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Abstract 
 
Helicase-like Transcription Factor (HLTF) is a DNA helicase protein which is homologous to 

SNF/SWI family. It has been demonstrated to be a functional homolog of yeast Rad5, required 

for the maintenance of genomic stability. Although the physiologic role of HLTF is largely 

unknown, inactivation of HLTF by promoter hypermethylation has been found in more than 40% 

human colon cancers. In this study, we have applied mouse transgenic approaches to determine 

whether loss of HLTF function could be important for colorectal carcinogenesis.  

HLTF knockout mice were generated by the deletion of first 5 exons of the HLTF gene. 

The complete loss of HLTF expression in HLTF -/- mice was confirmed by Northern blot and real 

time RT-PCR assays. HLTF -/- mice did not show any developmental defects within a 2-year 

observation indicating that HLTF is dispensable for mouse development. Furthermore, HLTF -/- 

mice were free of intestinal or colorectal tumors or other types of tumors, suggesting that loss of 

HLTF function alone is not sufficient to drive oncogenic transformation in intestinal track and 

other tissues. To determine whether loss of HLTF function could cooperate with other tumor 

suppressors in the formation of colorectal cancers, we have bred HLTF knockout mice with the 

mutant mice for APC (adenomtous polyposis coli) and P53. In HLTF -/-APC Min/+ mice, a 

significantly increased formation of intestinal adenocarcinoma and colorectal cancers were 

observed. Although very few HLTF -/-P53 -/- mice developed colorectal cancers, these mice had 

increased incidence of the formation of metastatic lymphomas. Cytogenetic analysis of colorectal 

cancer cells derived from HLTF -/-APC Min/+ mice demonstrated a high incidence of gross 

chromosomal instabilities, including Robertsonian fusions, fragments and aneuploidy. All these 

genetic alterations were not observed in the intestinal tumor cells from APC Min/+, implicating 

that loss of HLTF function could induce genomic instability which contributes to intestinal 

carcinogenesis. 

To further investigate the role of HLTF in colorectal carcinogenesis, we have also 

applied a shRNA knockdown approach to down-regulate HLTF expression in human HCT-116 

colon cancer cells. HCT-116 cells highly express HLTF and show less chromosomal instability, 

making these cells as a very useful model to investigate the loss of function of HLTF in human 

colorectal carcinogenesis. Using Western blot approach, we confirmed that HLTF knockdown 

HCT-116 cells had less than 5% of HLTF expression as compared to the scramble controls. By 
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inoculating HLTF knockdown HCT-116 cells to Rag1 -/-IL2 -/- immunocompromised mice, we 

further demonstrated that HLTF knockdown promote tumor growth and invasion. Moreover, 

spectral karyotyping analysis revealed that HLTF knockdown human colon cancer cells had 

significantly increased chromosomal instability, including both aneuploidy and chromosomal 

translocation.  Taken together, our work strongly indicates that loss of HLTF function can 

promote the malignant transformation of intestinal or colonic adenomas to carcinomas by 

inducing genomic instability. Given the high frequency of epigenetic inactivation by 

hypermethylation of HLTF in human colon cancers, our studies strongly suggest that this 

epigenetic alteration could be directly involved in the development of colorectal cancer rather 

than a consequence of this carcinogenesis.   
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1.1 Overview 
 

 Helicase-Like Transcription Factor (HLTF) is a DNA helicase protein that can 

interact with different DNA elements. It has also been demonstrated as a functional 

homolog of yeast Rad5 involved in post-replication DNA damage repair pathway. The 

requirement of HLTF for repair of damaged DNA highly suggests a tumor suppression role 

in human colorectal cancers, where HLTF has been identified as a common target for 

methylation and epigenetic gene silencing. Although HLTF methylation has been shown as 

a common event in human colon cancer and it has been suggested as a prognostic 

biomarker, it is largely unclear whether this epigenetic event, which leads to loss of HLTF 

function, is important for the development of this cancer. Our research aims to apply mouse 

transgenic approach to determine whether loss of HLTF function is indeed required for the 

development of colon cancer. 

To get a better understanding on our proposed work, I will first summarize current 

knowledge on the biochemical properties of HLTF, specifically focusing on the important 

role of HLTF in post-replication repair pathway. These findings will greatly help us to 

understand the pathogenetic role of loss of HLTF function in the development of colon 

cancer. In the second part of introduction, I will mainly discuss the current human tumor 

data that indicated HLTF is one of the most common gene targets for epigenetic 

methylation in human colorectal cancer. To help understanding the relevance of this 

epigenetic event in the development of human colorectal cancer, as well as to support the 

working hypothesis of our research, in this introduction, I will also include the current 

research progresses on the pathogenesis of human colorectal cancer, mainly focusing on 
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the contributions of genetic and epigenetic alterations in this pathogenesis. Given that 

mouse transgenics is the major approach applied in this study, I will also discuss the 

importance of mouse modeling on uncovering several genetic or epigenetic pathways 

responsible for the development of this most common human cancer.   

1.2 Biochemical properties of HLTF 
 

1.2.1 HLTF gene and encoded protein 

 The human HLTF gene is located on chromosome 3q25.1-q26.1. It encodes for a 

multi domain protein with a DNA binding domain, RING-finger domain and seven 

helicase domains, (Figure 1.1) (Ding et al., 1996; Sheridan et al., 1995).  Northern blot 

analysis demonstrated that the HLTF gene transcribes two mRNAs (5.5 and 4.5 kb), 

resulting from alternate splicing of intron 25 in the 3’ UTR. HLTF mRNA encodes two 

proteins which differ in translation start site: (Met1 and Met123) (Ding et al., 1996).  

 

 

Figure 1.1 Schematic representation of conserved domains of HLTF. DBD: DNA 
binding domain; HIRAN: HIP-116-Rad5 N-terminal domain; SNF2: the SNF2 amino 
terminal domain; RING: RING finger domain. I-VI represents seven conserved helicase 
domains (Figure adapted from Debauve et al., 2008). 
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 The HLTF DNA binding domain (DBD) has been mapped to the amino acid 38-180 

(Ding et al., 1996; Sheridan et al., 1995). Gel shift assay demonstrated that this region of 

HLTF is both sufficient and necessary for its interaction with DNA (Ding et al., 1996; 

Sheridan et al., 1995). Recently, Iyer (2006) dissected this domain further and showed that 

sequence from amino acid 60-154 is highly conserved and named it as HIRAN domain 

(HP116/RAD5 N-terminal). Using computational protein modelling, HIRAN domain was 

predicted as β-strand rich domain which could have capacity to interact with damaged 

DNA or stalled replication forks (Iyer et al., 2006).  

 A SNF2 domain is located between DNA binding domain and first helicase domain. 

This specific domain has been found in various proteins involved in several different 

cellular processes including transcription regulation (Brahma, MOT1), DNA repair 

(ERCC6, Rad5 and Rad16), DNA recombination (Rad54), and chromatin unwinding 

(ISWI) & chromosome stability (Lodestar) (Sheridan et al., 1995). Although the high 

conservation of SNF2 domain in these proteins could reflect its importance, the role of this 

domain is still largely unknown. Based on the presence of SNF2 as well as the conserved 

helicase and RING-finger domains, HLTF is grouped as Rad16 subgroup (contains SNF2 

motif along with RING motif between helicase III and IV). Other members of Rad16 

subgroup include Rad5, Rad16 and Rad8; all of them have been demonstrated to be 

involved in the post-replication DNA damage repair pathway (discussed in Section 

1.2.3.2.1).  

 HLTF also contains a RING-finger domain, which is known as C3HC4 motif (Ding 

et al., 1996; Sheridan et al., 1995). The HLTF RING-finger domain shares high sequence 
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homology with yeast Rad5, Rad16 and Rad18. Proteins with RING finger domain usually 

function as an E3 ubiquitin ligase involved in the ubiquitination of proteins. Indeed, HLTF 

has recently been demonstrated to be required for the polyubiquitination of proliferating 

cell nuclear antigen (PCNA), a master protein involved in DNA metabolism and DNA 

replication (Motegi et al., 2008; Ulrich, 2009; Unk et al., 2008). This ubiquitination is 

essential for switching on the post-replication repair pathway (discussed in Section 

1.2.3.2.2).  

1.2.2 Regulation of HLTF activity 

 HLTF has been shown to have increased expression in response to progesterone 

(Hewetson & Chilton, 2003). Further characterization of HLTF promoter and its 5’-

regulatory elements demonstrated that HLTF does not have a classic gene promoter which 

contains a TATA box. Instead, HLTF harbors a unique promoter element that is located in 

the first intron which directs the initiation of transcription (Hewetson & Chilton, 2003). 

Moreover, HLTF expression has been found to be negatively controlled by two Sp1 sites in 

the 5’-regulatory region (Hewetson & Chilton, 2003). Since these two Sp1 sites are well 

conserved among HLTF from different species (Ding et al., 1999), this Sp1-mediated 

regulation could be important for the regulation of HLTF activity in vivo.   

A recent study indicated that HLTF activity could also be regulated at protein level. 

In this study, HLTF was found to be ubiquitinated by an E3 ubiquitin ligase (CHFR), 

which can trigger the degradation of HLTF (Kim et al., 2010). This finding was further 

supported by the identification of HLTF de-ubiquination enzyme, USP7 (Qing et al., 2011). 
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USP7 can specifically interact with HLTF and promotes the de-ubiquitination of HLTF to 

stabilize HLTF (Qing et al., 2011). 

