

phenotypes, migration and invasion assays using the xCELLigence system or boyden chamber 

assays should also be performed.  This experiment therefore proved our hypothesis and displayed 

an increase in cell cycle, which as stated earlier is an important change for metastatic growth.  In 

fact, it has previously been shown that CC1-L amino acids 454-518 participate in the increased 

motility of epithelial cells that overexpress CC1-L [256].  This was found to be due to an 

increased abundance of desmosomes and a disorganization of cytokeratin filament. To 

investigate whether Ser503, the 3 terminal Lys, and Ser516 are important in motility assays, we 

evaluated these same cells for their metastatic ability in vivo.  

4.2	
  In	
  vivo	
  characterization	
  of	
  wild-­‐type	
  and	
  variant	
  MC38	
  cell	
  lines	
  in	
  wild-­‐type	
  mice	
  

 In order to evaluate the metastatic capacity of MC38 CT, CC1-L wild-type, and CC1-L 

variant cell lines in the context of CRC hepatic metastasis, in vivo intrasplenic injections were 

performed on 40 male Cc1 wild-type C57Bl/6 mice. Based on previous results in our laboratory , 

we hypothesized that the CT cell line would have the highest metastatic burden, while the CC1-L 

wild-type cell line would have the lowest.  We further hypothesized that the CC1-L mutants 

would have a metastatic burden closer to the CT than the CC1-L wild-type cell line.  Results of 

the CT and CC1-L cell lines were compared against those obtained previously in the laboratory 

(Arabazdeh et al., manuscript in preparation).  A CC1-L variant cell line, Tyr515,488Phe, 

resulted in a metastatic burden more similar to that of the CT cell line than the CC1-L wild-type, 
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indicating that these residues are essential for the tumor-inhibitory phenotype observed with 

CC1-L.  The results of this experiment therefore support these previous findings.   

Similarly to the proliferation experiments, the Ser516Ala mutant cell line displayed a 

phenotype more similar to the CT than the CC1-L cell line.  The consistent phenotype between 

the proliferation and in vivo experiments indicates that Ser516 is indeed an important residue in 

the context of CRC hepatic metastasis.  This experiment shows the first evidence of the 

importance of all CC1-L mutations (Ser503Ala, 3Lys3Ala, Ser516Ala) in CRC hepatic 

metastasis, and re-affirms the tumor inhibitory role of CC1-L in CRC progression.  This 

experiment further proved our hypothesis, showing that the CC1-L residues are in fact important 

in the context of CRC hepatic metastasis.  

4.3	
  Signaling	
  

After evaluating the phenotypes of the CC1-L variant cell lines in vitro and in vivo and 

determining the significance of these residues in CRC hepatic metastasis, we decided to 

investigate possible signaling pathways that might be affected by the mutations.  To do this, 

possible differences in Tyr phosphorylation status between the cell lines were investigated using 

the Tyr phosphatase inhibitor, pervanadate (Figure 10A).  As a first trial, only the mutation that 

is best defined in the literature was included in further experiments (Ser503Ala).  After the first 

experiment, a difference in total CC1 expression between the CC1-L and Ser503Ala cell lines 

was noticed.  To determine if this was due to pervanadate-induced CC1 degradation or rather due 

to a difference in CC1 expression in the cell lines themselves, cells were also treated with 

MG132, a proteasome inhibitor.  

The MG132 experiment showed that there was no difference in CC1 expression between 

treated and untreated cells, which is consistent with what was observed by Sundberg et al. in 

their pervanadate experiment using MDCK cells expressing CC1-L and Ser503Ala [256]. 

Examining Figure 7C, D, and E there is also a difference in surface CC1-L expression levels 

between these two cell lines.  Although this difference is insignificant and only representative of 

surface CC1-L, it might be responsible for the difference in CC1 expression seen in Figure 10A.  

Given these data, it was determined that the difference in CC1 expression between the cell lines 

witnessed via this Western blot is likely due to different expression levels in the cell lines 

themselves.  However, the inconsistency in the data indicates that further replicate experiments 

are required to draw any final conclusions.  



 73 

Based on previous results [293], we hypothesized that, upon pervanadate treatment of the 

MC38 cells, the level of phosphorylation would be greater in the CC1-L cell line than the 

Ser503Ala cell line.  This hypothesis was based on the study by Najjar et al., which showed that 

phosphorylation of the Ser503 residue was essential for Tyr488 insulin-induced phosphorylation, 

leading to insulin clearance in 3T3 fibroblast cells [293].  This means that the total level of Tyr 

phosphorylation would decrease in the absence of Ser503 phosphorylation. We evaluated 

whether or not similar molecular mechanisms in this paper were responsible for CRC metastasis 

(Figure 10C).  Although the level of phosphorylation was generally higher in the CC1-L wild-

type cell line than Ser503Ala, there was no significant difference in phosphorylation status 

between them (Figure 10D).  This indicates that Ser503 phosphorylation might not be essential 

for Tyr488 phosphorylation in MC38 cells, but that it could play a small role either directly or 

indirectly.  Similar findings have been observed in the CT51 cell line, a tumorigenic non-

metastatic CRC cell line [225].  However, the data presented herein is inconclusive and could 

also indicate that further replicates with less total cell lysate to increase sensitivity are needed to 

see a significant difference in Tyr phosphorylation.  Overall, further studies are needed to 

uncover the mechanism governing this.  

These data oppose the results of another experiment examining CC1-L lateral 

localization, which used pervanadate to evaluate the Tyr phosphorylation status of CC1-L wild-

type and Ser503Ala and 3Lys3Ala mutants in MDCK kidney cells [256].  Sundberg et al. found 

that the level of phosphorylation compared to CC1-L wild-type was greatly increased in the cells 

expressing the S503A (15x) and 3K-3A (272x) mutants, indicating that mutation of Ser503 and 

3Lys facilitated CC1-L Tyr phosphorylation. There are a few likely reasons why this study 

yielded different results, including different cell lines, different cellular processes (implying 

different binding partners such as kinases), and different methods of transfection (resulting in 

different expression levels of CC1).  It is possible that, in MC38 cells, Ser503 phosphorylation 

does not regulate Tyr488 phosphorylation.  This experiment did not prove our hypothesis and 

instead suggested that there is very likely a different mechanism governing CC1-L Tyr 

phosphorylation in this metastatic CRC cell line.  However, the data from this experiment is 

inconclusive and further replicates of this experiment are needed.  As well, the genetic 

background of the MC38 cells might affect these results and these mutants should be tested in a 

different genetic background, namely the BALB/c-derived CT26 metastatic CRC cells. 
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4.4	
  Intrasplenic	
  injections	
  in	
  Cc1-­‐/-­‐	
  mice	
  	
  

 Due to difficulty in showing retention of CC1 expression over time in vivo via IHC and 

immunofluorescence in the metastatic nodules in the first in vivo experiment, we decided to 

repeat the experiment in Cc1-/- mice.  We hypothesized that this would eliminate background 

CC1 expression in the liver parenchyma and it would be simpler to show CC1 expression in the 

metastatic nodules.  Unfortunately, our CC1-specific antibody either bound to what is likely a 

CC1-like molecule in the liver parenchyma or the blocking was insufficient, and I was unable to 

show CC1 expression in the metastatic nodules.  However, CC1 expression 15-17 days post-

injection was confirmed via a Western blot using lysate from the metastatic nodules of these 

mice (Figure 11A).  Given that experimental conditions for both in vivo experiments were 

consistent and that the time between injection and sacrifice was similar (14 days vs 15-17 days), 

it is inferred that CC1 expression was also likely maintained in the Cc1 wild-type mice.  The 

decreased CC1 expression level in three of the four mice injected with the Ser503Ala cell line 

should be noted, and further studies will look to uncover the mechanism governing this.  

Looking to see if there is a correlation with metastatic burden, for example, would be 

informative.  Overall this experiment showed that CC1-L expression is maintained 15-17 days 

post-injection in Cc1-/- mice, and that a mutation of Ser503Ala appears to confer instability in 

this cell line.  Furthermore, it was the first investigation of the Ser503Ala mutation in the context 

of a CC1-null background, and in this sense was informative.  

4.5	
  Future	
  Directions	
  

 This project represents the basis for further studies regarding the mechanisms by which 

the Ser503, 3 terminal Lys, and Ser516 residues govern CC1-L-mediated CRC hepatic 

metastasis.  The in vitro and in vivo phenotypes defined during this thesis provide evidence that 

these residues are essential for the tumor-inhibitory effect of CC1-L, and the investigation into 

the possible signaling pathways demonstrates that Ser503 phosphorylation may act 

independently of Tyr488 and Tyr515, which also play a role in CRC hepatic metastasis 

(Arabzadeh et al., manuscript in preparation).   

4.5.1	
  Immediate	
  investigations	
   	
  

Immediate future work includes demonstrating the expression of CC1 in the metastatic 

nodules of the Cc1 wild-type and knock-out mice.  While the Western blot of tumor lysate from 
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the Cc1-/- mice strongly suggests that expression was also maintained in the experiment using 

Cc1 wild-type mice, immunofluorescence experiments demonstrating metastatic nodule-specific 

CC1 expression is necessary.  This would provide evidence that the phenotype observed is linked 

to CC1 expression of the injected cells. It would also enable co-staining in future studies.  If the 

monoclonal CC1-specific antibody also recognizes the CC1-like protein during 

immunofluorescence staining on frozen and paraffin-embedded tissue, then CC1 expression 

could be confirmed via RNA extraction, cDNA conversion, followed by PCR amplification of 

CC1.  Once evidence of this is shown, the following markers will be evaluated via 

immunofluorescence: Ki67 (proliferation), CD3 (T cells), CD8 (suppressor/cytotoxic T cells), 

F4/80 (macrophages), CD31 (angiogenesis), α-smooth muscle actin (SMA) (vessel maturity), 

CD11b (dendritic and NK T myeloid-derived leukocytes), and Gr-1 (granulocytes).  Conditions 

for all these antibodies have already been defined in our laboratory.  The results of these markers 

would be compared against the data from intrasplenic surgeries on Cc1-/- mice using MC38 

parental cells [169], which found that reduced liver metastasis was controlled, at least in part, by 

CD11b+ Gr1+ myeloid-derived suppressor cells (MDSCs ).   

 In addition to this, the xCELLigence proliferation trials will be repeated to confirm the 

doubling times observed.  MTT proliferation assays were also performed, and the doubling times 

observed differed from those shown by the xCELLigence data (MTT showed ~ 10.2 h for CT, ~ 

13.9 h for CC1-L, and ~ 10.9 h for Ser503Ala).  While the values of these doubling times are 

different from those obtained via the xCELLigence experiments, the trend remains the same.  

Once a consistent doubling time is obtained, migration and invasion assays can be performed 

either using the xCELLigence system or Boyden chambers to assess the migratory capacity of 

the MC38 cell lines.  This would provide further evidence for the importance of the Ser503, 3 

terminal Lys, and Ser516 residues of CC1-L for the tumor inhibitory phenotype.  Given the 

interesting phenotypes observed in the CC1-L mutants in terms of CC1-L cellular localization 

[256], cellular localization will be investigated.  Differential localization of CC1-L in the 

mutants used in this thesis could be functionally informative.  Conditions for this experiment 

have been defined.   

 Evaluation of the differences in cytokines and chemokines between the various cell lines 

should also be performed in an effort to elucidate signaling pathways affected by the various 

mutants.  The results of this assay would be very interesting to compare to the results published 
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previously in our laboratory [169], which found that CCL2, CCL3, and CCL5 (known for 

regulating macrophage and monocyte recruitment) were all down-regulated in the Cc1-/- mice 

upon intrasplenic injection of MC38 cells.  In conjunction with this, a Western blot using tumor 

and liver lysate from the mice of the Cc1 wild-type experiment would be helpful for identifying 

affected signaling pathways.  These lysates would be examined for phospho-proteins and their 

total protein counterparts, such as STAT1 (pro-apoptosis, anti-proliferation), STAT3 (increased 

malignancy, pro-survival), STAT6 (anti-proliferation), NF-κB (pro-survival), Akt (pro-survival), 

and Erk (pro-proliferation).  Analysis of this blot could reveal differential levels of certain 

phospho-proteins, indicating activation or down-regulation of certain pathways and cellular 

processes.   

4.5.2	
  Mechanistic	
  investigations	
  

 Following the above experiments, the signaling pathways and mechanisms involved in 

the observed phenotypes would be examined.  The type of experiment would depend on the 

residue being investigated.  

 

A) Ser503Ala, Ser516Ala 

The Ser503 residue is the most well-defined in the literature of the residues investigated 

in this project, as is described in section 1.6.  We believe it is an important residue in the context 

of CC1-L-regulated CRC hepatic metastasis due to its importance in CRC tumor progression 

[181].  One possible mechanism is that Ser503 interacts with the nearby ITIM containing 

Tyr488, enabling CC1-L’s interaction with kinases/phosphatases, affecting metastatic pathways 

(described in section 1.2).  One way to test this possibility would be to investigate the importance 

of this ITIM on the ability of Ser503 to regulate CRC metastasis.  To do this, an additional 

mutant which lacks the ITIM could be compared via co-immunoprecipitations to the Ser503Ala 

mutant and the CC1-L wild-type cell lines.  CC1-L in the cells lacking the ITIM should not be 

able to interact with typical binding partners such as AP1 [188].  If CC1-L in the cells with the 

Ser503Ala mutation is unable to be co-immunoprecipitated with AP1, this could indicate that 

Ser503 influences the ITIM signaling.  If this were the case, the obligatory presence of Ser503 

for Shc’s interaction with CC1-L [295] would be explained.  This would be because Ser503 

would act in tandem with the ITIM containing Tyr488.  Furthermore, this would implicate 

Ser503 in many other signaling pathways, described in section 1.6.  Ser503 is also essential for 
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IR signaling [180], where CC1-L is a target of the IR and affects Akt and PI3K signaling.  It is 

therefore possible that Ser503 acts independently of Tyr488 and affects downstream members of 

the Akt and PI3K pathways, promoting vascular permeability (angiogenesis) as outlined in 

section 1.6.4.  

Identification of potential Ser kinases and mechanisms related to Ser503 phosphorylation 

are likely to provide novel insights as to how CC1-L regulates tumor cell migration and invasion 

in vivo.  To identify the signaling pathway and mechanisms involved in the phenotype observed 

with the Ser503Ala and Ser516Ala mutations, identification of the Ser/Thr kinase that 

phosphorylates these residues or of the phosphatases that dephosphorylate them in the context of 

CRC hepatic metastasis is necessary.  Ideally, a kinase assay would be performed (such as the 

Omnia Kinase Assay available by Life Technologies).  The assay by Life Technologies, for 

example, involves mixing using cell/tissue lysate with the chelation-enhanced fluorophore, 

which is incorporated into CC1-L.  Once phosphorylated, Mg2+ is chelated and forms a bridge 

between CC1-L and the kinase.  This reaction increases fluorescence, indicating that CC1-L is a 

targe of the kinase used.  If a potential kinase for Ser503 or Ser516 is identified via a kinase 

assay, an inhibitor for this kinase (“kinase X”) could be used.  Treatment of CC1-L wild-type 

and mutant cells with this inhibitor, followed by Western blot with phospho-kinase X and total 

kinase X antibodies would confirm the involvement of this kinase.  Unfortunately, this method of 

investigation is the most costly.  A more economic method of investigation and the first to be 

considered involves searching for consensus sequences in order to identify potential kinases.  

 A brief overview of consensus sequences for the Ser503 residue, among 13 other Ser/Thr 

in CC1-L, has identified the consensus sequence for protein kinase C (PKC).  However, only 

Ser449 was shown to be phosphorylated by PKC [232].  In addition to this, Ser503 was found to 

interact with but not be phosphorylated by Cdk2 [231].  Examination of consensus sequences 

involving the Ser503 residue revealed one promising candidate kinase, mitogen- and stress-

activated kinase (MSK) 1/2.  The consensus sequence of this kinase is not specific, but is defined 

as R-X-X-pSpT, which fits Ser503 and its surrounding residues [385].  Interestingly, the Ser516 

of CC1-L also fits this sequence.  MSK1 and MSK2 are isoforms that share 64% homology 

[386].  MSK1 is activated downstream of the ERK1/2 and MAPK signaling pathways, while the 

activation of MSK2 is not yet well-defined but believed to be similar to that of MSK1 [386].  

MSK1/2 are expressed in the majority of cell types, and are localized to the nucleus [386, 387].  
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However, CC1 is either membrane-bound or in endocytic vesicles or endosomes, and therefore 

does not overlap with the currently defined location of MSK1/2.  That being said, Phan et al. 

found that the cytoplasmic tail localized to the nucleus if delivered by adenovirus [199].  It 

would be informative to define the cellular localization of MSK1/2 in metastatic MC38 CRC 

cells to confirm if it could be the kinase.  The role of MSK1/2 in cancer is not yet well-defined, 

but its expression has been implicated in the formation of breast cancer [388].  Furthermore, 

MSK1 has been shown to play a pro-proliferative role in HaCat cells and A431 human 

epidermoid carcinoma cells [389], and cell transformation was reduced upon treatment with the 

MSK1 inhibitor, H89 [386].  Moreover, MSK1 was essential for EGF- or TPA-induced cell 

transformation via histone phosphorylation [390].  Finally, Msk1/2 knockout mice displayed 

reduced melanoma development as compared to wild-type mice [386].  Given these ties to tumor 

development and to the ERK1/2 and MAPK signaling pathways, MSK1/2 could be the kinase 

that phosphorylates Ser503.  Use of the H89 inhibitor on the MC38 CT, CC1-L, Ser503Ala, and 

Ser516Ala cells would provide insight into this possibility. 

 

B) 3 terminal Lys3Ala 

 The investigation of the 3 terminal Lys of CC1-L requires a different method of 

investigation to identify potential signaling pathways involved.  Classically, Lys residues are 

often polyubiquitinated, leading to proteasomal degradation of the protein and recycling of the 

ubiquitins [391].  During preliminary pervanadate experiments using the 3Lys3Ala cell line (not 

shown), no signs of increased CC1 stability due to the conversion of Lys to Ala were observed.  

We then searched for proteasome-independent functions of ubiquitin that could be affected by 

the 3Lys3Ala mutant.  A review of the literature revealed that monoubiquitination of three 

consecutive Lys leads to endocytosis of the protein [392].  In fact, many plasma membrane 

proteins are ubiquitinated and then endocytosed [393].  Given that CC1-L has previously been 

shown to endocytose in conjunction with the IR and the TCR in the context of insulin clearance 

and cellular proliferation [220, 292], monoubiquitination-mediated endocytosis of CC1-L could 

be an important mechanism.  In the paper by Choice et al. it was shown that the MAPK and 

PI3K/Akt pathways are down-regulated upon CC1 internalization.  In terms of a metastatic 

context, the MAPK and PI3K/Akt signaling pathways are up-regulated during angiogenic, 

proliferative, and migratory processes [98].  One potential mechanism for the 3 terminal Lys is 
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insulin-induced monoubiquitination-mediated CC1-L endocytosis, followed by down-regulation 

of the MAPK and PI3K/Akt pathways.  This anti-angiogenic and anti-proliferative process 

would be disrupted by mutation of the 3 terminal Lys to 3Ala, resulting in increased pro-

tumorigenic pathways.  To study the possibility of increased endocytosis in the MC38 cells 

expressing CC1-L wild-type versus the 3Lys3Ala mutant, in vitro localization experiments of 

CC1-L could be performed.  While it is true that CC1-L is defined as being localized to the 

membrane in CT51 CRC cells [181], perhaps insulin treatment in metastatic MC38 CRC cells 

would result in relocalization.  

The mutation of the 3 terminal Lys to 3 Ala may have also impacted the ability of 

calmodulin to bind.  As mentioned in section 1.6.3, there is a calmodulin binding site at the end 

of the CC1-L cytoplasmic domain, which impacts cytoskeletal function and downstream 

signaling mediated by CC1-L dimerization [302].  To investigate the impact of Lys mutation on 

calmodulin binding, GST pull-downs could be performed.   

4.5.3	
  Long-­‐term	
  investigations	
  	
  

 All future studies based on the findings of this thesis should consider the mutational 

background of the cell line being used.  Mutation of oncogenes and tumor suppressors can 

greatly influence observed phenotypes.  For example, there are two major differences in the 

mutational background between the CT26 mouse CRC cell line (derived from the same tumor as 

the CT51 CRC cell line used previously in this laboratory to define the role of CC1-L in CRC 

development) and the metastatic MC38 cell line.  The CT26 cell line has a K-Ras mutation 

(G12D) and is positive for Smad4, while the MC38 cell line expresses the wild-type K-Ras 

mutation and has no Smad4 activity [394, 395].  Any comparison between these two cell lines 

would have to consider the different signaling environments.  It would be beneficial to conduct 

future studies with a wide array of cell lines in order to account for such differences in 

background mutations and to better understand their importance.  Furthermore, considering the 

importance of CEA and CC6 in CRC metastasis as mentioned in section 1.7, it would be 

informative to further investigate the molecular mechanisms involved.  The murine cell line 

examined provided the advantage of working in an immunocompetent syngeneic mouse 

background and to avoid the complications of CEA and CC6 expression, as there are no murine 

equivalents to CEA and CC6.  Investigations into human CRC metastatic cell lines will need to 

take these two factors.  
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 This thesis shows that the Ser503, 3 terminal Lys, and Ser516 all play an important role 

in CC1-L-mediated CRC hepatic metastasis.  The experiments regarding potential mechanisms 

indicate that the molecular mechanisms may be novel in comparison to mechanisms defined for 

CRC development.  Elucidation of the signaling governing CC1-L-mediated CRC metastasis 

may uncover novel therapeutic avenues targeting CC1-L.  Furthermore, the use of anti-CC1 

immunotherapy in the treatment of melanoma indicates the great potential benefit of refining 

treatment by understanding the mechanisms involved [396].  In fact, there are promising studies 

using CC1-specific antibodies in the context of CRC.  The WL5 anti-human CC1-specific 

antibody, for example, prevented the formation of lung metastases in mice with human CRC 

xenografts [397].  Further evidence for the potential of treatment with anti-CC1 antibodies comes 

from the study by Lu et al. who, using MC38 cells, showed that mice treated with an anti-CC1 

antibody displayed lower tumor burden [318].  The CC1 field is poised for clinical trials 

targeting CC1 in cancer.  

 



 81 

Bibliography	
  

 

1. Organization, W.H., Pathology and genetics of tumours of the digestive system, in World 
Health Organization Classification of Tumours, P. Kleihues and L. Sobin, Editors. 2000, 
International Agency for Research on Cancer: Lyon. 

2. Statistics, A.C.o.C., Canadian Cancer Statistics 2013. 2013, Canadian Cancer Society: 
Toronto, ON. 

3. Divisi, D., et al., Diet and cancer. Acta Biomed, 2006. 77(2): p. 118-23. 
4. Pericleous, M., D. Mandair, and M.E. Caplin, Diet and supplements and their impact on 

colorectal cancer. J Gastrointest Oncol, 2013. 4(4): p. 409-23. 
5. Bingham, S.A., R. Hughes, and A.J. Cross, Effect of white versus red meat on 

endogenous N-nitrosation in the human colon and further evidence of a dose response. J 
Nutr, 2002. 132(11 Suppl): p. 3522S-3525S. 

6. Howe, G.R., et al., Dietary intake of fiber and decreased risk of cancers of the colon and 
rectum: evidence from the combined analysis of 13 case-control studies. J Natl Cancer 
Inst, 1992. 84(24): p. 1887-96. 

7. Seitz, H.K., G. Poschl, and U.A. Simanowski, Alcohol and cancer. Recent Dev Alcohol, 
1998. 14: p. 67-95. 

8. Tsong, W.H., et al., Cigarettes and alcohol in relation to colorectal cancer: the 
Singapore Chinese Health Study. Br J Cancer, 2007. 96(5): p. 821-7. 

9. Guffey, C.R., et al., Linking obesity to colorectal cancer: recent insights into plausible 
biological mechanisms. Curr Opin Clin Nutr Metab Care, 2013. 16(5): p. 595-600. 

10. Fodde, R., R. Smits, and H. Clevers, APC, signal transduction and genetic instability in 
colorectal cancer. Nat Rev Cancer, 2001. 1(1): p. 55-67. 

11. Hardin, J., G. Bertoni, and L.J. Kleinsmith, Becker's World of the Cell. 7th ed, ed. B. 
Wilbur. 2009, San Francisco, CA: Benjamin Cummings. 

12. Weinberg, R.A., Moving out: Invasion and Metastasis, in The Biology of Cancer. 2007, 
Garland Science. 

13. Knudson, A.G., Jr., Mutation and cancer: statistical study of retinoblastoma. Proc Natl 
Acad Sci U S A, 1971. 68(4): p. 820-3. 

14. Knudson, A.G., Jr., Hereditary cancer, oncogenes, and antioncogenes. Cancer Res, 1985. 
45(4): p. 1437-43. 

15. Iyer, R.R., et al., DNA mismatch repair: functions and mechanisms. Chem Rev, 2006. 
106(2): p. 302-23. 

16. Comprehensive molecular characterization of human colon and rectal cancer. Nature, 
2012. 487(7407): p. 330-7. 

17. Arends, M.J., Pathways of Colorectal Carcinogenesis. Appl Immunohistochem Mol 
Morphol, 2013. 21(2): p. 97-102. 

18. Powell, S.M., et al., APC mutations occur early during colorectal tumorigenesis. Nature, 
1992. 359(6392): p. 235-7. 

19. Kinzler, K.W. and B. Vogelstein, Lessons from hereditary colorectal cancer. Cell, 1996. 
87(2): p. 159-70. 



 82 

20. Narayan, S. and D. Roy, Role of APC and DNA mismatch repair genes in the 
development of colorectal cancers. Mol Cancer, 2003. 2: p. 41. 