1.2.3 Biological functions of HLTF 

1.2.3.1 The role of HLTF in gene regulation 

 HLTF has been demonstrated to interact with several gene promoters and 

enhancers, such as the HIV proximal promoter and SV40 enhancers (Sheridan et al., 1995), 

the human, mouse plasminogen activator inhibitor 1 (PAI-1) promoter (Ding et al., 1996), 

the rabbit uteroglobin promoter (Hayward-Lester et al., 1996), the myosin light chain 

enhancer  and a cis element in the β-globin locus control region (LCR) (Mahajan & 

Weissman, 2002). However the evidence for the role of HLTF in transcription has only 

been demonstrated for the PAI-1 gene (Ding et al., 1999; Zhang et al., 1997) and for the β-

globin LCR where HLTF was shown to specifically activate β-globin and contribute to the 

terminal differentiation (Mahajan & Weissman, 2002). In the PAI-1 gene promoter, HLTF 

was found to specifically interact with the B-box of this promoter which mediates the basal 

expression of PAI-1 gene (Ding et al., 1996). HLTF was also found to interact with Sp1 or 

Sp3 in mediating PAI-1 gene transcription (Ding et al., 1999).  

 Although these early studies suggest that HLTF may regulate gene expression, 

however as the data was derived based on in vitro assays, it is still largely unknown 

whether HLTF could indeed play an important role in the regulation of gene expression in 

vivo. As discussed in the following sections, several recent studies have demonstrated that 
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HLTF could be a functional homolog of yeast Rad5, required for post-replication repair 

pathway (Blastyak et al., 2010; Motegi et al., 2008; Unk et al., 2008).  

1.2.3.2 The role of HLTF in post-replication repair pathway 

1.2.3.2.1 Overview of post-replication repair pathway 

 The genome stability is challenged by both extrinsic and intrinsic factors. Due to 

the reactive oxygen species generated from normal cellular metabolism, a mammalian cell 

could face approximately 30,000 DNA lesions per day. In addition, many environmental 

factors, such UV, ionizing radiations and various genotoxic compounds, can also cause 

DNA damages (Hoeijmakers, 2001). The DNA damage lesions can be repaired by different 

repair machineries depending on the nature of damages (Figure 1.2). However, some of 

DNA lesions could escape from these repair pathways. The unrepaired DNA lesions may 

interfere with DNA replication at damaged DNA sites, resulting in stalled replication forks 

(Andreassen et al., 2006). The persistent stalled replication forks can collapse, ultimately 

leading to genome instability or cell death (Andreassen et al., 2006).  
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Figure 1.2 Different DNA damaging agents, the types of damage and the repair 
mechanisms employed.  
Top two panels representing the list of common DNA damaging agents and the DNA 
lesions associated with each group. Bottom panel lists the types of repair mechanism 
employed by cells in response to the particular type of damage. {Figure adapted by 
permission from Macmillan Publishers Ltd: Nature (Hoeijmakers, 2001)} 
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Both prokaryotic and eukaryotic cells have demonstrated a number of post-

replication repair (PRR) mechanisms to complete DNA replication by resolving stalled 

replication forks. The PRR pathway has been well characterized in budding yeast 

Sacchromyces cerevisiae. In these cells, PRR will use either translesion synthesis or 

template switching pathways to resolve the stalled replication forks (Figure 1.3). The 

decision to choose between these two pathways is achieved by the differential modification 

of PCNA, which functions as a clamp for DNA polymerases and many DNA repair 

enzymes (Hoege, et al., 2002; Ulrich, 2009).  

The translesion synthesis pathway is believed to be initiated by the 

monoubiquitination of PCNA, which is catalyzed by the E3 ubiquitin ligase Rad18, and E2 

ubiquitin-conjugating enzyme, Rad6 (Figure 1.3 and 1.4) (Prakash et al., 2005). This 

modification of PCNA acts as a signal to switch high fidelity DNA polymerase to 

specialized DNA polymerases which have flexible base-paring properties that enable to 

insert bases opposite to damaged nucleotides (Kunkel & Bebenek, 2000). In yeast cells, 

several DNA polymerases, such as polymerase ζ encoded by REV3/REV7 or polymerase η 

encoded by Rad30, have been identified to be involved in translesion synthesis repair 

pathway (Prakash et al., 2005). Since these polymerases often exhibit low fidelity and low 

processivity during DNA replication, translesion synthesis repair pathway is generally 

considered as error-prone (Prakash et al., 2005).  

The monoubiquitinated PCNA can be further polyubiquitinated, which leads to a 

template-switching repair mechanism to resolve stalled replication forks (Figure 1.3 and 

1.4). In this pathway, the stalled replicating strand will hybridize with its newly replicated 

sister strand, therefore, the DNA polymerase can now use the newly replicated sister strand 
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as a template to extend the stalled replicating strand {Figure 1.3 (i)}. When the DNA 

polymerase reaches the end of the sister strand, the so called “chicken foot”- like DNA 

structure will be resolved (by unknown mechanism) to re-establish the replication fork 

{Figure 1.3 (ii)} (Unk et al., 2010). Since the high fidelity DNA polymerase will be 

involved in DNA replication, this repair pathway is error-free.   

The switching of error-prone translesion synthesis pathway to error-free template 

switching mechanism has been found to be tightly controlled by the polyubiquitination of 

PCNA (Ulrich, 2009). As discussed in the following section, yeast Rad5 is a key factor for 

regulating PCNA polyubiquitination. In addition, yeast Rad5 has also been shown to be 

directly involved in the resolution of stalled replication forks. 
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Figure 1.3 PRR uses two major mechanisms to bypass the stalled DNA replication 
forks.  
Upon encountering the lesions on the DNA strands, replication fork stalls and employs 
either of the two pathways mentioned. (A) The translesion synthesis pathway is initiated by 
the monoubiquitination of PCNA and uses translesion DNA polymerases to bypass 
damaged DNA. Because of the low fidelity of translesion polymerases, translesion 
synthesis pathway often introduces mutations to the repaired DNA. (B) The template 
switching pathway is regulated by the polyubiquitination of PCNA, and it applies a “fork 
regression” model to bypass DNA damage (Figure adapted from Unk et al., 2010). 
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1.2.3.2.2 The Rad5-dependant PRR repair pathway 

 Yeast Rad5 is a multi-domains protein, containing 7 conserved helicase domains, 

SNF and RING-finger domains. It has been demonstrated to function as an E3 ubiquitin 

ligase, which can specifically interact with the Mms2-Ubc13 ubiquitin conjugating 

complex to promote PCNA polyubiquitination (Figure 1.4 B) (Parker & Ulrich, 2009). 

Since this polyubiquitination of PCNA is dependent on monoubiquitination of PCNA, the 

Rad5-Mms2-Ubc13 complex is the downstream effectors of Rad6/Rad18 complex in PRR 

pathway (Figure 1.4 B). Several studies demonstrated that Rad5-mediated 

polyubiquitination of PCNA does not occur through the canonical lysine 48 (K48), which 

can trigger protein degradation. Instead, it adds a polyubiquitin chain onto K63 of 

monoubiquitinated PCNA, which serves an important signal for the template switching 

based PRR pathway (Parker & Ulrich, 2009). Besides being a specific E3 ubiquitin ligase 

for PCNA, Rad5 has also been found to possess a specific double-strand DNA translocase 

activity which could resolve the “chicken foot” like DNA structure in PRR pathway 

(Blastyak et al., 2007). This further indicates that Rad5 has an essential role in PRR repair 

pathway. 

A genome-wide screen in S. cerevisiae has identified Rad5-dependent PRR 

pathway as a major mechanism to suppress the formation of gross chromosomal instability 

in yeast cells (Motegi et al., 2006). It has been suggested that in the absence of Rad5-

dependant PRR pathway, an illegitimate DNA recombination activity will be induced at 

stalled DNA replication forks, which ultimately leads to the formation of DNA double-

strand breaks, and chromosomal rearrangements (Figure 1.4 C) (Motegi et al., 2006).  
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Figure 1.4 The key molecules involved in the ubiquitination of PCNA which directs 
PRR repair pathways.   
(A) The complex of Rad6 (E3 ligase) and Rad18 (E2 ubiquitin-conjugating enzyme) 
induces the monoubiquitination of PCNA at stalled replication forks, leading to the 
recruitment of translesion polymerases to bypass DNA lesions. (B) The 
Rad5/Mms2/Ubc13 complex is able to further polyubiquitinate PCNA at lysine 63 which 
serves as an important signal for switching on template switching based recombination 
model to bypass DNA lesions. (C) Dysfunctional Rad5-dependant PRR pathway can 
induce illegitimate DNA recombination at stalled replication forks, which could be 
mediated by the Rad51 complex, resulting in a gross chromosomal instability. {Figure 
adapted by permission from Mol. Cell Biol. (Motegi et al., 2006)}. 
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1.2.3.2.3 Post-replication repair pathway in mammalian cells 
 
 As discussed above, ubiquitination of PCNA is a key to regulate PRR pathway in 

yeast cells.  This protein modification has been found to be highly conserved in mouse or 

human PCNA, suggesting the described PRR pathway in yeast cells could also exist in 

mammalian cells (Hoege et al., 2002). Furthermore, translesion synthesis pathway has also 

been demonstrated to be conserved from yeast to mammals. Rad18 deficient mouse 

embryonic stem cells showed sensitivity to different DNA damaging agents that promote 

stalled replication forks (Tateishi et al., 2003) and disruption of translesion polymerase (ζ) 

causes lethality in mice around embryonic day 8.5-12.5 (Bemark et al., 2000). Moreover, 

defects in this pathway cause high sensitivity to UV, as observed in a human patient with 

mutated polymerase η (Xeroderma pigmentosum variant, XPV) (Johnson et al, 1999). 

Several recent studies have identified the mammalian homologs of Rad5, and thus 

strongly indicates that Rad5-dependant template switching pathway is also conserved from 

yeast to mammals (Motegi, et al., 2006; Motegi et al., 2008; Unk et al., 2006; Unk et al., 

2008). From these studies, HLTF has been demonstrated as one the mammalian proteins 

that not only share yeast Rad5 domain structures, but also share all known biologic 

functions of Rad5. 

1.2.3.2.4 HLTF as a functional homolog of yeast Rad5  

 Two mammalian DNA helicase proteins, HLTF and SHPRH, have been recently 

characterized as the homologs of yeast Rad5 (Unk et al., 2010). Both HLTF and SHPRH 

have the similar domain structures, such as helicase domains and RING-finger domain, as 

yeast Rad5 (Motegi et al., 2008; Unk et al., 2008; Unk et al., 2010). However HLTF shares 
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higher sequence similarity to Rad5, as both of these proteins have a very characteristic 

DNA binding domain known as HIRAN that is located at the N-terminal (Iyer et al., 2006). 

SHPRH lacks this domain and moreover, SHPRH contains an additional PHD domain (a 

domain could be involved in the recognition of specific chromatin modifications such as 

trimethylated histones), which is not present in HLTF and yeast Rad5. Therefore, HLTF 

could be more related to yeast Rad5. 

With several biological approaches, both HLTF and SHPRH have been shown to 

polyubiquitinate PCNA at K63 (Motegi et al., 2008; Unk et al., 2008). Similar to yeast 

Rad5, these two mammalian proteins also showed the interaction with PCNA and UBC13-

MMS2 complex (Motegi et al., 2008; Unk et al., 2008). In addition to these biochemical 

properties, inactivation of either HLTF or SHPRH in human or mouse cells have been 

found to increase the sensitivity to DNA damaging agents, with the increased incidence of 

chromosomal breakages upon the treatment with these agents (Motegi et al, 2006; Motegi 

et al., 2008). All these studies implicates that both, HLTF and SHPRH could be the 

functional homologs of yeast Rad5 involved in the polyubiquitination of PCNA which is 

required for template switching based PRR repair pathway. However, this has been 

challenged by a most recent mouse knockout study which found that PCNA can still be 

polyubiquitinated in HLTF and SHPRH double knockout mouse cells (Hendel et al., 2011). 

This finding indicates that there could be an alternative E3 ubiquitin ligase for PCNA, at 

least in mouse cells, which might be important for PRR repair pathway. 

Mainly because of the closer similarity between HLTF and Rad5, the role of HLTF 

in promoting template switching mode of PRR repair pathway has been addressed by 

several other approaches. By using purified HLTF protein and the oligonucleotide based 
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“chicken-foot” like structures, HLTF has been shown to resolve the intermediate products 

generated during fork regression (Blastyak et al., 2010).  This fork regression activity was 

also detected in a plasmid based replication forks to mimic the in vivo situation (Blastyak et 

al., 2010). To further demonstrate this biological activity of HLTF, a chromosomal fiber 

labelling technique was also applied. In this assay, cells were pulsed with nucleoside 

analog iododeoxyuridine (IdU) for a period of time and then treated with DNA damaging 

agent followed by second pulse with another nucleoside analog bromodeoxyuridine 

(BrdU). The newly synthesized DNA that had incorporated IdU or BrdU can be visualized 

by fluorescence microscopy with antibodies against these nucleotides. Based on the 

length/pattern of labelled tracks, the rate of replication fork movement can be monitored. 

Therefore, this assay allows for tracking the progression of replication forks on damaged 

DNA very precisely. Using this assay, the replication fork recovery at the DNA lesion was 

found to be strongly affected in HLTF deficient cells (Blastyak et al., 2010). Therefore, 

these studies strongly indicate that HLTF could have capacity to directly resolve stalled 

replication forks (Figure 1.5), similar to what has been demonstrated for yeast Rad5 (Unk 

et al., 2010). 

A most recent study indicates that HLTF could also possess a chromatin 

remodelling activity, which leads to the displacement of DNA-bound proteins on stalled 

replication forks (Achar, et al., 2011). Since these DNA-bound proteins, such as PCNA, 

RPA (Replication protein A), Replication factor C, can impede the fork regression activity 

(Achar et al., 2011), this function of HLTF could also be important for template switching 

based PRR repair pathway. 
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Figure 1.5 The role of HLTF in resolving stalled replication forks. HLTF could act on 
“chicken foot” structures to process them into distinct double stranded products. Besides 
this, HLTF might also be involved in reversal of regressed forks. {Figure adapted by 
permission from Elsevier: DNA Repair (Unk et al., 2010)}. 
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In summary, HLTF is a DNA helicase protein which could interact with DNA. The 

recent findings strongly indicate that HLTF could be a functional homolog of yeast Rad5 

involved in an error-free post-replication repair pathway. The requirement of HLTF for 

repair of damaged DNA may implicate a role for HLTF inactivation in the development of 

human colon cancers, where HLTF has been identified as a common target for methylation 

and epigenetic gene silencing. 
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1.3 Epigenetic inactivation of HLTF in human colorectal cancers 

1.3.1 Epigenetic DNA methylation 

 Epigenetics is defined as heritable changes in gene expression that do not involve a 

change in the DNA sequence itself (Jones & Laird, 1999). DNA methylation is the most 

common epigenetic event that has been shown to have profound effects on controlling gene 

expression. This regulation is involved in a diverse range of cellular functions and 

pathologies, including tissue-specific gene expression, cell differentiation, genomic 

imprinting, X-chromosome inactivation, regulation of chromatin structure, aging and 

carcinogenesis (Bird, 2002).   

DNA methylation occurs almost exclusively on a CpG dinucleotide. This process is 

achieved by addition of methyl group to position 5 of cytosine ring mediated by a group of 

enzymes known as DNA-methyltransferases (DNMTs) (Lao & Grady, 2011). While 

DNMT1 is the main enzyme to maintain the methylation pattern of parental strand onto 

daughter strand after DNA replication, DNMT3a and 3b are responsible for regional de-

novo methylation (Bestor, 2000). In human genome, approximately 70% of CpG 

dinucleotides carry DNA methylation. However, the regions that are enriched for CpG 

dinucleotides, called CpG islands, are normally maintained unmethylated state. In cancers, 

many of these CpG islands have been found to be aberrantly methylated (Issa, 2000). Since 

the CpG islands are frequently present in the promoter region of genes, this aberrant 

methylation is often associated with gene silencing.  
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How methylation of CpG islands represses gene expression is still largely unknown. 

However, several studies indicate that this epigenetic methylation could directly repress 

transcription by blocking the binding of transcriptional activators, such as AP-2, E2F, NF-

κB or CREB, to the promoters (Jones & Baylin, 2002). In addition, this epigenetic 

methylation could also mediate transcriptional silencing by recruiting methyl-CpG binding 

proteins, MeCP2, methyl binding protein, MBD2 and MBD3. These proteins could further 

recruit other co-repressors, such as histone deacetylases (HDACs), to modify chromatin 

structures that impede the access of transcriptional factors to the promoter (Jones & Baylin, 

2002).  

1.3.2 Hypermethylation of HLTF promoter in human colorectal cancers 

 Hypermethylation of CpG islands within human HLTF promoter have been 

demonstrated in more than 40% human colorectal cancers (Kim et al., 2006; Moinova et 

al., 2002). All colon cancer cells that lacked HLTF expression had the methylation of CpG 

islands, while methylation was not detected in the HLTF-expressing cells (Moinova et al., 

2002), indicating that this epigenetic event leads to a complete inactivation of HLTF 

expression in colon cancer cells. In addition, the frequency of HLTF promoter methylation 

was found to increase drastically between early stage of adenomas and advanced adenomas 

(Figure 1.6) (Kim et al., 2006), suggesting that this epigenetic alteration could be a later 

event in colon carcinogenesis. Moreover, HLTF promoter methylation was demonstrated to 

be significantly correlated with poor prognosis in human colon cancer patients (discussed 

in section 1.3.3). Besides colorectal cancers, HLTF promoter methylation was also 

commonly detected in human gastric tumors or cancers, but not in other human cancers, 
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such as lung and breast cancers (Hamai et al., 2003; Kim et al., 2006; Leung et al., 2003; 

Moinova et al., 2002), suggesting that this epigenetic alteration is unique to the tumors of 

the gastrointestinal tract. 

The high frequency of HLTF promoter methylation in human colorectal cancers 

suggests that epigenetic silencing of this gene could confer a selective advantage. To test 

this hypothesis, Moinova and co-authors transfected three HLTF-methylated colon cancer 

cells with HLTF-expressing vector and observed 75% suppression of cell growth (Moinova 

et al., 2002). These results indicated that epigenetic silencing of HLTF may confer a 

growth advantage on colon cancer cells (Moinova et al., 2002). 
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Figure 1.6 The frequency of HLTF promoter methylation in different grades of colon 
cancer.  
The frequency of HLTF methylation is significantly increased in advanced adenomas as 
compared to early adenoma. This frequency is un-affected in the later stages colorectal 
adenomas or cancers (Figure adapted from Kim et al., 2006) 
 

1.3.3 HLTF as an important prognostic marker for human colorectal cancer 

 CpG island methylation is one of the common epigenetic alterations associated with 

development of colorectal cancer (discussion in section 1.4.2.6). In contrast to genetic 

mutations which could vary among different human colorectal cancers, DNA methylation 

shows the similar pattern as some favourite genes are consistently targeted by the 

methylation machinery in these cancers. Based on this, DNA methylation has been 

proposed as an important biomarker to predict the disease prognosis of human colorectal 

cancers. Another important factor for using DNA methylation to predict prognosis is that 
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DNA methylation can be detected by using patient’s serum (Wallner et al., 2006) or stool 

(Itzkowitz et al., 2007), instead the tumor itself. Although the precise mechanism by which 

tumor DNA can be released into the blood stream is largely unknown, several studies 

indicated that tumor necrosis or apoptosis could release tumor DNA into the intercellular 

spaces which are drained by lymphatics system into the blood stream (Jones & Baylin, 

2002). The circulating tumor DNA in blood can be analyzed by the methylation-specific 

PCR (MSP) assay. In this assay, DNA prepared from patient’s serum is treated with 

sodium bisulphite that converts unmethylated cytosines to uracils. Subsequent PCR 

amplification is performed using primers designed to distinguish methylated from 

unmethylated DNA (Herman et al., 1996).  