21. Fodde, R., The APC gene in colorectal cancer. Eur J Cancer, 2002. 38(7): p. 867-71. 
22. Taipale, J. and P.A. Beachy, The Hedgehog and Wnt signalling pathways in cancer. 

Nature, 2001. 411(6835): p. 349-54. 
23. Schambony, A. and D. Weldrich, Wnt Signaling and Cell Migration. 2000, Austin: 

Landes Bioscience. 
24. Kaldis, P. and M. Pagano, Wnt signaling in mitosis. Dev Cell, 2009. 17(6): p. 749-50. 
25. Miyoshi, Y., et al., Somatic mutations of the APC gene in colorectal tumors: mutation 

cluster region in the APC gene. Hum Mol Genet, 1992. 1(4): p. 229-33. 
26. Fodde, R. and R. Smits, Disease model: familial adenomatous polyposis. Trends Mol 

Med, 2001. 7(8): p. 369-73. 
27. Miyazono, K., Positive and negative regulation of TGF-beta signaling. J Cell Sci, 2000. 

113 ( Pt 7): p. 1101-9. 
28. Miyaki, M. and T. Kuroki, Role of Smad4 (DPC4) inactivation in human cancer. 

Biochem Biophys Res Commun, 2003. 306(4): p. 799-804. 
29. Vogelstein, B., et al., Genetic alterations during colorectal-tumor development. N. Engl. 

J. Med., 1988(319): p. 525-532. 
30. Fearon, E.R., S.R. Hamilton, and B. Vogelstein, Clonal analysis of human colorectal 

tumors. Science, 1987. 238(4824): p. 193-7. 
31. Law, D.J., et al., Concerted nonsyntenic allelic loss in human colorectal carcinoma. 

Science, 1988. 241(4868): p. 961-5. 
32. Vogelstein, B., et al., Allelotype of colorectal carcinomas. Science, 1989. 244(4901): p. 

207-11. 
33. Houlston, R., et al., Mutations in DPC4 (SMAD4) cause juvenile polyposis syndrome, but 

only account for a minority of cases. Hum Mol Genet, 1998. 7(12): p. 1907-12. 
34. Brown, K.A., J.A. Pietenpol, and H.L. Moses, A tale of two proteins: differential roles 

and regulation of Smad2 and Smad3 in TGF-beta signaling. J Cell Biochem, 2007. 
101(1): p. 9-33. 

35. Miyaki, M., et al., Higher frequency of Smad4 gene mutation in human colorectal cancer 
with distant metastasis. Oncogene, 1999. 18(20): p. 3098-103. 

36. Iacobuzio-Donahue, C.A., et al., Missense mutations of MADH4: characterization of the 
mutational hot spot and functional consequences in human tumors. Clin Cancer Res, 
2004. 10(5): p. 1597-604. 

37. Lampropoulos, P., et al., TGF-beta signalling in colon carcinogenesis. Cancer Lett, 2012. 
314(1): p. 1-7. 

38. Rodrigues, N.R., et al., p53 mutations in colorectal cancer. Proc Natl Acad Sci U S A, 
1990. 87(19): p. 7555-9. 

39. Vousden, K.H. and X. Lu, Live or let die: the cell's response to p53. Nat Rev Cancer, 
2002. 2(8): p. 594-604. 

40. Levine, A.J., W. Hu, and Z. Feng, The P53 pathway: what questions remain to be 
explored? Cell Death Differ, 2006. 13(6): p. 1027-36. 

41. Baker, S.J., et al., p53 gene mutations occur in combination with 17p allelic deletions as 
late events in colorectal tumorigenesis. Cancer Res, 1990. 50(23): p. 7717-22. 

42. Tang, R., et al., Mutations of p53 gene in human colorectal cancer: distinct frameshifts 
among populations. Int J Cancer, 2001. 91(6): p. 863-8. 



 83 

43. Wood, L.D., et al., The genomic landscapes of human breast and colorectal cancers. 
Science, 2007. 318(5853): p. 1108-13. 

44. Forrester, K., et al., Detection of high incidence of KRAS oncogenes during human colon 
tumorigenesis. Nature, 1987(327): p. 298-303. 

45. Bos, J.L., et al., Prevalence of ras gene mutations in human colorectal cancers. Nature, 
1987(327): p. 293-297. 

46. Kranenburg, O., The KRAS oncogene: past, present, and future. Biochim Biophys Acta, 
2005. 1756(2): p. 81-2. 

47. Repasky, G.A., E.J. Chenette, and C.J. Der, Renewing the conspiracy theory debate: does 
Raf function alone to mediate Ras oncogenesis? Trends Cell Biol, 2004. 14(11): p. 639-
47. 

48. Mitin, N., K.L. Rossman, and C.J. Der, Signaling interplay in Ras superfamily function. 
Curr Biol, 2005. 15(14): p. R563-74. 

49. Andreyev, H.J., et al., Kirsten ras mutations in patients with colorectal cancer: the 
multicenter "RASCAL" study. J Natl Cancer Inst, 1998. 90(9): p. 675-84. 

50. Naguib, A., et al., Activation of K-RAS by co-mutation of codons 19 and 20 is 
transforming. J Mol Signal, 2011. 6: p. 2. 

51. Luo, F., et al., Conditional expression of mutated K-ras accelerates intestinal 
tumorigenesis in Msh2-deficient mice. Oncogene, 2007. 26(30): p. 4415-27. 

52. Luo, F., et al., Mutated K-ras(Asp12) promotes tumourigenesis in Apc(Min) mice more in 
the large than the small intestines, with synergistic effects between K-ras and Wnt 
pathways. Int J Exp Pathol, 2009. 90(5): p. 558-74. 

53. Luo, F., et al., Synergism between K-rasVal12 and mutant Apc accelerates murine large 
intestinal tumourigenesis. Oncol Rep, 2011. 26(1): p. 125-33. 

54. Ries, S., et al., Opposing effects of Ras on p53: transcriptional activation of mdm2 and 
induction of p19ARF. Cell, 2000. 103(2): p. 321-30. 

55. Fearon, E.R. and B. Vogelstein, A genetic model for colorectal tumorigenesis. Cell, 1990. 
61(5): p. 759-67. 

56. Fearon, E.R., Molecular genetics of colorectal cancer. Annu Rev Pathol, 2011. 6: p. 479-
507. 

57. Oki, E., et al., Mutated gene-specific phenotypes of dinucleotide repeat instability in 
human colorectal carcinoma cell lines deficient in DNA mismatch repair. Oncogene, 
1999. 18(12): p. 2143-7. 

58. Niitsu, Y., et al., Chemoprevention of colorectal cancer. Cancer Chemother Pharmacol, 
2004. 54 Suppl 1: p. S40-3. 

59. Polakis, P., The adenomatous polyposis coli (APC) tumor suppressor. Biochim Biophys 
Acta, 1997. 1332(3): p. F127-47. 

60. Kinzler, K.W. and B. Vogelstein, Colorectal tumors, in The Genetic Basis of Human 
Cancer, B. Vogelstein and K.W. Kinzler, Editors. 2002, McGraw-Hill: New York. p. 
583-612. 

61. Fortner, J., et al., Multivariate Analysis of a Personal Series of 247 Consecutive Patients 
with Liver Metastases from Colorectal Cancer. Ann. Surg. , 1983. 199(3): p. 306-316. 

62. Dorland, W., Dorland's illustrated medical dictionary. 1965, Saunders Co.: Philadelphia 
(PA). 

63. Hanahan, D. and R.A. Weinberg, The hallmarks of cancer. Cell, 2000. 100(1): p. 57-70. 



 84 

64. Hunter, K.W., N.P. Crawford, and J. Alsarraj, Mechanisms of metastasis. Breast Cancer 
Res, 2008. 10 Suppl 1: p. S2. 

65. Beauchemin, N. and J. Huot, eds. Metastasis of Colorectal Cancer. Cancer Metastasis- 
Biology and Treatment, ed. R.J. Ablin and W.G. Jiang. Vol. 14. 2010, Springer: New 
York. 

66. Nowell, P.C., The clonal evolution of tumor cell populations. Science, 1976. 194(4260): 
p. 23-8. 

67. Khalique, L., et al., The clonal evolution of metastases from primary serous epithelial 
ovarian cancers. Int J Cancer, 2009. 124(7): p. 1579-86. 

68. Klein, C.A., Parallel progression of primary tumours and metastases. Nat Rev Cancer, 
2009. 9(4): p. 302-12. 

69. Gout, S., P.L. Tremblay, and J. Huot, Selectins and selectin ligands in extravasation of 
cancer cells and organ selectivity of metastasis. Clin Exp Metastasis, 2008. 25(4): p. 335-
44. 

70. Gout, S. and J. Huot, Role of cancer microenvironment in metastasis: focus on colon 
cancer. Cancer Microenviron, 2008. 1(1): p. 69-83. 

71. Joyce, J.A. and J.W. Pollard, Microenvironmental regulation of metastasis. Nat Rev 
Cancer, 2009. 9(4): p. 239-52. 

72. Nieto, M.A. and A. Cano, The epithelial-mesenchymal transition under control: global 
programs to regulate epithelial plasticity. Semin Cancer Biol, 2012. 22(5-6): p. 361-8. 

73. De Craene, B. and G. Berx, Regulatory networks defining EMT during cancer initiation 
and progression. Nat Rev Cancer, 2013. 13(2): p. 97-110. 

74. Brabletz, T., et al., Invasion and metastasis in colorectal cancer: epithelial-mesenchymal 
transition, mesenchymal-epithelial transition, stem cells and beta-catenin. Cells Tissues 
Organs, 2005. 179(1-2): p. 56-65. 

75. Pai, R., et al., Prostaglandins promote colon cancer cell invasion; signaling by cross-talk 
between two distinct growth factor receptors. FASEB J, 2003. 17(12): p. 1640-7. 

76. Sordat, I., et al., Differential expression of laminin-5 subunits and integrin receptors in 
human colorectal neoplasia. J Pathol, 1998. 185(1): p. 44-52. 

77. Kirchner, T. and T. Brabletz, Patterning and nuclear beta-catenin expression in the 
colonic adenoma-carcinoma sequence. Analogies with embryonic gastrulation. Am J 
Pathol, 2000. 157(4): p. 1113-21. 

78. Gavert, N., et al., L1, a novel target of beta-catenin signaling, transforms cells and is 
expressed at the invasive front of colon cancers. J Cell Biol, 2005. 168(4): p. 633-42. 

79. Rabinovitz, I. and A.M. Mercurio, The integrin alpha6beta4 functions in carcinoma cell 
migration on laminin-1 by mediating the formation and stabilization of actin-containing 
motility structures. J Cell Biol, 1997. 139(7): p. 1873-84. 

80. Mook, O.R., W.M. Frederiks, and C.J. Van Noorden, The role of gelatinases in 
colorectal cancer progression and metastasis. Biochim Biophys Acta, 2004. 1705(2): p. 
69-89. 

81. Kitadai, Y., et al., Targeting the expression of platelet-derived growth factor receptor by 
reactive stroma inhibits growth and metastasis of human colon carcinoma. Am J Pathol, 
2006. 169(6): p. 2054-65. 

82. Le, N.H., P. Franken, and R. Fodde, Tumour-stroma interactions in colorectal cancer: 
converging on beta-catenin activation and cancer stemness. Br J Cancer, 2008. 98(12): p. 
1886-93. 



 85 

83. Joyce, T., et al., A molecular signature for Epithelial to Mesenchymal transition in a 
human colon cancer cell system is revealed by large-scale microarray analysis. Clin Exp 
Metastasis, 2009. 26(6): p. 569-87. 

84. Avizienyte, E., et al., Src SH3/2 domain-mediated peripheral accumulation of Src and 
phospho-myosin is linked to deregulation of E-cadherin and the epithelial-mesenchymal 
transition. Mol Biol Cell, 2004. 15(6): p. 2794-803. 

85. Minard, M.E., L.M. Ellis, and G.E. Gallick, Tiam1 regulates cell adhesion, migration 
and apoptosis in colon tumor cells. Clin Exp Metastasis, 2006. 23(5-6): p. 301-13. 

86. Barbera-Guillem, E., et al., Vascular endothelial growth factor secretion by tumor-
infiltrating macrophages essentially supports tumor angiogenesis, and IgG immune 
complexes potentiate the process. Cancer Res, 2002. 62(23): p. 7042-9. 

87. Bates, R.C., M.J. DeLeo, 3rd, and A.M. Mercurio, The epithelial-mesenchymal transition 
of colon carcinoma involves expression of IL-8 and CXCR-1-mediated chemotaxis. Exp 
Cell Res, 2004. 299(2): p. 315-24. 

88. Bates, R.C. and A.M. Mercurio, Tumor necrosis factor-alpha stimulates the epithelial-to-
mesenchymal transition of human colonic organoids. Mol Biol Cell, 2003. 14(5): p. 
1790-800. 