Since HLTF methylation is commonly detected in human colorectal cancer 

specimens, this epigenetic change has been applied as a biomarker for studying the 

prognosis of this cancer. In several independent studies, HLTF methylation was 

consistently found to be significantly associated with colon tumor size, stage and poor 

prognosis (Bai et al., 2004; Hibi & Nakao, 2006; Kim et al., 2006). Moreover, HLTF 

methylation was also demonstrated to be associated with the high risk of tumor 

relapse/recurrence after treatment (Herbst et al., 2009). On the basis of these results, HLTF 

methylation has been recommended as an independent therapeutic predictor of recurrence 

that can be used to identify patients who could benefit from adjuvant chemotherapy (Herbst 

et al., 2009).  

Since human colorectal cancer cells are shed and released continuously into the 

colon lumen, the patient’s stool has enriched tumor DNA which can be applied for 
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detecting DNA methylation. Although the sensitivity of this assay is lower than the one 

with serum, this assay still allowed correlation of the methylation status of HLTF with 

different grades of human colorectal cancers (Leung et al., 2007). Using this assay, HLTF 

methylation was also found to be mainly present in late stage colonic adenomas (Leung et 

al., 2007). 

In summary, human tumor studies strongly indicate that HLTF is a common 

epigenetic target in human colorectal cancers. This epigenetic alteration is significantly 

correlated with the stage of this cancer as well as with poor prognosis in human colorectal 

cancer patients. However, although HLTF methylation has been demonstrated as a 

common event in human colon cancer and it has been suggested as a prognostic biomarker 

(Herbst et al., 2009; Wallner et al., 2006), it is largely unclear whether this epigenetic event 

is important for the development of this cancer. To get a better understanding of the 

development of colorectal cancer and associated genetic alteration, in the following 

sections, the current knowledge on the pathogenesis of human colorectal cancers is 

summarized.  

 

 

 

 

 

 

 



25 
 

1.4 Development of human colorectal cancer 

 

1.4.1 Intestinal epithelium 

The intestine is the part of gastrointestinal tract that extends from stomach to anus, 

and can be further anatomically divided into three segments of small intestine (duodenum, 

jejunum, and ileum) and two segments of large intestine (cecum & colon). The intestinal 

tract constitutes a tube composed of three layers; outer muscle layer, middle stromal layer 

and inner epithelial layer. The inner epithelial layer not only secrets the enzymes for 

digesting food or absorbs nutrients, but also can act as a barrier between body and outside 

world. The epithelial cell lining the gastrointestinal tract has a well-defined architecture, 

which consists of continuous sheet of tightly linked cuboidal epithelial cells. Because of the 

plasticity of epithelial cells, the absorptive surface of intestine is dramatically increased by 

the formation of finger like protrusions (villi) and invaginations (crypts of Liberkühn). The 

large intestine only harbours crypts and a flat epithelium surface instead of villin formed in 

small intestine (Figure 1.7) (Sancho et al., 2004).  

 As intestinal epithelium is always exposed to some environmental insults, therefore, 

the epithelium has developed an extensive tissue self-renewal to replace the damaged 

epithelium cells. The entire intestinal mucosa is replaced approximately every 4-8 days in 

humans and 3-5 days in rats. The cell migration assay demonstrated that all the intestinal 

epithelial cells can be differentiated from stem cells that specially reside in the crypts base 

(Leushacke & Barker, 2011). These stem cells first divide to give rise to transit amplifying 

cells which migrate towards intestinal lumen to further differentiate into different 

specialised cell types (Sancho et al., 2004; Hall et al., 1994). Among them, Goblet cells are 
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the most abundant in the distal intestine and provide a protective mucous lining. 

Enterocytes can secrete hydrolases and absorb nutrients. The rare entero-endocrine cells 

secrete several hormones, including secrotonine, substance P and secretin. In the small 

intestine, there is another type of epithelial cell, the Paneth cell, which specifically resides 

at the bottom of the crypt. The Paneth cell has an important anti-microbial function by 

secreting antimicrobial peptides and enzymes such as cryptidins, defensins and lysozyme 

(van der Flier & Clevers, 2009).   

 

Figure 1.7 Organization of intestinal epithelium.  
(Left) In small intestine, the epithelium is shaped into crypts and villi. Colon only has 
crypts. (Right) Detail view of different cellular compartments in colonic crypts. Stem cells 
reside at the base of the crypt while transit amplifying cells are amplified by constant 
divisions while moving along crypt-villus axis. When cells reach close to lumen, they 
differentiate and after some time undergo apoptosis leading to cell shredding at colonic 
surface. {Adapted by permission from (de Santa Barbara, van den Brink, & Roberts, 2003) 
(Sancho et al., 2004)} 
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1.4.2 The formation of human colorectal Cancer 

1.4.2.1 The incidence of human colorectal cancer 

Cancer is defined as a disease in which clonal accumulations of genetic or 

epigenetic alterations lead to unregulated growth, lack of differentiation and thus acquiring 

an ability to metastasize (Fearon & Vogelstein, 1990; Nowell, 1976).  Worldwide, 

intestinal or colorectal cancer is ranked as the third most diagnosed cancer in males and the 

second in females. The countries with the highest incidence of this cancer are Australia, 

New Zealand, Europe and North America (Jemal et al., 2011). According to the Canadian 

Cancer Society, human colorectal cancer remains the third most commonly diagnosed 

cancer, accounting for 12% of newly diagnosed malignancies in year 2011 across Canada. 

It is also gender unbiased and is the second leading cause of cancer related deaths 

accounting for 12% of deaths in both men and women (Canadian Cancer Society, 2011).      

The etiology of colorectal cancers is complex with several identified primary risk 

factors which include age, dietary habits, inflammatory bowel disease and hereditary 

(Potter, 1999). The lifetime risk of colorectal cancer in the population with an average risk, 

which is defined as without family history and above the age of 50, has been estimated to 

be 1 in 14 among Canadians (Canadian Cancer Society, 2011). This incidence can be raised 

to 20% in the person who has first or second degree relatives with colorectal cancer 

(Rustgi, 2007).  
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1.4.2.2 The multiple-stage nature of colorectal cancers 

Human colorectal cancers are predominantly epithelial in origin, with a 

characteristic invasion of cancer cells into the lower muscular layers. The pathogenesis of 

this cancer is believed to involve a multiple-step process, starting from a small 

adenomatous polyp and followed by the development of a large adenoma with dysplasia 

that ultimately leads to the formation of invasive carcinoma (Figure 1.8) (Leslie et al., 

2002). Based on the age distribution data from human patients with colorectal cancer, it is 

estimated that it takes approximately 10 years for adenoma to develop into an invasive 

cancer (Muto et al., 1975).  

Different stages of colorectal carcinogenesis have been well characterized 

histopathologically. The earliest pathological change is referred to aberrant crypt foci, in 

which a few intestinal epithelial cells proliferate to form microscopically distinguishable 

foci (Figure 1.8 B). Many of these foci will stop growing, but some of them can further 

develop to adenoma which is defined as pre-cancerous lesions with malignant potential 

(Figure 1.8 C). Adenoma can be categorized as early, intermediate and late stage according 

to the size of lesion and the degree of dysplasia, such as nuclear size, altered nuclear shape, 

aberrant mitosis and altered differentiation. Adenoma will ultimately lead to the formation 

of invasive adenocarcinoma which is characterized by the invasion of cancer cells into 

intestinal muscle layer or forming metastasis (Figure 1.8 D) (Gryfe, 2009).  

 

 



29 
 

 

 

 

Figure 1.8 Sequence of the formation of colorectal cancer.  
{Adapted by permission from Macmillan Publishers Ltd: Nature: Nature reviews. 
Gastroenterology & Hepatology (Lao & Grady, 2011)} 
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1.4.2.3 Hereditary Colorectal Cancer 

Colorectal cancer has the highest proportion of familial cases as compared to other 

human cancers. Around 25% colorectal cancers were found to be associated with family 

history, (Rustgi, 2007), and 5% of which are associated with the hereditary syndromes 

(Jasperson et al., 2010). The hereditary colorectal cancer syndrome confers a diverse 

spectrum of risk, endoplasmic/histological finding, and modes of inheritance as 

summarized in Table 1.1. 

Table 1.1 Characteristic features of some common hereditary colorectal cancer 
syndromes 

Syndrome/Mode of 
Inheritance 

Prominent 
feature Lifetime cancer risk Gene Gene 

function 

Familial adenomatous 
polyposis (FAP)/AD 

>100 polyps 
in intestinal 

tract 

colon, duodenum, 
stomach. pancreas, 
thyroid, liver, CNS 
(medulloblastoma) 

APC  Regulation 
of β-catenin  

Hereditary 
nonpolyposis colorectal 
cancer (HNPCC)/AD 

Non-
polyposis 
colorectal 

cancer 

colon, endometrium, 
stomach, ovary, small 

bowel, CNS, pancreatic 

MLH1, 
MSH2, 
PSH6, 
PMS2 

DNA 
mismatch 

repair 

Mutyh-associated 
polyps/AR 

Similar to 
attenuated 

FAP 
colon, duodenum MYH 

Base 
excision 

repair 

Peutz-Jegher’s/AD Hamartoma  

breast, colon, pancreas, 
stomach, ovary, lung, 
small bowel, uterine, 

testicles 

STK11 
Serine-

threonine 
kinase 

Cowden/AD Hamartoma breast, thyroid, 
endometrium, skin PTEN Signalling 

transduction 

AD: Autosomal dominant; AR:Autosomal recessive 
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Familial Adenomatous Polyposis (FAP): FAP affects one in 13,000 births and follows an 

autosomal dominant mode of inheritance (Bisgaard et al., 1994). The characteristic of FAP 

is the development of thousands small adenomatous polyps throughout small intestine and 

colon. These small adenomatous polyps have high risk to further develop to 

adenocarcinomas. Other manifestations of FAP are congenital hypertrophy of retinal 

pigment epithelium (CHRPE), supernumerary teeth, osteosarcoma, cutaneous lipomas & 

cysts and hypatoblastoma (Rustgi, 2007). Genetic analysis revealed that Adenomatous 

polyposis coli (APC) is responsible for FAP (Groden et al., 1991; Kinzler et al., 1991; 

Nishisho et al., 1991). It has been suggested that individuals with APC mutation should be 

examined for the formation of colorectal cancer every 1-2 years after the age of 10-12 

years (Rustgi, 2007).  

Hereditary Nonpolyposis Colorectal Cancer (HNPCC) (Lynch Syndrome): This syndrome 

has an autosomal dominant mode of inheritance and accounts for 2% - 4% of all colorectal 

cancers (Lynch et al., 2003). The lifetime risk of developing colon cancer for HNPCC is 

estimated to be 80% (Hampel et al., 2008). HNPCC is resulted from the germline 

mutations of genes involved in DNA mismatch repair pathway (MSH2, MLH1, MSH6 and 

PMS2), which is important for recognizing and repairing insertions, deletions and mis-

incorporation of nucleotides that can arise during DNA replication and recombination 

(Jasperson et al., 2010).  

MUTYH-associated Polyposis (MAP): MAP patients have the formation of adenomatous 

polyps and the increased risk of colorectal cancer. The clinical phenotype of MAP is very 

similar to the attenuated FAP. MAP is caused by a biallelic mutation in MUTYH gene 
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(human chromosome 1p33-34), and follows autosomal recessive inheritance pattern. This 

gene product is responsible for base excision repair by preventing G:C to T:A transversion 

caused by oxidative damage. Genetic screening for MAP is considered for patients with 

>10 colorectal adenoma but without an identifiable mutation in APC gene (Jasperson et al., 

2010).  

Peutz-Jeghers Syndrome (PJS): PJS is also known as hemartomatous polyposis, and 

follows autosomal dominant mode of inheritance. Incidence of PJS is about 1 in every 

200,000 births (Rustgi, 2007). PJS patients develop hemartoma typically in small intestine 

and colon during early childhood. The lifetime risk for these patients to develop colorectal 

cancer is 70% (Gammon et al., 2009). Genetic analysis identified serine-threonine kinase 

11 (STK11) as the causing gene for PJS (Amos et al., 1997; Hemminki et al., 1998).  

Juvenile Polyposis (JP): JP is characterized by the formation multiple juvenile polyps in 

colon and in other parts of gastrointestinal tract (Rustgi, 2007). It affects 1 in 100,000 

births and follows the autosomal dominant mode of inheritance. Germline mutations in 

BMPR1A (Bone Morphogenic Protein Receptor 1A) and SMAD4 have been reported in JP 

(Howe et al., 1998)   

Cowden`s Syndrome: This syndrome affects 1 in 200,000 births and develops 

hemartomatous polyps throughout the gastrointestinal tract. The lifetime risk of developing 

colorectal cancer is 10% (Rustgi, 2007). This syndrome could be caused by the germline 

mutations in PTEN gene, one of key regulators of PI3 kinase pathway (Liaw et al., 1997). 
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 Taken together, several human hereditary syndromes have been demonstrated to 

have high risk of developing colorectal cancers. These studies, on identifying the genes 

responsible for these syndromes, highlight the importance of genetic alterations in this 

carcinogenesis. 

1.4.2.4 Genetic alterations in colorectal cancer 

A high number of genetic alterations associated with colorectal cancer has led to 

categorize this cancer as a genetic disease of somatic cells. Based on the stepwise nature of 

progression of colorectal cancer, Vogelstein proposed that this carcinogenesis requires at 

least two major genetic changes that allow: (1) to acquire selective growth advantage for 

the initial clonal expansion (mutation in APC gene are mostly associated with this initial 

step); and (2) to enrich genetic instability for multiple hits in other genes, such as 

oncogenes or tumor suppressor, that are responsible for tumor progression and invasion 

(Figure 9) (Fearon & Vogelstein, 1990).  

To date, several genes have been identified to involve in colorectal carcinogenesis 

(Fearon et al., 2011). These genes can be classified in three subgroups (gatekeeper, 

caretakers & landscapers) based on their functions in cancer progression (Kinzler & 

Vogelstein, 1996). The alterations of gatekeeper genes occur at the early stage of tumor 

development, thus predicted to be involved in the initiation of dysplasia. APC gene has 

been demonstrated as one of important gatekeepers, whose inactivation is not only 

observed in more than 80% of early adenoma, but also can induce the formation of 

intestinal adenomas in mouse models (discussed in section 1.4.3). Caretaker refers to genes 

whose alteration will cause a general increase in mutation rate. DNA repair genes, whose 
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dysfunction can induce genetic mutations, are classified in this category. The mutations of 

landscaper genes provide the microenvironment that is more susceptible to the 

development of colorectal cancer (Kinzler & Vogelstein, 1998). In the following section, I 

will briefly summarize several important genes’ function in the development of colorectal 

cancers. 

APC (Adenomatous Polyposis Coli): Mutations in APC gene has been demonstrated as the 

earliest genetic alteration required for the initiation of intestinal or colorectal tumors. The 

mutations of APC were initially identified in FAP patients, but later were also found in 

most sporadic colorectal tumors (Nagase & Nakamura, 1993). Human APC gene has 15 

exons and codes for 310 kDa protein. APC is a multifunctional protein involved in several 

cellular processes such as signal transduction, cell adhesion and migration, microtubule 

assembly, and chromosome segregation (Kaplan et al., 2001; Rubinfeld et al., 1996; Su et 

al., 1995). However, the tumor suppressing function of APC has been found to be mostly 

related to its role in the regulation of β-catenin activity. In normal cells, β-catenin is 

restricted to cytoplasm where β-catenin can interact with E-cadherin to facilitate cell-cell 

interaction (Gumbiner & McCrea, 1993). It’s level and cellular localization is tightly 

controlled by the APC/glycogen sythetase kinase-3β (GSK3β) complex (Korinek et al., 

1997). The mutations of APC as identified in human colorectal cancers will disrupt the 

APC/GSK3β complex, leading to the accumulation of nuclear β-catenin which then 

activates the genes required for tumor formation (Leung et al., 2002). 

K-RAS: Other common genetic alterations identified during early events of adenoma-

carcinoma transition are the mutations in oncogene K-RAS. K-RAS is a GTPase and 
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functions as an early player in many signal transduction pathways (Bos, 1989). In vivo, K-

RAS activity is tightly controlled by an on/off switch model. It is turned on by the 

conversion of GDP to GTP, and this activity is essential to recruit and activate proteins 

necessary for the propagation of growth factors and other receptor signals, such as RAF-

MAPK-PI3 kinase. K-RAS activity is turned off by GTP hydrolysis, which is important to 

prevent the over-activity of the signalling players involved in cell proliferation and 

transformation (Bokoch & Der, 1993).  The mutations of K-RAS as identified in human 

colorectal cancers are able to disrupt GTPase activity, leading to a constitutive active form 

of this protein (Bourne et al., 1990). This aberrant activity has been demonstrated by many 

studies to be able to transform normal intestinal epithelial cells or other types of cells 

(Shirasawa et al., 1993). Mutations in K-RAS (on codon 12, 13 and 61) have been found in 

37-41% of colon cancers (Vogelstein et al., 1988). K-RAS mutations are more prominent 

in larger adenomas compared to smaller, implicating their roles in the progression of 

intestinal or colorectal tumors, but not in the initiation (Scott et al., 1993; Vogelstein et al., 

1988).  

P53: P53 is a tumor suppressor which plays an important role in cell cycle control and 

apoptosis (Vogelstein & Kinzler, 2004). In response to DNA damage or other cellular 

stress signals, which are often associated with the progression of tumors, P53 protein 

becomes activated and induces cell cycle arrest and/or programmed cell death. By 

eliminating damaged and potential dangerous cells that might otherwise become cancerous, 

P53 can suppress tumor formation. Thus, P53 has been largely considered as “the guardian 

of the genome”, and this function of p53 is critical for the prevention of tumor formation in 

vivo (Lane, 1992). As many as 50% of human tumors or cancers have been found to harbor 
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P53 mutations (Levine, 1997). In human colon cancers, P53 mutations were found to be 

more prevalent in adenocarcinomas (50-75%) than in the adenomas (4-25%) indicating that 

loss of P53 function could be associated with late events in the adenoma-carcinoma 

sequence (Scott et al., 1993). 