89. Massague, J., TGFbeta in Cancer. Cell, 2008. 134(2): p. 215-30. 
90. Ropponen, K.M., et al., Expression of CD44 and variant proteins in human colorectal 

cancer and its relevance for prognosis. Scand J Gastroenterol, 1998. 33(3): p. 301-9. 
91. Kerbel, R. and J. Folkman, Clinical translation of angiogenesis inhibitors. Nat Rev 

Cancer, 2002. 2(10): p. 727-39. 
92. Carmeliet, P. and R.K. Jain, Angiogenesis in cancer and other diseases. Nature, 2000. 

407(6801): p. 249-57. 
93. Helmlinger, G., et al., Interstitial pH and pO2 gradients in solid tumors in vivo: high-

resolution measurements reveal a lack of correlation. Nat Med, 1997. 3(2): p. 177-82. 
94. Carmeliet, P., Angiogenesis in life, disease and medicine. Nature, 2005. 438(7070): p. 

932-6. 
95. Mizukami, Y., et al., Induction of interleukin-8 preserves the angiogenic response in 

HIF-1alpha-deficient colon cancer cells. Nat Med, 2005. 11(9): p. 992-7. 
96. Mizukami, Y., Y. Kohgo, and D.C. Chung, Hypoxia inducible factor-1 independent 

pathways in tumor angiogenesis. Clin Cancer Res, 2007. 13(19): p. 5670-4. 
97. Liao, D. and R.S. Johnson, Hypoxia: a key regulator of angiogenesis in cancer. Cancer 

Metastasis Rev, 2007. 26(2): p. 281-90. 
98. Lamalice, L., F. Le Boeuf, and J. Huot, Endothelial cell migration during angiogenesis. 

Circ Res, 2007. 100(6): p. 782-94. 
99. Holmes, K., et al., Vascular endothelial growth factor receptor-2: structure, function, 

intracellular signalling and therapeutic inhibition. Cell Signal, 2007. 19(10): p. 2003-12. 
100. Benazzi, C., et al., Angiogenesis in Spontaneous Tumors and Implications for 

Comparative Tumor Biology. ScientificWorldJournal, 2014. 2014: p. 919570. 
101. Goh, V., A.R. Padhani, and S. Rasheed, Functional imaging of colorectal cancer 

angiogenesis. Lancet Oncol, 2007. 8(3): p. 245-55. 
102. Ellis, L.M. and D.G. Haller, Bevacizumab beyond progression: does this make sense? J 

Clin Oncol, 2008. 26(33): p. 5313-5. 
103. Ellis, L.M. and D.J. Hicklin, Pathways mediating resistance to vascular endothelial 

growth factor-targeted therapy. Clin Cancer Res, 2008. 14(20): p. 6371-5. 



 86 

104. Saharinen, P., et al., Lymphatic vasculature: development, molecular regulation and role 
in tumor metastasis and inflammation. Trends Immunol, 2004. 25(7): p. 387-95. 

105. Alitalo, K., T. Tammela, and T.V. Petrova, Lymphangiogenesis in development and 
human disease. Nature, 2005. 438(7070): p. 946-53. 

106. Lohela, M., et al., VEGFs and receptors involved in angiogenesis versus 
lymphangiogenesis. Curr Opin Cell Biol, 2009. 21(2): p. 154-65. 

107. Gale, N.W., et al., Angiopoietin-2 is required for postnatal angiogenesis and lymphatic 
patterning, and only the latter role is rescued by Angiopoietin-1. Dev Cell, 2002. 3(3): p. 
411-23. 

108. Meijer, J., et al., The CXCR5 chemokine receptor is expressed by carcinoma cells and 
promotes growth of colon carcinoma in the liver. Cancer Res, 2006. 66(19): p. 9576-82. 

109. Bacac, M. and I. Stamenkovic, Metastatic cancer cell. Annu Rev Pathol, 2008. 3: p. 221-
47. 

110. Wyckoff, J.B., et al., A critical step in metastasis: in vivo analysis of intravasation at the 
primary tumor. Cancer Res, 2000. 60(9): p. 2504-11. 

111. Owens, L.V., et al., Overexpression of the focal adhesion kinase (p125FAK) in invasive 
human tumors. Cancer Res, 1995. 55(13): p. 2752-5. 

112. Mehlen, P. and A. Puisieux, Metastasis: a question of life or death. Nat Rev Cancer, 
2006. 6(6): p. 449-58. 

113. Zeng, Q., et al., Hepatocyte growth factor inhibits anoikis in head and neck squamous 
cell carcinoma cells by activation of ERK and Akt signaling independent of NFkappa B. J 
Biol Chem, 2002. 277(28): p. 25203-8. 

114. Tien, Y.W., et al., Intravasation-related metastatic factors in colorectal cancer. Tumour 
Biol, 2004. 25(1-2): p. 48-55. 

115. Vernon, A.E., S.J. Bakewell, and L.A. Chodosh, Deciphering the molecular basis of 
breast cancer metastasis with mouse models. Rev Endocr Metab Disord, 2007. 8(3): p. 
199-213. 

116. Leupold, J.H., et al., Tumor suppressor Pdcd4 inhibits invasion/intravasation and 
regulates urokinase receptor (u-PAR) gene expression via Sp-transcription factors. 
Oncogene, 2007. 26(31): p. 4550-62. 

117. Onishi, Y., S. Hashimoto, and H. Kizaki, Cloning of the TIS gene suppressed by 
topoisomerase inhibitors. Gene, 1998. 215(2): p. 453-9. 

118. Zhang, Z. and R.N. DuBois, Detection of differentially expressed genes in human colon 
carcinoma cells treated with a selective COX-2 inhibitor. Oncogene, 2001. 20(33): p. 
4450-6. 

119. Schlichter, U., et al., The chicken Pdcd4 gene is regulated by v-Myb. Oncogene, 2001. 
20(2): p. 231-9. 

120. Palamarchuk, A., et al., Akt phosphorylates and regulates Pdcd4 tumor suppressor 
protein. Cancer Res, 2005. 65(24): p. 11282-6. 

121. Asangani, I.A., et al., MicroRNA-21 (miR-21) post-transcriptionally downregulates 
tumor suppressor Pdcd4 and stimulates invasion, intravasation and metastasis in 
colorectal cancer. Oncogene, 2008. 27(15): p. 2128-36. 

122. Iravani, S., et al., Elevated c-Src protein expression is an early event in colonic 
neoplasia. Lab Invest, 1998. 78(3): p. 365-71. 



 87 

123. Fidler, I.J., Metastasis: guantitative analysis of distribution and fate of tumor 
embolilabeled with 125 I-5-iodo-2'-deoxyuridine. J Natl Cancer Inst, 1970. 45(4): p. 773-
82. 

124. Smyth, M.J., et al., NKG2D recognition and perforin effector function mediate effective 
cytokine immunotherapy of cancer. J Exp Med, 2004. 200(10): p. 1325-35. 

125. Kim, S., et al., In vivo natural killer cell activities revealed by natural killer cell-deficient 
mice. Proc Natl Acad Sci U S A, 2000. 97(6): p. 2731-6. 

126. Samak, R. and L. Israel, [Extraction and identification of circulating immune complexes 
from the serum of cancer patient by affinity chromatography followed by high pressure 
steric exclusion chromatography. Demonstration of their effect on the mitogenesis of 
normal lymphocytes]. Ann Med Interne (Paris), 1982. 133(5): p. 362-6. 

127. Weiss, L., et al., Lethal deformation of cancer cells in the microcirculation: a potential 
rate regulator of hematogenous metastasis. Int J Cancer, 1992. 50(1): p. 103-7. 

128. Edmiston, K.H., et al., Role of nitric oxide and superoxide anion in elimination of low 
metastatic human colorectal carcinomas by unstimulated hepatic sinusoidal endothelial 
cells. Cancer Res, 1998. 58(7): p. 1524-31. 

129. Fidler, I.J., The pathogenesis of cancer metastasis: the 'seed and soil' hypothesis 
revisited. Nat Rev Cancer, 2003. 3(6): p. 453-8. 

130. Weiss, L., Metastatic inefficiency. Adv Cancer Res, 1990. 54: p. 159-211. 
131. Paget, S., The distribution of secondary growths in cancer of the breast. Lancet, 1889. 1: 

p. 571-573. 
132. Langley, R.R. and I.J. Fidler, Tumor cell-organ microenvironment interactions in the 

pathogenesis of cancer metastasis. Endocr Rev, 2007. 28: p. 297-321. 
133. Li, F., et al., Beyond tumorigenesis: cancer stem cells in metastasis. Cell Res, 2007. 17: 

p. 3-14. 
134. Barker, N., et al., Identification of stem cells in small intestine and colon by marker gene 

Lgr5. Nature, 2007. 449(7165): p. 1003-7. 
135. Ricci-Vitiani, L., et al., Colon cancer stem cells. J Mol Med (Berl), 2009. 87(11): p. 

1097-104. 
136. Kaplan, R., et al., VEGFR1-positive haematopoietic bone marrow progenitors initiate the 

pre-metastatic niche. Nature, 2005. 438: p. 820-827. 
137. Nicolson, G.L., Cancer metastasis: tumor cell and host organ properties important in 

metastasis to specific secondary sites. Biochim Biophys Acta, 1988. 948(2): p. 175-224. 
138. Khatib, A.M., et al., Characterization of the host proinflammatory response to tumor 

cells during the initial stages of liver metastasis. Am J Pathol, 2005. 167(3): p. 749-59. 
139. Gout, S., et al., Death receptor-3, a new E-Selectin counter-receptor that confers 

migration and survival advantages to colon carcinoma cells by triggering p38 and ERK 
MAPK activation. Cancer Res, 2006. 66(18): p. 9117-24. 

140. Tremblay, P.L., F.A. Auger, and J. Huot, Regulation of transendothelial migration of 
colon cancer cells by E-selectin-mediated activation of p38 and ERK MAP kinases. 
Oncogene, 2006. 25(50): p. 6563-73. 

141. Tremblay, P.L., J. Huot, and F.A. Auger, Mechanisms by which E-selectin regulates 
diapedesis of colon cancer cells under flow conditions. Cancer Res, 2008. 68(13): p. 
5167-76. 



 88 

142. Vidal-Vanaclocha, F., Architectural and Functional Aspects of the Liver with 
Implications for Cancer Metastasis, in Liver Metastasis: Biology and Clinical 
Management, P. Brodt, Editor. 2011, Springer. p. 9-42. 

143. McCuskey, R.S., The hepatic microvascular system, in The liver: biology and 
pathobiology, I.M. Arias, et al., Editors. 1994, Raven Press: New York, NY. p. 1089-
1106. 

144. Malik, R., C. Selden, and H. Hodgson, The role of non-parenchymal cells in liver growth. 
Semin Cell Dev Biol, 2002. 13(6): p. 425-31. 

145. Parker, G.A. and C.A. Picut, Liver immunobiology. Toxicol Pathol, 2005. 33(1): p. 52-62. 
146. Kern, M., et al., Taking off the brakes: T cell immunity in the liver. Trends Immunol, 

2010. 31(8): p. 311-7. 
147. Taylor, J., et al., Using metastasis suppressor proteins to dissect interactions among 

cancer cells and their microenvironment. Cancer Metastasis Rev, 2008. 27(1): p. 67-73. 
148. Sipos, F. and O. Galamb, Epithelial-to-mesenchymal and mesenchymal-to-epithelial 

transitions in the colon. World J Gastroenterol, 2012. 18(7): p. 601-8. 
149. Nakagawa, H., et al., Role of cancer-associated stromal fibroblasts in metastatic colon 

cancer to the liver and their expression profiles. Oncogene, 2004. 23(44): p. 7366-77. 
150. Subramaniam, V., H. Gardner, and S. Jothy, Soluble CD44 secretion contributes to the 

acquisition of aggressive tumor phenotype in human colon cancer cells. Exp Mol Pathol, 
2007. 83(3): p. 341-6. 

151. Bresalier, R.S., et al., Metastasis of human colon cancer is altered by modifying 
expression of the beta-galactoside-binding protein galectin 3. Gastroenterology, 1998. 
115(2): p. 287-96. 

152. Yang, G.Y., et al., Integrin alpha v beta 6 mediates the potential for colon cancer cells to 
colonize in and metastasize to the liver. Cancer Sci, 2008. 99(5): p. 879-87. 

153. Malanchi, I., et al., Interactions between cancer stem cells and their niche govern 
metastatic colonization. Nature, 2012. 481: p. 85-91. 

154. Zvibel, I., et al., Hepatocyte extracellular matrix modulates expression of growth factors 
and growth factor receptors in human colon cancer cells. Exp Cell Res, 1998. 245(1): p. 
123-31. 

155. Zeelenberg, I.S., L. Ruuls-Van Stalle, and E. Roos, The chemokine receptor CXCR4 is 
required for outgrowth of colon carcinoma micrometastases. Cancer Res, 2003. 63(13): 
p. 3833-9. 

156. Neumaier, M., et al., Biliary glycoprotein, a potential human cell adhesion molecule, is 
down-regulated in colorectal carcinomas. Proc Natl Acad Sci U S A, 1993. 90: p. 10744-
10748. 

157. Nollau, P., et al., Expression of CD66a (human C-CAM) and other members of the 
carcinoembryonic antigen gene family of adhesion molecules in human colorectal 
adenomas. Cancer Res, 1997. 57: p. 2354-2357. 

158. Rosenberg, M., et al., The expression of mouse biliary glycoprotein, a carcinoembryonic 
antigen-related gene, is down-regulated in malignant mouse tissues. Cancer Res, 1993. 
53(20): p. 4938-45. 

159. Kang, W., et al., Expression of CD66a and possible roles in colorectal adenoma and 
adenocarcinoma. Int J Colorectal Dis, 2007. 22: p. 869-874. 

160. Song, J., et al., Genetic Alterations and Expression Pattern of CEACAM1 in Colorectal 
Adenomas and Cancers. Pathol Oncol Res, 2011. 17: p. 67-74. 



 89 

161. Ieda, J., et al., Re-expression of CEACAM1 long cytoplasmic domain isoform is 
associated with invasion and migration of colorectal cancer. Int J Cancer, 2011. 129(6): 
p. 1351-1361. 

162. Ergun, S., et al., CEA-Related cell adhesion molecule 1 (CEACAM1): a potent 
angiogenic factor and a major effector of vascular endothelial growth factor (VEGF). 
Mol Cell, 2000. 5: p. 311-320. 

163. Horst, A., et al., Carcinoembryonic antigen-related cell adhesion molecule 1 modulates 
vascular remodeling in vitro and in vivo. J Clin Investig, 2006. 116: p. 1596-1605. 

164. Nouvion, A.L., et al., CEACAM1: a key regulator of vascular permeability. J Cell Sci, 
2010. 123(Pt 24): p. 4221-30. 

165. Brummer, J., et al., Interaction of the cell adhesion molecule CEACAM1 with integrin 
beta(3). J Pathol 2001. 159: p. 537-546. 

166. Gray-Owen, S.D. and R.S. Blumberg, CEACAM1: contact-dependent control of 
immunity. Nat Rev Immunol, 2006. 6(6): p. 433-46. 

167. Yeatman, T., W. Mao, and R. Karl, Biliary glycoprotein is overexpressed in human colon 
cancer cells with high metastatic potential. J Gastrointest Surg, 1997. 1: p. 292-298. 

168. Leung, N., et al., Deletion of the carcinoembryonic antigen-related cell adhesion 
molecule 1 (Ceacam1) gene contributes to colon tumor progression in a murine model of 
carcinogenesis. Oncogene, 2006. 25(40): p. 5527-36. 

169. Arabzadeh, A., et al., Host-related carcinoembryonic antigen cell adhesion molecule 1 
promotes metastasis of colorectal cancer. Oncogene, 2013. 32(7): p. 849-60. 

170. Kunath, T., et al., Inhibition of colonic tumor cell growth by biliary glycoprotein. 
Oncogene, 1995. 11(11): p. 2375-82. 

171. Gold, P. and S.O. Freedman, Specific carcinoembryonic antigens of the human digestive 
system. J Exp Med, 1965. 122(3): p. 467-81. 

172. Beauchemin, N., et al., Redefined nomenclature for members of the carcinoembryonic 
antigen family. Exp Cell Res, 1999. 252(2): p. 243-9. 

173. Robitaille, J., et al., Comparison of expression patterns and cell adhesion properties of 
the mouse biliary glycoproteins Bbgp1 and Bbgp2. Eur J Biochem, 1999. 264(2): p. 534-
44. 

174. McLellan, A.S., et al., Structure and evolution of the mouse pregnancy-specific 
glycoprotein (Psg) gene locus. BMC Genomics, 2005. 6: p. 4. 

175. Kammerer, R. and W. Zimmermann, Coevolution of activating and inhibitory receptors 
within mammalian carcinoembryonic antigen families. BMC Biol, 2010. 8: p. 12. 

176. Benchimol, S., et al., Carcinoembryonic antigen, a human tumor marker, functions as an 
intercellular adhesion molecule. Cell, 1989. 57(2): p. 327-34. 

177. Oikawa, S., et al., A specific heterotypic cell adhesion activity between members of 
carcinoembryonic antigen family, W272 and NCA, is mediated by N-domains. J Biol 
Chem, 1991. 266(13): p. 7995-8001. 

178. Stern, N., et al., Carcinoembryonic antigen (CEA) inhibits NK killing via interaction with 
CEA-related cell adhesion molecule 1. J Immunol, 2005. 174(11): p. 6692-701. 

179. Wagener, C. and S. Ergun, Angiogenic properties of the carcinoembryonic antigen-
related cell adhesion molecule 1. Exp Cell Res, 2000. 261(1): p. 19-24. 

180. Najjar, S.M., Regulation of insulin action by CEACAM1. Trends Endocrinol Metab, 
2002. 13(6): p. 240-5. 



 90 

181. Fournes, B., et al., The CEACAM1-L Ser503 residue is crucial for inhibition of colon 
cancer cell tumorigenicity. Oncogene, 2001. 20(2): p. 219-30. 

182. Kirshner, J., et al., CEACAM1-4S, a cell-cell adhesion molecule, mediates apoptosis and 
reverts mammary carcinoma cells to a normal morphogenic phenotype in a 3D culture. 
Proc Natl Acad Sci U S A, 2003. 100(2): p. 521-6. 

183. Gray-Owen, S.D., Neisserial Opa proteins: impact on colonization, dissemination and 
immunity. Scand J Infect Dis, 2003. 35(9): p. 614-8. 

184. Hemmila, E., et al., Ceacam1a-/- mice are completely resistant to infection by murine 
coronavirus mouse hepatitis virus A59. J Virol, 2004. 78(18): p. 10156-65. 

185. Svenberg, T., Carcinoembryonic antigen-like substances of human bile. Isolation and 
partial characterization. Int J Cancer, 1976. 17(5): p. 588-96. 

186. Nedellec, P., C. Turbide, and N. Beauchemin, Characterization and transcriptional 
activity of the mouse biliary glycoprotein 1 gene, a carcinoembryonic antigen-related 
gene. Eur J Biochem, 1995. 231(1): p. 104-14. 

187. Prall, F., et al., CD66a (BGP), an adhesion molecule of the carcinoembryonic antigen 
family, is expressed in epithelium, endothelium, and myeloid cells in a wide range of 
normal human tissues. J Histochem Cytochem, 1996. 44(1): p. 35-41. 

188. Beauchemin, N. and A. Arabzadeh, Carcinoembryonic antigen-related cell adhesion 
molecules (CEACAMs) in cancer progression and metastasis. Cancer Metastasis Rev, 
2013. 32(3-4): p. 643-71. 

189. Horst, A.K. and C. Wagener, CEA-Related CAMs. Handb Exp Pharmacol, 2004(165): p. 
283-341. 

190. Chen, C.J., T.T. Lin, and J.E. Shively, Role of interferon regulatory factor-1 in the 
induction of biliary glycoprotein (cell CAM-1) by interferon-gamma. J Biol Chem, 1996. 
271(45): p. 28181-8. 

191. Takahashi, H., et al., Differential regulation of carcinoembryonic antigen and biliary 
glycoprotein by gamma-interferon. Cancer Res, 1993. 53(7): p. 1612-9. 

192. Gencheva, M., et al., Regulation of CEACAM1 transcription in human breast epithelial 
cells. BMC Mol Biol, 2010. 11: p. 79. 

193. Black, D.L., Mechanisms of alternative pre-messenger RNA splicing. Annu Rev 
Biochem, 2003. 72: p. 291-336. 

194. Dery, K.J., et al., Alternative splicing as a therapeutic target for human diseases. 
Methods Mol Biol, 2009. 555: p. 127-44. 

195. Jean-Philippe, J., S. Paz, and M. Caputi, hnRNP A1: the Swiss army knife of gene 
expression. Int J Mol Sci, 2013. 14(9): p. 18999-9024. 

196. Lin, S. and X.D. Fu, SR proteins and related factors in alternative splicing. Adv Exp 
Med Biol, 2007. 623: p. 107-22. 

197. Dery, K.J., et al., Mechanistic control of carcinoembryonic antigen-related cell adhesion 
molecule-1 (CEACAM1) splice isoforms by the heterogeneous nuclear ribonuclear 
proteins hnRNP L, hnRNP A1, and hnRNP M. J Biol Chem, 2011. 286(18): p. 16039-51. 

198. Dery, K.J., et al., IRF-1 regulates alternative mRNA splicing of carcinoembryonic 
antigen-related cell adhesion molecule 1 (CEACAM1) in breast epithelial cells 
generating an immunoreceptor tyrosine-based inhibition motif (ITIM) containing 
isoform. Mol Cancer, 2014. 13(1): p. 64. 



 91 

199. Phan, D., et al., Identification of Sp2 as a transcriptional repressor of carcinoembryonic 
antigen-related cell adhesion molecule 1 in tumorigenesis. Cancer Res, 2004. 64(9): p. 
3072-8. 

200. Suske, G., The Sp-family of transcription factors. Gene, 1999. 238(2): p. 291-300. 
201. Edlund, M., et al., Different isoforms and stock-specific variants of the cell adhesion 

molecule C-CAM (cell-CAM 105) in rat liver. Eur J Biochem, 1993. 213(3): p. 1109-16. 
202. McCuaig, K., et al., Expression of the Bgp gene and characterization of mouse colon 

biliary glycoprotein isoforms. Gene, 1993. 127(2): p. 173-83. 
203. Dveksler, G.S., et al., Several members of the mouse carcinoembryonic antigen-related 

glycoprotein family are functional receptors for the coronavirus mouse hepatitis virus-
A59. J Virol, 1993. 67(1): p. 1-8. 

204. Budt, M., et al., Secreted CEACAM1 splice variants in rat cell lines and in vivo in rat 
serum. Biochem Biophys Res Commun, 2002. 292(3): p. 749-55. 

205. Greicius, G., et al., CEACAM1 is a potent regulator of B cell receptor complex-induced 
activation. J Leukoc Biol, 2003. 74(1): p. 126-34. 

206. Singer, B.B., I. Scheffrahn, and B. Obrink, The tumor growth-inhibiting cell adhesion 
molecule CEACAM1 (C-CAM) is differently expressed in proliferating and quiescent 
epithelial cells and regulates cell proliferation. Cancer Res, 2000. 60(5): p. 1236-44. 

207. Turbide, C., et al., Optimal ratios of biliary glycoprotein isoforms required for inhibition 
of colonic tumor cell growth. Cancer Res, 1997. 57(13): p. 2781-8. 

208. Wikstrom, K., G. Kjellstrom, and B. Obrink, Homophilic intercellular adhesion mediated 
by C-CAM is due to a domain 1-domain 1 reciprocal binding. Exp Cell Res, 1996. 
227(2): p. 360-6. 

209. Hunter, I., et al., Evidence for regulated dimerization of cell-cell adhesion molecule (C-
CAM) in epithelial cells. Biochem J, 1996. 320 ( Pt 3): p. 847-53. 

210. Obrink, B., et al., Computational analysis of isoform-specific signal regulation by 
CEACAM1-A cell adhesion molecule expressed in PC12 cells. Ann N Y Acad Sci, 2002. 
971: p. 597-607. 

211. Olsson, H., et al., Cell adhesion activity of the short cytoplasmic domain isoform of C-
CAM (C-CAM2) in CHO cells. FEBS Lett, 1995. 365(1): p. 51-6. 

212. Ruoslahti, E. and B. Obrink, Common principles in cell adhesion. Exp Cell Res, 1996. 
227(1): p. 1-11. 

213. Teixeira, A.M., et al., The N-domain of the biliary glycoprotein (BGP) adhesion molecule 
mediates homotypic binding: domain interactions and epitope analysis of BGPc. Blood, 
1994. 84(1): p. 211-9. 

214. Oikawa, S., et al., Homotypic and heterotypic Ca(++)-independent cell adhesion 
activities of biliary glycoprotein, a member of carcinoembryonic antigen family, 
expressed on CHO cell surface. Biochem Biophys Res Commun, 1992. 186(2): p. 881-7. 

215. Ocklind, C. and B. Obrink, Intercellular adhesion of rat hepatocytes. Identification of a 
cell surface glycoprotein involved in the initial adhesion process. J Biol Chem, 1982. 
257(12): p. 6788-95. 

216. Watt, S.M., et al., CD66 identifies the biliary glycoprotein (BGP) adhesion molecule: 
cloning, expression, and adhesion functions of the BGPc splice variant. Blood, 1994. 
84(1): p. 200-10. 



 92 

217. Virji, M., et al., The N-domain of the human CD66a adhesion molecule is a target for 
Opa proteins of Neisseria meningitidis and Neisseria gonorrhoeae. Mol Microbiol, 1996. 
22(5): p. 929-39. 

218. Unkeless, J.C. and J. Jin, Inhibitory receptors, ITIM sequences and phosphatases. Curr 
Opin Immunol, 1997. 9(3): p. 338-43. 