SMAD2 and SMAD4: Loss of chromosome 18q occurs in approximately 70% of human 

colorectal cancers (Vogelstein et al., 1988). This chromosomal region harbours several 

tumor suppressor genes including DCC (Deleted in Colorectal Cancer), SMAD2 and 

SMAD4. However, only SMAD2 and SMAD4 (also known as DPC4, Deleted in 

Pancreatic Cancer) have been demonstrated to be involved in the development of colorectal 

cancers (Howe et al., 1998). These two proteins belong to the family of proteins that serve 

as intercellular mediator to regulate TGF-β signalling pathway. Proper TGF-β signalling is 

involved in wide range of cellular functions which include the regulation of cell growth, 

differentiation and apoptosis. Mutations in SMAD2 and SMAD4 have been detected in 

several human cancers including colorectal cancer with 7-10% incidence (Riggins et al., 

1997).  

 In summary, genetic alterations have been demonstrated to play important roles in 

the initiation and progression of colorectal carcinogenesis. It is widely accepted that most 

human colon cancers are initiated by the inactivation of the (APC)/Wnt signaling pathway 

and then progress as the result of a series of mutational activation of oncogenes coupled 

with the inactivation of tumor-suppressor genes (Figure 1.9) (Fearon, 2011). 
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Figure 1.9 The genetic and epigenetic alterations involved in human colorectal 
carcinogenesis. Mutations in APC gene are responsible for the initiation of this sequence. 
Subsequent mutations in several genes such as K-RAS, SMAD2 & 4 and P53, could 
provide the growth advantage for expanding mutant cells, leading to the formation of more 
advanced adenoma. Besides genetic alterations, epigenetic DNA hypermethylation of 
several genes (in pink boxes) could also play important roles in the specific stage of this 
carcinogenesis. {Adapted by permission from Elsevier; Cell (Fearon & Vogelstein, 1990) 
and Macmillan Publishers Ltd.: Nature Review Gastroenterology and Hepatology (Lao & 
Grady, 2011)} 
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1.4.2.5 Genomic instability in colorectal cancer 

Genomic instability is a genetic hallmark for human colorectal cancers (Grady, 

2004). Transformation of normal intestinal epithelium to the invasive colorectal cancers 

has been found to be coupled with progressive accumulation of several genetic alterations, 

which could activate or suppress genes important for this carcinogenesis (Grady, 2004). 

There are two types of genetic instability identified in colon cancers: (1) Microsatellite 

instability (MSI), and (2) Chromosomal instability (CIN). 

(1) Microsatellite Instability (MSI) 

MSI is the characteristic of human colorectal cancers with HNPCC (Hereditary 

Nonpolyposis Colorectal Cancer) (Jasperson et al., 2010). It is also found in 15% sporadic 

colorectal cancers (Thibodeau et al., 1998). Colorectal cancers with MSI have been found 

to display normal diploid karyotype with no obvious chromosomal defects but have high 

incidence of instability in microsatellite repeats linked to impaired mismatch repair (MMR) 

(Thibodeau et al., 1993). MMR is responsible for repairing erroneous insertion, deletion 

and mis-incorporation of nucleotides that can arise during DNA replication and 

recombination (Jasperson et al., 2010). This repair pathway is well conserved from 

prokaryotes to eukaryotes. In eukaryotic cells, the homologs of bacterial MutS and MutL, 

i.e. MSH (MSH1-MSH6), MLH (MLH1-MLH3) and PMS (PMS1-PMS2) have been 

identified (Kinzler & Vogelstein, 1996). MSH2/MSH3 and MSH2/MSH6 complex are 

responsible for the recognition of damaged DNA strand, whereas MLH and PMS 

complexes are involved in excising the erroneous insertion/deletion or mis-incorporation of 
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nucleotides and repairing the damaged DNA strand (Schmutte et al., 2001; Tishkoff et al., 

1997).  

Although the predominant mechanism identified to inactivate MMR in human 

colorectal cancers is epigenetic silencing through promoter methylation (Veigl et al., 1998), 

somatic mutations in MMR genes can also occur. To date, germ line mutations in six MMR 

genes (MSH2, MSH3, MSH6, MLH1, PSM1 and PSM2) have been reported (Wheeler et 

al., 2000). Defective MMR will not only affect mono-, di- and tri-nucleotide repeats at 

microsatellites, but can also significantly increase the mutagenic rate at DNA coding 

sequences that contain microsatellite-like repeats. Several important genes involved in 

colorectal carcinogenesis have been demonstrated to be mutated by MSI. APC and β-

catenin were found to be mutated in 21% and 43% of MSI colorectal cancers, respectively 

(Konishi et al., 1996; Miyaki et al., 1999), and K-RAS mutations are present in 25%-31% 

MSI cancers (Fujiwara et al., 1998). 

(2) Chromosomal Instability (CIN) 

CIN accounts for 85% of sporadic colorectal cancers (Rajagopalan, Nowak, 

Vogelstein, & Lengauer, 2003). It exhibits aneuploid, allelic losses and other chromosomal 

abnormalities, such as translocation, fusion and breaks (Rajagopalan et al., 2003). Although 

its molecular basis remains largely elusive, CIN is thought to arise from structural defects 

involving centromere or centrosome, microtubule dysfunction, telomere defects, 

chromosomal fragility and cell cycle checkpoint failure (Fearon, 2011; Grady & Carethers, 

2008).   
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The effect of CIN on the development of colorectal cancer is like a double-edged 

sword, either promoting or inhibiting this carcinogenesis (Weaver & Cleveland, 2007). 

Massive mis-segregation of chromosomes has been demonstrated to strongly inhibit the 

formation of colorectal cancer by inducing apoptosis (Kops et al., 2004). On the contrary, 

the level of instability that can be tolerated at cellular level, such as mutation in DNA 

repair genes or mis-segregation of one or two chromosomes, can have a promoting effect 

on colorectal carcinogenesis (Weaver & Cleveland, 2007). It is generally accepted that this 

level of instability could allow cells to enrich the genetic mutations important for 

transformation 

1.4.2.6 Epigenetic alterations in colorectal cancer 

Apart from genetic mutations, epigenetic alterations, particularly aberrant DNA 

methylation, have also been demonstrated as a major alternative mechanism for regulating 

gene function during the development of colorectal cancer (Jones & Baylin, 2002). The 

first epigenetic alteration reported was DNA hypomethylation (i.e. loss of methyl group) of 

CpG dinucleotides in the repetitive DNA sequences in human colorectal cancer cells 

(Feinberg & Vogelstein, 1983). These changes were found to cause loss of gene imprinting 

of several key regulators involved in cell proliferation and apoptosis (Feinberg, 2007). 

Besides this, DNA hypomethylation at peri-centromeres could also induce improper 

segregation of chromosomes leading to the enrichment of chromosomal instability in colon 

cancer cells (Ji et al., 1997). 

 However, the majority of epigenetic alterations identified in human colorectal 

cancers are methylation of CpG islands within the promoter regions of genes, which results 
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in transcriptional silencing (Jones & Laird, 1999). These events have been shown to 

commonly affect tumor suppressors in colonic adenomas and adenocarcinomas (Issa, 

2000). Several different models have been proposed to explain the observed methylation in 

colorectal cancer cells. Some studies proposed that aberrant methylation patterns observed 

in colorectal cancer cells might just reflect the undifferentiated state of intestinal stem cell 

(Widschwendter et al., 2007), while others argue that the observed methylation changes 

could reflect the aberrant activity of either DNA methyltransferase or “barrier elements” 

(that prevent DNA methylation) (Lao & Grady, 2011; Tsai & Baylin, 2011). Irrespective of 

the mechanism involved, the observed DNA methylation is strictly a non-random event in 

human colorectal cancers or other cancers, as some favourite genes (most are tumor 

suppressors) are consistently targeted by the methylation machinery (Lao & Grady, 2011). 

Genes commonly methylated in colorectal cancers are distinct from the ones, in other 

human cancers, indicating that this epigenetic event could be driven by the selection 

pressures generated in different human cancers.  

Although there is controversy regarding the significance of these epigenetic alterations in 

the pathogenesis of colorectal cancer, more and more research findings indicate that these 

epigenetic events can be pathogenetic (Lao & Grady, 2011). Function of the particular gene 

in the cell can be abrogated either by genetic or epigenetic changes; however there are 

some specific differences that pinpoints the importance of epigenetic changes over genetic 

alteration. Genetic mutations in cells (according to Knudson’s two-hit model), a first "hit" 

would not necessarily lead to cancer unless there is a second “hit” to completely knock out 

tumor suppressor genes  and thus providing the selective growth advantage (Baylin et al., 

2001). However in contrast, epigenetic alterations, particularly aberrant methylation of 
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CpG Island, have been demonstrated as an efficient method for suppressing tumor 

suppressors during the development of colorectal cancer. The density of promoter 

methylation is expected to increase after each round of DNA replication (Vertino et al., 

1996), leading to a very gradual loss of gene’s function, and thus providing more subtle 

selective growth advantage to the tumor cells along with tumor heterogeneity (Baylin et al., 

2001) (Figure 1.10). More importantly unlike genetic changes, the epigenetically silencing 

of the gene in the tumor cells is reversible and which could be important during metastasis 

(Baylin et al., 2001). 

Aberrant methylations of gene promoters have also been found to be associated 

with the different stages of human colorectal cancers (as shown in Figure 1.9). Therefore, 

these epigenetic alterations have also been served as important biomarkers for diagnosis, 

prognosis and predicting clinical outcome of patients. To date, many genes that are 

expressed in normal colon but are silenced via hypermethylation in human colorectal 

cancer have been identified (Table 1.2). However, the function of many of these genes in 

colon carcinogenesis is still largely unknown. 
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Figure 1.10 The process of epigenetic gene silencing during tumor development.  
The epigenetic gene silencing begins during early phase of tumor development with a very 
subtle change in gene expression. The degree of protein loss depends on the methylation 
status and is not uniform within the whole tumor mass, therefore contributing to the tumor 
heterogeneity. Red circle; unmethylated CpG, Yellow circle; methylated CpG 
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Table 1.2 List of genes that are commonly hypermethylated in human colorectal 
cancers. 
Gene Function Effect of loss of function 

Adenomatous polyposis Coli 
(APC) 

Wnt signalling Increases β-catenin signalling 

MutL homolog 1 (MLH1) DNA mis-match repair Microsatellite instability 

O-6-methylguanine DNA 
methytransferase (MGMT) 

Repair of alkylating DNA damage Increased G>A mutation 
frequency 

Ras associated domain family 
1 (RASF1A) 

Negative Ras effector, 
proapoptotic, microtubule 
stabilization 

Increased RAS/RAF/MAP kinase 
signalling, death-receptor 
dependent apoptosis 

Sodium solute symporter 
family 5 member 8 (SLC5A8) 

Sodium and short chain fatty acid 
transporter 

Not known 

Runt-related transcription 
facter 3 (RUNX3) 

Transcription factor Decreased TGF-β/BMP signalling 

Secreted frizzled related 
protein 1 (SFRP1) 

Wnt antagonist Increased Wnt signalling 

Secreted frizzled related 
protein 2 (SFRP2) 

Wnt antagonist Increased Wnt signalling 

E-cadherin (CDH1) Calcium dependent cell-cell 
adhesion 

Loss of cell adhesion 

Cadherin 13 (CDH13) Selective cell recognition and 
adhesion 

Increased P13K/Akt/mTOR 
signalling 

Retinol binding protein 1 
(CRABP1) 

Carrier protein for transport of 
retinol 

Not known 

Cyclin dependent kinase 
inhibitor 2A (CDKN2A/p16) 

Regulated cell cycle G1 
progression 

Increased cell proliferation 

Helicase like transcription 
factor (HLTF) 

Ubiquitin ligase, fork 
remodelling, dsDNA translocase 

Impaired DNA repair 

P14 (ARF) Inhibit E3 ubiquitin ligase Decreased p53 stabilization and 
activation 

Estrogen receptor 1 (ESR1) Ligand activated transcription 
factor 

Loss of estrogen receptor 
signalling 

Tissue inhibitor of 
metalloproteinase 3 (TIMP3) 

Inhibtion of MMPs and ADAMs Increased EGF and TNF signalling 

Chemokine ligand 12 
(CXCL12) 

Alpha chemokine Increased tumor cell metastasis 

Inhibitor of DNA binding 4 
(ID4) 

Transcription factor Unknown 

Interferon regulatory factor 8 
(IRF8) 

Transcription factor Interferon signalling 
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Thrombospondin 1 (THBS1) Cell-cell and cell-matrix adhesion 
glycoprotein 

Decreased TGF-β1 signalling 

Death associated protein 
kinase (DAPK) 

Induction of cell death Interferron gamma signalling 

Vimentin (VIM) Stabilizing cytoskeleton Not known  

Septin 9 (SEPT9) GTPase Impaired cytokinesis and loss of 
cell cycle control 

 

.    
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1.4.3 Mouse modelling of human colorectal cancer 

Mouse models have greatly contributed to the understanding the molecular pathways 

involved in initiation and progression of human colorectal cancer. This is largely because 

mouse shares high similarities with humans in the functions of genome and physiology 

(Frese & Tuveson, 2007). Therefore, to understand the precise role of the genes that are 

frequently mutated in human colorectal cancers, numerous mouse models have been 

generated which not only provide the direct genetic evidence to the functions of the genes 

involved in the homeostasis of intestinal epithelial cells and in the development of 

colorectal cancers, but also serve as important tools for preclinical studies. Table 1.3 

summarizes several mouse models of intestinal tumor based on the APC gene.  

The first APC mutant mouse model was generated by the random ethylnitrosourea 

(ENU) mutagenesis (Su et al., 1992). These mice harboured a non-sense mutation at codon 

850 of the APC gene, resulting in the production of truncated protein of 850 amino acids. 

Although homozygotes for this mutation were embryonic lethal, heterozygous mice 

developed more than 100 adenomas in the intestinal tract within several weeks of birth, 

thus these mice were referred as APC Min (Multiple Intestinal Neoplasia) (Su et al., 1992). 

To mimic the scenario of human colorectal cancers with APC mutations, mouse embryonic 

stem cell-mediated gene targeting strategies have been applied to introduce the 

corresponding mutations into mouse APC genome. All these transgenic mice developed 

intestinal or colonic adenomas with the similar pathological features as described in human 

tumors (Fodde et al., 1994; Oshima et al., 1995). These mouse modelling studies not only 

demonstrated the essential role of APC in the initiation of colon cancer formation, but also 
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provided the valuable tools for understanding the pathogenesis of this cancer. Since the 

adenomas in APC Min/+ or other transgenic APC mutant mice rarely progress to invasive 

intestinal or colon cancers (Boivin et al., 2003), these mice have been the excellent genetic 

tools for studying other genetic or epigenetic alterations involved in intestinal 

carcinogenesis. Moreover, APC mutant mice also served as an important model to test the 

interactions between genetic and environmental factors, especially the diet, in the 

development of colorectal cancer. Using these mutant mice, Western style diet with high 

fat has been demonstrated to significantly promote the intestinal or colonic tumor 

formation as compared to low fat food (Wasan et al., 1997; Yang et al., 1998). 

Table 1.3 Mouse models of intestinal cancer generated by introducing mutations in 
APC gene. 
 

Allele 
indicating aa 

location 
Heterozygous phenotype Homozygous 

phenotype Reference 

APC Min Multiple adenomas in small 
intestine, but rare in colon  lethal (Su et al., 1992) 

APC 1638 N 
3-4 adenocarcinomas only in 

intestine, desmoid tumors, retinal 
epithelium abnormalities 

lethal 

(Fodde, Edelmann, 
Yang, van 

Leeuwen, Carlson, 
Renault, Breukel, 

Alt, Lipkin, & 
Khan, 1994a) 

APC 1638 T Normal normal (Smits et al., 1997) 

APC 716 Multiple adenomas in small 
intestine lethal (Oshima et al., 

1995) 

APC 580 
(conditional) 

Formation of multiple adenomas 
in small intestine 4 weeks post 

deletion 
ND (Shibata et al., 

1997) 

aa: amino acid 

 Human colorectal cancers not only contain mutations in APC gene, but also harbor 

mutations in many other genes, such as K-RAS, P53 and SMAD2/4 (Kinzler & Vogelstein, 
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1996). To examine the importance of these genetic mutations in colorectal cancers, several 

knockin or knockout models were established. Although these models did not develop 

intestinal tumors, however (Takaku et al., 1998) these mutants showed significantly 

increased tumor incidence and malignancy on APC mutant background (Takaku et al., 

1998). These studies clearly indicate the important roles of these common genetic 

mutations in the progression of colorectal cancers. Number of additional genetic mutations 

that were identified in human colorectal cancers has also been characterized by using Apc 

mutant mice. Some of them can suppress the intestinal tumorigenesis (such as mutations in 

genes involved in arachodonic acid metabolism) (Hong et al., 2001; Oshima et al., 1996), 

while others promote the progression of neoplasia (such as mutations in genes involved in 

the maintenance of genomic stability, eg. Mismatch Repair Genes)(Edelmann et al., 1999; 

Kuraguchi et al., 2001).  

As discussed above, human syndrome with hereditary nonpolyposis colorectal 

cancer (HNPCC) accounts for 2% - 4% of all colorectal cancers (Jasperson et al., 2010). 

This condition is caused by mutations in genes responsible for mismatch DNA repair. To 

understand the role of mismatch repair genes in the development of intestinal tumors, 

several mouse models have been generated. Mice deficient in Msh2 were particularly prone 

to intestinal tumors as well as other tumors, such as lymphoblastic and skin tumors 

(Reitmair et al., 1996). In order to avoid the early lethality caused by lymphomas, Tap1 

mutation was introduced into Msh2 deficient mice. Tap1 homozygous mice are 

immunocompromised and lack CD8+ cells. Double mutants for Tap1/Msh2 develop only 

intestinal and skin tumors (de Wind et al., 1998). Similar intestinal tumor formation was 

also observed in mouse mutants for Msh6 and Mlh1 genes (Edelmann et al., 1997; Baker et 
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al., 1996; Edelmann et al., 1996). These mutant mice have also been found to accelerate the 

formation of intestinal tumors on APC mutant background (Baker et al., 1998; Edelmann et 

al., 1999; Kuraguchi et al., 2001; Reitmair et al., 1996). The tumor phenotypes observed in 

these mouse mutants of mismatch repair genes correlate well with their role in DNA repair 

(Wei et al., 2002), strongly indicate that mismatch repair pathway plays important roles in 

the prevention of intestinal tumors. 

 Epigenetic alterations are also commonly identified in human colorectal cancers. 