219. Brummer, J., et al., Association of pp60c-src with biliary glycoprotein (CD66a), an 
adhesion molecule of the carcinoembryonic antigen family downregulated in colorectal 
carcinomas. Oncogene, 1995. 11(8): p. 1649-55. 

220. Chen, Z., et al., Carcinoembryonic antigen-related cell adhesion molecule 1 inhibits 
proximal TCR signaling by targeting ZAP-70. J Immunol, 2008. 180(9): p. 6085-93. 

221. Pantelic, M., et al., Neisseria gonorrhoeae kills carcinoembryonic antigen-related 
cellular adhesion molecule 1 (CD66a)-expressing human B cells and inhibits antibody 
production. Infect Immun, 2005. 73(7): p. 4171-9. 

222. Skubitz, K.M., et al., CD66 family members are associated with tyrosine kinase activity 
in human neutrophils. J Immunol, 1995. 155(11): p. 5382-90. 

223. Nair, K.S. and S.M. Zingde, Adhesion of neutrophils to fibronectin: role of the cd66 
antigens. Cell Immunol, 2001. 208(2): p. 96-106. 

224. Beauchemin, N., et al., Association of biliary glycoprotein with protein tyrosine 
phosphatase SHP-1 in malignant colon epithelial cells. Oncogene, 1997. 14(7): p. 783-
90. 

225. Huber, M., et al., The carboxyl-terminal region of biliary glycoprotein controls its 
tyrosine phosphorylation and association with protein-tyrosine phosphatases SHP-1 and 
SHP-2 in epithelial cells. J Biol Chem, 1999. 274(1): p. 335-44. 

226. Muller, M.M., et al., Homophilic adhesion and CEACAM1-S regulate dimerization of 
CEACAM1-L and recruitment of SHP-2 and c-Src. J Cell Biol, 2009. 187(4): p. 569-81. 

227. Lorenz, U., SHP-1 and SHP-2 in T cells: two phosphatases functioning at many levels. 
Immunol Rev, 2009. 228(1): p. 342-59. 

228. Neel, B.G., H. Gu, and L. Pao, The 'Shp'ing news: SH2 domain-containing tyrosine 
phosphatases in cell signaling. Trends Biochem Sci, 2003. 28(6): p. 284-93. 

229. Poy, M.N., et al., CEACAM1 regulates insulin clearance in liver. Nat Genet, 2002. 30(3): 
p. 270-6. 

230. Li, Y. and J.E. Shively, CEACAM1 regulates Fas-mediated apoptosis in Jurkat T-cells 
via its interaction with beta-catenin. Exp Cell Res, 2013. 319(8): p. 1061-72. 

231. Fiset, A., et al., Compartmentalized CDK2 is connected with SHP-1 and B-catenin and 
regulates insulin internalization. Cell Signalling, 2007. 23(5): p. 911-919. 

232. Edlund, M., et al., Characterization of protein kinase C-mediated phosphorylation of the 
short cytoplasmic domain isoform of C-CAM. FEBS Lett, 1998. 425(1): p. 166-70. 

233. Frangsmyr, L., et al., Cell- and region-specific expression of biliary glycoprotein and its 
messenger RNA in normal human colonic mucosa. Cancer Res, 1995. 55(14): p. 2963-7. 

234. Hansson, M., I. Blikstad, and B. Obrink, Cell-surface location and molecular properties 
of cell-CAM 105 in intestinal epithelial cells. Exp Cell Res, 1989. 181(1): p. 63-74. 

235. Rass, A., et al., Distribution of C-CAM in developing oral tissues. Anat Embryol (Berl), 
1994. 190(3): p. 251-61. 

236. Luning, C., et al., C-CAM expression in odontogenesis and tooth eruption. Connect 
Tissue Res, 1995. 32(1-4): p. 201-7. 



 93 

237. Daniels, E., et al., Biliary glycoprotein 1 expression during embryogenesis: correlation 
with events of epithelial differentiation, mesenchymal-epithelial interactions, absorption, 
and myogenesis. Dev Dyn, 1996. 206(3): p. 272-90. 

238. Odin, P. and B. Obrink, Quantitative determination of the organ distribution of the cell 
adhesion molecule cell-CAM 105 by radioimmunoassay. Exp Cell Res, 1987. 171(1): p. 
1-15. 

239. Nakajima, A., et al., Activation-induced expression of carcinoembryonic antigen-cell 
adhesion molecule 1 regulates mouse T lymphocyte function. J Immunol, 2002. 168(3): p. 
1028-35. 

240. Coutelier, J.P., et al., B lymphocyte and macrophage expression of carcinoembryonic 
antigen-related adhesion molecules that serve as receptors for murine coronavirus. Eur J 
Immunol, 1994. 24(6): p. 1383-90. 

241. Iijima, H., et al., Specific regulation of T helper cell 1-mediated murine colitis by 
CEACAM1. J Exp Med, 2004. 199(4): p. 471-82. 

242. Kammerer, R., et al., Biliary Glycoprotein (CD66a), a cell adhesion molecule of the 
immunoglobulin superfamily, on human lymphocytes: structure, expression, and 
involvement in T cell activation. Eur. J. Immunol., 1998(28): p. 3664-3674. 

243. Moller, M.J., et al., Biliary glycoprotein (BGP) expression on T cells and on a natural-
killer-cell sub-population. Int J Cancer, 1996. 65(6): p. 740-5. 

244. Morales, V.M., et al., Regulation of human intestinal intraepithelial lymphocyte cytolytic 
function by biliary glycoprotein (CD66a). J Immunol, 1999. 163(3): p. 1363-70. 

245. Donda, A., et al., Locally inducible CD66a (CEACAM1) as an amplifier of the human 
intestinal T cell response. Eur J Immunol, 2000. 30(9): p. 2593-603. 

246. Markel, G., et al., The mechanisms controlling NK cell autoreactivity in TAP2-deficient 
patients. Blood, 2004. 103(5): p. 1770-8. 

247. Kuijpers, T.W., et al., Cross-linking of the carcinoembryonic antigen-like glycoproteins 
CD66 and CD67 induces neutrophil aggregation. J Immunol, 1993. 151(9): p. 4934-40. 

248. Kammerer, R., et al., Carcinoembryonic antigen-related cell adhesion molecule 1 on 
murine dendritic cells is a potent regulator of T cell stimulation. J Immunol, 2001. 
166(11): p. 6537-44. 

249. Hsieh, J.T., et al., Tumor suppressive role of an androgen-regulated epithelial cell 
adhesion molecule (C-CAM) in prostate carcinoma cell revealed by sense and antisense 
approaches. Cancer Res, 1995. 55(1): p. 190-7. 

250. Markel, G., et al., CD66a interactions between human melanoma and NK cells: a novel 
class I MHC-independent inhibitory mechanism of cytotoxicity. J Immunol, 2002. 168(6): 
p. 2803-10. 

251. Thies, A., et al., CEACAM1 expression in cutaneous malignant melanoma predicts the 
development of metastatic disease. J Clin Oncol, 2002. 20(10): p. 2530-6. 

252. Laack, E., et al., Expression of CEACAM1 in adenocarcinoma of the lung: a factor of 
independent prognostic significance. J Clin Oncol, 2002. 20(21): p. 4279-84. 

253. Sienel, W., et al., Elevated expression of carcinoembryonic antigen-related cell adhesion 
molecule 1 promotes progression of non-small cell lung cancer. Clin Cancer Res, 2003. 
9(6): p. 2260-6. 

254. Odin, P., et al., Immunohistochemical localization of cellCAM 105 in rat tissues: 
appearance in epithelia, platelets, and granulocytes. J Histochem Cytochem, 1988. 
36(7): p. 729-39. 



 94 

255. Sundberg, U. and B. Obrink, CEACAM1 isoforms with different cytoplasmic domains 
show different localization, organization and adhesive properties in polarized epithelial 
cells. J Cell Sci, 2002. 115(Pt 6): p. 1273-84. 

256. Sundberg, U., N. Beauchemin, and B. Obrink, The cytoplasmic domain of CEACAM1-L 
controls its lateral localization and the organization of desmosomes in polarized 
epithelial cells. J Cell Sci, 2004. 117(Pt 7): p. 1091-104. 

257. Sadekova, S., et al., The CEACAM1-L glycoprotein associates with the actin cytoskeleton 
and localizes to cell-cell contact through activation of Rho-like GTPases. Mol Biol Cell, 
2000. 11(1): p. 65-77. 

258. Fournes, B., et al., Distinct Rho GTPase activities regulate epithelial cell localization of 
the adhesion molecule CEACAM1: involvement of the CEACAM1 transmembrane 
domain. Mol Cell Biol, 2003. 23(20): p. 7291-304. 

259. Neumaier, M., et al., Biliary glycoprotein, a potential human cell adhesion molecule, is 
down-regulated in colorectal carcinomas. Proc Natl Acad Sci U S A, 1993. 90(22): p. 
10744-8. 

260. Busch, C., et al., Down-regulation of CEACAM1 in human prostate cancer: correlation 
with loss of cell polarity, increased proliferation rate, and Gleason grade 3 to 4 
transition. Hum Pathol, 2002. 33(3): p. 290-8. 

261. Cruz, P.V., et al., Loss of carcinoembryonic antigen-related cell adhesion molecule 1 
expression is an adverse prognostic factor in hepatocellular carcinoma. Cancer, 2005. 
104(2): p. 354-60. 

262. Huang, J., et al., Expression of biliary glycoprotein (CD66a) in normal and malignant 
breast epithelial cells. Anticancer Res, 1998. 18(5A): p. 3203-12. 

263. Nittka, S., et al., The human tumor suppressor CEACAM1 modulates apoptosis and is 
implicated in early colorectal tumorigenesis. Oncogene, 2004. 23(58): p. 9306-13. 

264. Song, J.H., et al., Genetic alterations and expression pattern of CEACAM1 in colorectal 
adenomas and cancers. Pathol Oncol Res, 2011. 17(1): p. 67-74. 

265. Ieda, J., et al., Re-expression of CEACAM1 long cytoplasmic domain isoform is 
associated with invasion and migration of colorectal cancer. Int J Cancer, 2011. 129(6): 
p. 1351-61. 

266. Yeatman, T.J., W. Mao, and R.C. Karl, Biliary glycoprotein is overexpressed in human 
colon cancer cells with high metastatic potential. J Gastrointest Surg, 1997. 1(3): p. 292-
8. 

267. Kang, W.Y., et al., The expression of CD66a and possible roles in colorectal adenoma 
and adenocarcinoma. Int J Colorectal Dis, 2007. 22(8): p. 869-74. 

268. Zhou, C.J., et al., The different expression of carcinoembryonic antigen-related cell 
adhesion molecule 1 (CEACAM1) and possible roles in gastric carcinomas. Pathol Res 
Pract, 2009. 205(7): p. 483-9. 

269. Liu, W., et al., CEACAM1 impedes thyroid cancer growth but promotes invasiveness: a 
putative mechanism for early metastases. Oncogene, 2007. 26(19): p. 2747-58. 

270. Oliveira-Ferrer, L., et al., Dual role of carcinoembryonic antigen-related cell adhesion 
molecule 1 in angiogenesis and invasion of human urinary bladder cancer. Cancer Res, 
2004. 64(24): p. 8932-8. 

271. Fiori, V., M. Magnani, and M. Cianfriglia, The expression and modulation of CEACAM1 
and tumor cell transformation. Ann Ist Super Sanita, 2012. 48(2): p. 161-71. 



 95 

272. Tilki, D., et al., CEA-related cell adhesion molecule-1 is involved in angiogenic switch in 
prostate cancer. Oncogene, 2006. 25(36): p. 4965-74. 

273. Roberts, W.G. and G.E. Palade, Increased microvascular permeability and endothelial 
fenestration induced by vascular endothelial growth factor. J Cell Sci, 1995. 108 ( Pt 6): 
p. 2369-79. 

274. Saaristo, A., et al., Adenoviral VEGF-C overexpression induces blood vessel 
enlargement, tortuosity, and leakiness but no sprouting angiogenesis in the skin or 
mucous membranes. FASEB J, 2002. 16(9): p. 1041-9. 

275. McDonald, D.M. and P.L. Choyke, Imaging of angiogenesis: from microscope to clinic. 
Nat Med, 2003. 9(6): p. 713-25. 

276. Cao, R., et al., Comparative evaluation of FGF-2-, VEGF-A-, and VEGF-C-induced 
angiogenesis, lymphangiogenesis, vascular fenestrations, and permeability. Circ Res, 
2004. 94(5): p. 664-70. 

277. Alitalo, K. and P. Carmeliet, Molecular mechanisms of lymphangiogenesis in health and 
disease. Cancer Cell, 2002. 1(3): p. 219-27. 

278. Kilic, N., et al., Lymphatic reprogramming of microvascular endothelial cells by CEA-
related cell adhesion molecule-1 via interaction with VEGFR-3 and Prox1. Blood, 2007. 
110(13): p. 4223-33. 

279. Leung, N., et al., Intestinal tumor progression is promoted by decreased apoptosis and 
dysregulated Wnt signaling in Ceacam1-/- mice. Oncogene, 2008. 27(36): p. 4943-53. 

280. Ilantzis, C., et al., Cell-surface levels of human carcinoembryonic antigen are inversely 
correlated with colonocyte differentiation in colon carcinogenesis. Lab Invest, 1997. 
76(5): p. 703-16. 

281. Ruggiero, T., et al., Deletion in a (T)8 microsatellite abrogates expression regulation by 
3'-UTR. Nucleic Acids Res, 2003. 31(22): p. 6561-9. 

282. Izzi, L., et al., cis-Determinants in the cytoplasmic domain of CEACAM1 responsible for 
its tumor inhibitory function. Oncogene, 1999. 18(40): p. 5563-72. 

283. Luo, W., et al., Suppression of tumorigenicity of breast cancer cells by an epithelial cell 
adhesion molecule (C-CAM1): the adhesion and growth suppression are mediated by 
different domains. Oncogene, 1997. 14(14): p. 1697-704. 

284. Kleinerman, D.I., et al., Application of a tumor suppressor (C-CAM1)-expressing 
recombinant adenovirus in androgen-independent human prostate cancer therapy: a 
preclinical study. Cancer Res, 1995. 55(13): p. 2831-6. 

285. Luo, W., et al., Tumor-suppressive activity of CD66a in prostate cancer. Cancer Gene 
Ther, 1999. 6(4): p. 313-21. 

286. Estrera, V.T., et al., Signal transduction by the CEACAM1 tumor suppressor. 
Phosphorylation of serine 503 is required for growth-inhibitory activity. J Biol Chem, 
2001. 276(18): p. 15547-53. 

287. Lin, S.H. and G. Guidotti, Cloning and expression of a cDNA coding for a rat liver 
plasma membrane ecto-ATPase. The primary structure of the ecto-ATPase is similar to 
that of the human biliary glycoprotein I. J Biol Chem, 1989. 264(24): p. 14408-14. 

288. Sippel, C.J., R.J. Fallon, and D.H. Perlmutter, Bile acid efflux mediated by the rat liver 
canalicular bile acid transport/ecto-ATPase protein requires serine 503 phosphorylation 
and is regulated by tyrosine 488 phosphorylation. J Biol Chem, 1994. 269(30): p. 19539-
45. 



 96 

289. Lui, V.W. and J.R. Grandis, EGFR-mediated cell cycle regulation. Anticancer Res, 2002. 
22(1A): p. 1-11. 

290. Rees-Jones, R.W. and S.I. Taylor, An endogenous substrate for the insulin receptor-
associated tyrosine kinase. J Biol Chem, 1985. 260(7): p. 4461-7. 

291. Phillips, S.A., N. Perrotti, and S.I. Taylor, Rat liver membranes contain a 120 kDa 
glycoprotein which serves as a substrate for the tyrosine kinases of the receptors for 
insulin and epidermal growth factor. FEBS Lett, 1987. 212(1): p. 141-4. 

292. Choice, C.V., et al., Insulin stimulates pp120 endocytosis in cells co-expressing insulin 
receptors. J Biol Chem, 1998. 273(35): p. 22194-200. 

293. Najjar, S.M., et al., Insulin-stimulated phosphorylation of recombinant pp120/HA4, an 
endogenous substrate of the insulin receptor tyrosine kinase. Biochemistry, 1995. 34(29): 
p. 9341-9. 

294. Najjar, S.M., et al., Differential phosphorylation of pp120 by insulin and insulin-like 
growth factor-1 receptors: role for the C-terminal domain of the beta-subunit. 
Biochemistry, 1997. 36(22): p. 6827-34. 

295. Poy, M.N., et al., Shc and CEACAM1 interact to regulate the mitogenic action of insulin. 
J Biol Chem, 2002. 277(2): p. 1076-84. 

296. Xu, E., et al., Targeted disruption of carcinoembryonic antigen-related cell adhesion 
molecule 1 promotes diet-induced hepatic steatosis and insulin resistance. 
Endocrinology, 2009. 150(8): p. 3503-12. 

297. Lee, S.J., et al., Development of nonalcoholic steatohepatitis in insulin-resistant liver-
specific S503A carcinoembryonic antigen-related cell adhesion molecule 1 mutant mice. 
Gastroenterology, 2008. 135(6): p. 2084-95. 

298. Dubois, M.J., et al., The SHP-1 protein tyrosine phosphatase negatively modulates 
glucose homeostasis. Nat Med, 2006. 12(5): p. 549-56. 

299. Abou-Rjaily, G.A., et al., CEACAM1 modulates epidermal growth factor receptor--
mediated cell proliferation. J Clin Invest, 2004. 114(7): p. 944-52. 

300. Higashiyama, S., et al., A heparin-binding growth factor secreted by macrophage-like 
cells that is related to EGF. Science, 1991. 251(4996): p. 936-9. 

301. Kiso, S., et al., Liver regeneration in heparin-binding EGF-like growth factor transgenic 
mice after partial hepatectomy. Gastroenterology, 2003. 124(3): p. 701-7. 

302. Edlund, M., I. Blikstad, and B. Obrink, Calmodulin binds to specific sequences in the 
cytoplasmic domain of C-CAM and down-regulates C-CAM self-association. J Biol 
Chem, 1996. 271(3): p. 1393-9. 

303. Dabrowska, R. and D.J. Hartshorne, A Ca2+-and modulator-dependent myosin light 
chain kinase from non-muscle cells. Biochem Biophys Res Commun, 1978. 85(4): p. 
1352-9. 

304. Dedman, J.R., B.R. Brinkley, and A.R. Means, Regulation of microfilaments and 
microtubules by calcium and cyclic AMP. Adv Cyclic Nucleotide Res, 1979. 11: p. 131-
74. 

305. Small, J.V. and A. Sobieszek, Ca-regulation of mammalian smooth muscle actomyosin 
via a kinase-phosphatase-dependent phosphorylation and dephosphorylation of the 20 
000-Mr light chain of myosin. Eur J Biochem, 1977. 76(2): p. 521-30. 

306. Schumann, D., et al., Carcinoembryonic antigen cell adhesion molecule 1 directly 
associates with cytoskeleton proteins actin and tropomyosin. J Biol Chem, 2001. 276(50): 
p. 47421-33. 



 97 

307. Chen, C.J., et al., Mutation analysis of the short cytoplasmic domain of the cell-cell 
adhesion molecule CEACAM1 identifies residues that orchestrate actin binding and 
lumen formation. J Biol Chem, 2007. 282(8): p. 5749-60. 

308. Klaile, E., et al., CEACAM1 functionally interacts with filamin A and exerts a dual role in 
the regulation of cell migration. J Cell Sci, 2005. 118(Pt 23): p. 5513-24. 

309. Stossel, T.P., et al., Filamins as integrators of cell mechanics and signalling. Nat Rev 
Mol Cell Biol, 2001. 2(2): p. 138-45. 

310. van der Flier, A. and A. Sonnenberg, Structural and functional aspects of filamins. 
Biochim Biophys Acta, 2001. 1538(2-3): p. 99-117. 

311. Cunningham, C.C., et al., Actin-binding protein requirement for cortical stability and 
efficient locomotion. Science, 1992. 255(5042): p. 325-7. 

312. Ebrahimnejad, A., et al., CEACAM1 enhances invasion and migration of melanocytic and 
melanoma cells. Am J Pathol, 2004. 165(5): p. 1781-7. 

313. Dango, S., et al., Elevated expression of carcinoembryonic antigen-related cell adhesion 
molecule 1 (CEACAM-1) is associated with increased angiogenic potential in non-small-
cell lung cancer. Lung Cancer, 2008. 60(3): p. 426-33. 

314. Serra, S., et al., CEACAM1 expression in pancreatic endocrine tumors. Appl 
Immunohistochem Mol Morphol, 2009. 17(4): p. 286-93. 

315. Brummer, J., et al., cis Interaction of the cell adhesion molecule CEACAM1 with integrin 
beta(3). Am J Pathol, 2001. 159(2): p. 537-46. 

316. Niwa, N., et al., Early and late elevation of plasma atrial and brain natriuretic peptides 
in patients after bone marrow transplantation. Ann Hematol, 2001. 80(8): p. 460-5. 

317. Yoshidome, H., et al., Significance of monocyte chemoattractant protein-1 in 
angiogenesis and survival in colorectal liver metastases. Int J Oncol, 2009. 34(4): p. 923-
30. 

318. Lu, R., et al., Tumor angiogenesis mediated by myeloid cells is negatively regulated by 
CEACAM1. Cancer Res, 2012. 72(9): p. 2239-50. 

319. Lu, R., H. Pan, and J.E. Shively, CEACAM1 negatively regulates IL-1beta production in 
LPS activated neutrophils by recruiting SHP-1 to a SYK-TLR4-CEACAM1 complex. 
PLoS Pathog, 2012. 8(4): p. e1002597. 

320. Sawa, H., et al., C-CAM expression in the developing rat central nervous system. Brain 
Res Dev Brain Res, 1994. 78(1): p. 35-43. 

321. Kilic, N., et al., Pro-angiogenic signaling by the endothelial presence of CEACAM1. J 
Biol Chem, 2005. 280(3): p. 2361-9. 

322. Horst, A.K., et al., Carcinoembryonic antigen-related cell adhesion molecule 1 
modulates vascular remodeling in vitro and in vivo. J Clin Invest, 2006. 116(6): p. 1596-
605. 

323. Muller, M.M., et al., Transmembrane CEACAM1 affects integrin-dependent signaling 
and regulates extracellular matrix protein-specific morphology and migration of 
endothelial cells. Blood, 2005. 105(10): p. 3925-34. 

324. Volpert, O., et al., Inhibition of prostate tumor angiogenesis by the tumor suppressor 
CEACAM1. J Biol Chem, 2002. 277(38): p. 35696-702. 

325. Nagy, G., et al., Nitric oxide production of T lymphocytes is increased in rheumatoid 
arthritis. Immunol Lett, 2008. 118(1): p. 55-8. 

326. Sessa, W.C., eNOS at a glance. J Cell Sci, 2004. 117(Pt 12): p. 2427-9. 



 98 

327. Horst, A.K., et al., CEACAM1+ myeloid cells control angiogenesis in inflammation. 
Blood, 2009. 113(26): p. 6726-36. 

328. Roncucci, L., et al., Aberrant crypt foci in colorectal carcinogenesis. Cell and crypt 
dynamics. Cell Prolif, 2000. 33(1): p. 1-18. 

329. Singer, B.B., et al., Carcinoembryonic antigen-related cell adhesion molecule 1 
expression and signaling in human, mouse, and rat leukocytes: evidence for replacement 
of the short cytoplasmic domain isoform by glycosylphosphatidylinositol-linked proteins 
in human leukocytes. J Immunol, 2002. 168(10): p. 5139-46. 

330. Kammerer, R., et al., Biliary glycoprotein (CD66a), a cell adhesion molecule of the 
immunoglobulin superfamily, on human lymphocytes: structure, expression and 
involvement in T cell activation. Eur J Immunol, 1998. 28(11): p. 3664-74. 

331. Boulton, I.C. and S.D. Gray-Owen, Neisserial binding to CEACAM1 arrests the 
activation and proliferation of CD4+ T lymphocytes. Nat Immunol, 2002. 3(3): p. 229-
36. 

332. Lucka, L., et al., Identification of Lewis x structures of the cell adhesion molecule 
CEACAM1 from human granulocytes. Glycobiology, 2005. 15(1): p. 87-100. 

333. Nagaishi, T., et al., Role of CEACAM1 as a regulator of T cells. Ann N Y Acad Sci, 
2006. 1072: p. 155-75. 

334. Chen, C.J. and J.E. Shively, The cell-cell adhesion molecule carcinoembryonic antigen-
related cellular adhesion molecule 1 inhibits IL-2 production and proliferation in human 
T cells by association with Src homology protein-1 and down-regulates IL-2 receptor. J 
Immunol, 2004. 172(6): p. 3544-52. 

335. Chen, D., et al., Carcinoembryonic antigen-related cellular adhesion molecule 1 isoforms 
alternatively inhibit and costimulate human T cell function. J Immunol, 2004. 172(6): p. 
3535-43. 

336. Chen, T., et al., Biliary glycoprotein (BGPa, CD66a, CEACAM1) mediates inhibitory 
signals. J Leukoc Biol, 2001. 70(2): p. 335-40. 

337. Scheffrahn, I., et al., Control of density-dependent, cell state-specific signal transduction 
by the cell adhesion molecule CEACAM1, and its influence on cell cycle regulation. Exp 
Cell Res, 2005. 307(2): p. 427-35. 

338. Lobo, E.O., Z. Zhang, and J.E. Shively, Pivotal advance: CEACAM1 is a negative 
coreceptor for the B cell receptor and promotes CD19-mediated adhesion of B cells in a 
PI3K-dependent manner. J Leukoc Biol, 2009. 86(2): p. 205-18. 

339. Markel, G., et al., Pivotal role of CEACAM1 protein in the inhibition of activated 
decidual lymphocyte functions. J Clin Invest, 2002. 110(7): p. 943-53. 

340. Hosomi, S., et al., CEACAM1 on activated NK cells inhibits NKG2D-mediated cytolytic 
function and signaling. Eur J Immunol, 2013. 43(9): p. 2473-83. 

341. Chen, Z., et al., CEACAM1 dampens antitumor immunity by down-regulating NKG2D 
ligand expression on tumor cells. J Exp Med, 2011. 208(13): p. 2633-40. 

342. Markel, G., et al., Biological function of the soluble CEACAM1 protein and implications 
in TAP2-deficient patients. Eur J Immunol, 2004. 34(8): p. 2138-48. 

343. Stocks, S.C. and M.A. Kerr, Neutrophil NCA-160 (CD66) is the major protein carrier of 
selectin binding carbohydrate groups LewisX and sialyl lewisX. Biochem Biophys Res 
Commun, 1993. 195(1): p. 478-83. 



 99 

344. Kuroki, M., et al., Augmented expression and release of nonspecific cross-reacting 
antigens (NCAs), members of the CEA family, by human neutrophils during cell 
activation. J Leukoc Biol, 1992. 52(5): p. 551-7. 

345. Skubitz, K.M., T.P. Ducker, and S.A. Goueli, CD66 monoclonal antibodies recognize a 
phosphotyrosine-containing protein bearing a carcinoembryonic antigen cross-reacting 
antigen on the surface of human neutrophils. J Immunol, 1992. 148(3): p. 852-60. 

346. Botling, J., F. Oberg, and K. Nilsson, CD49f (alpha 6 integrin) and CD66a (BGP) are 
specifically induced by retinoids during human monocytic differentiation. Leukemia, 
1995. 9(12): p. 2034-41. 

347. Singer, B.B., et al., CEACAM1 (CD66a) mediates delay of spontaneous and Fas ligand-
induced apoptosis in granulocytes. Eur J Immunol, 2005. 35(6): p. 1949-59. 

348. Yu, Q., et al., CEACAM1 (CD66a) promotes human monocyte survival via a 
phosphatidylinositol 3-kinase- and AKT-dependent pathway. J Biol Chem, 2006. 281(51): 
p. 39179-93. 

349. Dhodapkar, K.M., et al., Selective blockade of inhibitory Fcgamma receptor enables 
human dendritic cell maturation with IL-12p70 production and immunity to antibody-
coated tumor cells. Proc Natl Acad Sci U S A, 2005. 102(8): p. 2910-5. 

350. Bogoevska, V., et al., CEACAM1, an adhesion molecule of human granulocytes, is 
fucosylated by fucosyltransferase IX and interacts with DC-SIGN of dendritic cells via 
Lewis x residues. Glycobiology, 2006. 16(3): p. 197-209. 

351. Nonaka, M., et al., Glycosylation-dependent interactions of C-type lectin DC-SIGN with 
colorectal tumor-associated Lewis glycans impair the function and differentiation of 
monocyte-derived dendritic cells. J Immunol, 2008. 180(5): p. 3347-56. 

352. van Gisbergen, K.P., et al., Interactions of DC-SIGN with Mac-1 and CEACAM1 regulate 
contact between dendritic cells and neutrophils. FEBS Lett, 2005. 579(27): p. 6159-68. 

353. Hammarstrom, S., The carcinoembryonic antigen (CEA) family: structures, suggested 
functions and expression in normal and malignant tissues. Semin Cancer Biol, 1999. 
9(2): p. 67-81. 

354. Scholzel, S., et al., Carcinoembryonic antigen family members CEACAM6 and 
CEACAM7 are differentially expressed in normal tissues and oppositely deregulated in 
hyperplastic colorectal polyps and early adenomas. Am J Pathol, 2000. 156(2): p. 595-
605. 

355. Jantscheff, P., et al., Expression of CEACAM6 in resectable colorectal cancer: a factor of 
independent prognostic significance. J Clin Oncol, 2003. 21(19): p. 3638-46. 

356. Tiernan, J.P., et al., Carcinoembryonic antigen is the preferred biomarker for in vivo 
colorectal cancer targeting. Br J Cancer, 2013. 108(3): p. 662-7. 

357. Thirunavukarasu, P., et al., C-stage in colon cancer: implications of carcinoembryonic 
antigen biomarker in staging, prognosis, and management. J Natl Cancer Inst, 2011. 
103(8): p. 689-97. 

358. Thomas, P., R.A. Forse, and O. Bajenova, Carcinoembryonic antigen (CEA) and its 
receptor hnRNP M are mediators of metastasis and the inflammatory response in the 
liver. Clin Exp Metastasis, 2011. 28(8): p. 923-32. 

359. Jessup, J.M., et al., Carcinoembryonic antigen: enhancement of liver colonisation 
through retention of human colorectal carcinoma cells. Br J Cancer, 1993. 67(3): p. 464-
70. 



 100 

360. Gangopadhyay, A., et al., Carcinoembryonic antigen induces cytokine expression in 
Kuppfer cells: implications for hepatic metastasis from colorectal cancer. Cancer Res, 
1996. 56(20): p. 4805-10. 

361. Samara, R.N., L.M. Laguinge, and J.M. Jessup, Carcinoembryonic antigen inhibits 
anoikis in colorectal carcinoma cells by interfering with TRAIL-R2 (DR5) signaling. 
Cancer Res, 2007. 67(10): p. 4774-82. 

362. Thompson, J.A., et al., Expression of transgenic carcinoembryonic antigen (CEA) in 
tumor-prone mice: an animal model for CEA-directed tumor immunotherapy. Int J 
Cancer, 1997. 72(1): p. 197-202. 

363. Chan, C.H., D. Cook, and C.P. Stanners, Increased colon tumor susceptibility in 
azoxymethane treated CEABAC transgenic mice. Carcinogenesis, 2006. 27(9): p. 1909-
16. 

364. Camacho-Leal, P., A.B. Zhai, and C.P. Stanners, A co-clustering model involving 
alpha5beta1 integrin for the biological effects of GPI-anchored human carcinoembryonic 
antigen (CEA). J Cell Physiol, 2007. 211(3): p. 791-802. 

365. Eidelman, F.J., et al., Human carcinoembryonic antigen, an intercellular adhesion 
molecule, blocks fusion and differentiation of rat myoblasts. J Cell Biol, 1993. 123(2): p. 
467-75. 

366. Ilantzis, C., et al., Deregulated expression of the human tumor marker CEA and CEA 
family member CEACAM6 disrupts tissue architecture and blocks colonocyte 
differentiation. Neoplasia, 2002. 4(2): p. 151-63. 

367. Ordonez, C., et al., Human carcinoembryonic antigen functions as a general inhibitor of 
anoikis. Cancer Res, 2000. 60(13): p. 3419-24. 

368. Berinstein, N.L., Carcinoembryonic antigen as a target for therapeutic anticancer 
vaccines: a review. J Clin Oncol, 2002. 20(8): p. 2197-207. 

369. Bast, R.C., Jr., et al., 2000 update of recommendations for the use of tumor markers in 
breast and colorectal cancer: clinical practice guidelines of the American Society of 
Clinical Oncology. J Clin Oncol, 2001. 19(6): p. 1865-78. 

370. Li, Y., et al., Carcinoembryonic antigen interacts with TGF-{beta} receptor and inhibits 
TGF-{beta} signaling in colorectal cancers. Cancer Res, 2010. 70(20): p. 8159-68. 

371. Duxbury, M.S., et al., Overexpression of CEACAM6 promotes insulin-like growth factor 
I-induced pancreatic adenocarcinoma cellular invasiveness. Oncogene, 2004. 23(34): p. 
5834-42. 

372. Duxbury, M.S., et al., CEACAM6 is a determinant of pancreatic adenocarcinoma 
cellular invasiveness. Br J Cancer, 2004. 91(7): p. 1384-90. 

373. Duxbury, M.S., et al., CEACAM6 is a novel biomarker in pancreatic adenocarcinoma 
and PanIN lesions. Ann Surg, 2005. 241(3): p. 491-6. 

374. Blumenthal, R.D., H.J. Hansen, and D.M. Goldenberg, Inhibition of adhesion, invasion, 
and metastasis by antibodies targeting CEACAM6 (NCA-90) and CEACAM5 
(Carcinoembryonic Antigen). Cancer Res, 2005. 65(19): p. 8809-17. 

375. Kim, K.S., et al., Overexpression and clinical significance of carcinoembryonic antigen-
related cell adhesion molecule 6 in colorectal cancer. Clin Chim Acta, 2013. 415: p. 12-
9. 

376. Calcium phosphate-mediated transfection of eukaryotic cells, in Nature Methods. 2005, 
Nature Publishing Group. p. 319-320. 



 101 

377. Wu, Y., et al., Insulin-like growth factor-I regulates the liver microenvironment in obese 
mice and promotes liver metastasis. Cancer Res, 2010. 70(1): p. 57-67. 

378. Giavazzi, R., et al., Metastatic behavior of tumor cells isolated from primary and 
metastatic human colorectal carcinomas implanted into different sites in nude mice. 
Cancer Res, 1986. 46(4 Pt 2): p. 1928-33. 

379. Kozlowski, J.M., et al., Metastatic behavior of human tumor cell lines grown in the nude 
mouse. Cancer Res, 1984. 44(8): p. 3522-9. 

380. Ke, N., et al., The xCELLigence System for Real-Time and Label-Free Monitoring of Cell 
Viability, in Mammalian Cell Viability, M. Stoddart, Editor. 2011, Humana Press. p. 33-
43. 

381. Huyer, G., et al., Mechanism of inhibition of protein-tyrosine phosphatases by vanadate 
and pervanadate. J Biol Chem, 1997. 272(2): p. 843-51. 

382. Tsiani, E., et al., Tyrosine phosphatase inhibitors, vanadate and pervanadate, stimulate 
glucose transport and GLUT translocation in muscle cells by a mechanism independent 
of phosphatidylinositol 3-kinase and protein kinase C. Diabetes, 1998. 47(11): p. 1676-
86. 

383. Hu, Z., et al., Release of endogenous danger signals from HIFU-treated tumor cells and 
their stimulatory effects on APCs. Biochem Biophys Res Commun., 2005. 335(1): p. 124-
131. 

384. Cooper, G., The Cell, A Molecular Approach. 2 ed. 2000, Boston: Boston University. 
385. Obenauer, J.C., L.C. Cantley, and M.B. Yaffe, Scansite 2.0: Proteome-wide prediction of 

cell signaling interactions using short sequence motifs. Nucleic Acids Res, 2003. 31(13): 
p. 3635-41. 

386. Chang, S., et al., Mice lacking MSK1 and MSK2 show reduced skin tumor development in 
a two-stage chemical carcinogenesis model. Cancer Invest, 2011. 29(3): p. 240-5. 

387. Pierrat, B., et al., RSK-B, a novel ribosomal S6 kinase family member, is a CREB kinase 
under dominant control of p38alpha mitogen-activated protein kinase (p38alphaMAPK). 
J Biol Chem, 1998. 273(45): p. 29661-71. 

388. Janknecht, R., Regulation of the ER81 transcription factor and its coactivators by 
mitogen- and stress-activated protein kinase 1 (MSK1). Oncogene, 2003. 22: p. 746-755. 

389. Schiller, M., et al., Mitogen- and stress-activated protein kinase 1 is critical for 
interleukin-1-induced, CREB-mediated C-fos gene expression in keratinocytes. 
Oncogene, 2006. 25: p. 4449-4457. 

390. Kim, H., et al., Mitogen- and stress-activated kinase 1-mediated histone H3 
phosphorylation is crucial for cell transformation. Cancer Res, 2008. 68: p. 2538-2547. 

391. Hershko, A. and A. Ciechanover, The ubiquitin system for protein degradation. Annu 
Rev Biochem, 1992. 61. 

392. Hoeller, D., et al., Regulation of ubiquitin-binding proteins by monoubiquitination. Nat 
Cell Biol, 2006. 8(2): p. 163-9. 

393. Mukhopadhyay, D. and H. Riezman, Proteasome-independent functions of ubiquitin in 
endocytosis and signaling. Science, 2007. 315: p. 201-205. 

394. Zhang, B., et al., Antimetastatic role of Smad4 signaling in colorectal cancer. 
Gastroenterology, 2010. 138(3): p. 969-80 e1-3. 

395. Zhang, B., et al., Targeting transforming growth factor-beta signaling in liver metastasis 
of colon cancer. Cancer Lett, 2009. 277(1): p. 114-20. 



 102 

396. Ortenberg, R., et al., Novel immunotherapy for malignant melanoma with a monoclonal 
antibody that blocks CEACAM1 homophilic interactions. Mol Cancer Ther, 2012. 11(6): 
p. 1300-10. 

397. Liu, J., et al., Development and evaluation of a novel anti-colorectal cancer monoclonal 
antibody, WL5. Biochem Biophys Res Commun, 2013. 432(2): p. 370-7. 

 

 