Genome-wide DNA hypomethylation and specific DNA hypermethylation are two major 

epigenetic changes associated with this cancer. Since DNA methylatransferase 1 (DNMT1) 

is the main enzyme to maintain the global DNA methylation level,  to elucidate the role of 

DNA hypomethylation in the development of colorectal cancer, the formation of intestinal 

tumors in DNMT1 knockout mice has been characterized (Yamada et al., 2005). On APC 

mutant background, DNMT1 mutant mice were found to have significantly increased 

formation of microscopic adenomas, indicating that DNA hypomethylation could play an 

important role in the initiation of colorectal carcinogenesis (Yamada et al., 2005). To 

determine the general role of DNA hypermethylation on the formation of intestinal tumors, 

mouse mutant for DNA methyltransferase 3B (DNMT3B) has been applied. Since 

DNMT3B is involved in the establishment of hypermethylation marks within the promoters 

of several tumor suppressors, DNMT3B knockout mice should allow the determination of 

whether erasing DNA hypermethylation could affect the development of intestinal tumors. 

By breeding to several intestinal tumor mouse models, including APC Min/+ mice, loss of 

DNMT3b function has been found to significantly suppress the formation of advanced 

intestinal adenomas, but not microscopic aberrations (Lin et al., 2006). This finding 
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provided a direct genetic evidence for the involvement of DNA hypermethylation in the 

progression of intestinal tumors (Lin et al., 2006).  

 Different mouse models have also demonstrated the important roles of specific 

epigenetic alterations in colorectal carcinogenesis. As discussed above, up to date, many 

genes that are epigenetically silenced in human colon cancers as well as in colonic 

adenomas have been identified. However, the function of many of these genes in colon 

carcinogenesis is still largely unknown. Using mouse models, several of them, such as 

MLH1 (MutL homolog 1), MGMT (O-6-methylguanine-DNA methytransferase) and HIC1 

(hypermethylated in cancer 1) have been shown to be pathogenetic in colorectal 

carcinogenesis (Fearon, 2011; Grady & Carethers, 2008).  As presented in this thesis, we 

have applied transgenic mouse models to identify another common epigenetic alteration, 

i.e. hypermethylation of HLTF, as an important factor involved in the progression of 

intestinal or colonic tumors.   
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1.5 Hypothesis and Objectives 

1.5.1 Hypothesis 

Given that HLTF is frequently inactivated by promoter hyper-methylation in human 

colorectal cancers, we hypothesize that loss of HLTF function is required for the initiation 

or progression of this cancer. The demonstrated role of HLTF in the maintenance of 

genomic stability could not only contribute to the formation of colorectal cancer, but also 

function as a general tumor suppressor.    

 

1.5.2 Objectives 

AIM 1: Apply a mouse transgenic approach to determine whether knockout of HLTF 

function in mice will be able to initiate or promote colon carcinogenesis. This part of study 

will provide a direct genetic evidence to demonstrate whether loss of HLTF function, as 

reported in most human colorectal cancers, could be sufficient to drive or promote the 

formation of colon cancer.  

 

AIM 2: To determine whether loss of HLTF function will be able to induce genomic 

instability during the formation of colon cancers. Given that HLTF has been shown to play 

an important role in the post-replication DNA damage repair pathway, this part of study 

will allow to elucidate the potential role of HLTF deficiency in the formation of colon 

cancers. 

 

AIM 3: To characterize whether loss of HLTF in human colon cancers display the similar 

tumor-promoting effect as demonstrated in this mouse model. This work will allow 
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translation of our mouse model study towards understanding the pathogenesis of human 

colon cancer. 

 

AIM 4: To determine whether loss of HLTF function has a general role in tumorigenesis. 

This work has the potential to demonstrate HLTF as a new tumor suppressor involved in 

the development of a variety of tumors. 

 

AIM 5: To determine whether HLTF is required for the regulation of gene expression. In 

this part of study, we will use our established HLTF knockout cells to determine whether 

loss of HLTF will affect gene expression, which will allow establishment of an in vivo role 

for HLTF in the regulation of gene expression. 
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2.1 Antibodies 

The antibodies used were either commercially available or were a generous gifts from 

other laboratories. All antibodies were stored at 4°C for short term usage or at -20°C for long 

term storage. Antibodies stored at -20°C were divided into aliquots to avoid repeated 

freeze/thawing. Antibody dilutions for each specific experimental purpose were determined by 

initial serial dilutions to achieve optimum signal to noise ratio. Specific details of different 

antibodies used in this project are provided in Table 2.1 and 2.2. 

Table 2.1 List of primary antibodies used in this study  
Protein Species Application (dilution) Source Catalog No.  
Actin Rabbit WB (1:3000) Sigma A-5060 

β-catenin Mouse IHC (1:200) BD Pharminger 610153 
BrdU Mouse IHC (1:100) Roche 11170376001 

CENP-E Mouse IF (1:1000) Dr. Timothy Yen Yen et al., 1991  
Chromagranin Rabbit IHC (1:100) Immunostar 20086 

HLTF Rabbit WB, IHC (1:500), IF 
(1:100) Sigma HPA015284 

H3K4 Rabbit IF (1:100) Abcam Ab8580 
Lysozyme Rabbit IHC (1:200) Dako A0099 

TRF1 Mouse IF (1:1000) Abcam Ab10579 

TRF2 Rabbit IF (1:2000) Dr. Titia de 
Lange 

Zheng-Sheng Ye et 
al., 2004 

Villin Mouse IHC (1:100) Millipore MAB1671 
 
Table 2.2 List of secondary antibodies  

Antigen Species Conjugate Source Catalog No. 
Mouse IgG Donkey Cy3 Jackson Immuno Research 715-165-151 
Rabbit IgG Donkey Cy3 Jackson Immuno Research 711-165-152 
Mouse IgG Sheep HRP Jackson Immuno Research 515-035-062 
Mouse IgG Goat Texas Red Invitrogen T-862 
Rabbit IgG Donkey HRP Jackson Immuno Research 711-035-152 
Mouse IgG Donkey Alexa Flour 488 Invitrogen A21202 
Rabbit IgG Donkey HRP Jackson Immuno Research 711-035-152 
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2.2 Polymerase chain reaction (PCR) 

Amplification of the desired DNA fragments for generating gene-targeting vectors or for 

detecting gene-expression or for genotyping was carried out by polymerase chain reaction (PCR). 

High fidelity Takara LA Taq kit (Takara Inc., USA #TAK RR002A,M,B,C) which includes Taq 

Polymerase, Mg2+ and dNTPs was used for PCR reactions on the amplification of DNA 

components for gene-targeting vector. The regular Taq polymerase (New England Biolabs, 

#M0267L) was applied for genotyping of mice used in this study. The Taq polymerase for real-

time PCR was included in the Power SYRB green PCR master mix kit (Applied Biosystems, 

#4367659). 

The amount of the DNA used in PCR reactions varied depending on the source; generally 

1-10 ng for purified cDNA or 100 ng genomic DNA was used. Unpurified DNA from ear-punch 

lysate was applied for genotyping of transgenic mice. A reaction containing no DNA was used as 

a negative control. For primers, 100 ng were added in the PCR reactions and the final volume of 

the PCR reaction was made to 50 µl with filtered sterilized nano-pure water. Samples were 

overlaid with mineral oil and amplified using BioRad thermocycler. The reaction was optimized 

for different samples based on the general program as listed in Table 2.3.  

Table 2.3 Most frequently used PCR setting 

Temperature 94°C 94°C (A*-5)°C 72°C 72°C 4°C 
Time 1min 30sec 30sec 30sec 10min infinity 

No. of cycles  30 30 30 10  
A* refers to annealing temperature suggested by primer composition 

2.3 Purification of PCR products 

The PCR products were separated by running on 1% agarose gel at 100 V until the 

desired separation range was achieved. Using AlphaImager (BioRad), the corresponding bands 
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were visualized and specifically excised with aid of ethidium bromide under UV illumination. 

The PCR products were purified using gel purification kit (Qiagen, #28704) following 

manufacturer’s instructions. 

2.4 Restriction digestion and ligation 

Restriction enzymes required for the project were obtained from New England Biolabs. 

The reaction volume was adjusted according to the need of the experiment, and the reaction was 

incubated for 1 hr at 37°C. The amount of DNA digested varied depending on the downstream 

experiment. Generally, 4 µg DNA was used for isolating the DNA inserts for downstream 

cloning. Ligation was carried out overnight at 16°C using Takara Ligation Kit (Takara Inc., USA; 

#6021). The ratio of the DNA inserts to the cloning plasmids generally was 1:3.  

2.5 Transformations of plasmid DNA and screening for positive clones 

For bacterial transformations, frozen aliquots (50µl) of DH5α cells (Invitrogen, Canada; 

#18258-017) were thawed, mixed with 1 ng of plasmid DNA or 10 µl ligation mixture on ice. 

Heat shock was carried out at 37°C for 30 sec and then on ice for 2 min.  400 µl LB medium (10 

g Bacto-Tryptone, 5 g Bacto-Yeast, 10 g NaCl in 1000 ml H2O, pH 7.0) was added and cells 

were allowed to grow without selection for 1 hr on a 37°C shaker. Aliquots of 50µl (for pure 

plasmid) to 200µl (for ligation products) were plated onto ampicillin containing LB agar plates 

and incubated overnight at 37°C. For the isolation of plasmid DNA from bacterial clones, 

miniprep kits (Sigma, #PLX15/Fermentas, #K0503) were used. Plasmid DNA was isolated 

according to manufacturer’s instructions. The identity of the positive clones was revealed by 

restriction digestion and confirmed by DNA sequencing. 
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2.6 Generation of HLTF knockout mice 

2.6.1 General Principle 

To specifically knockout HLTF expression from mouse genome, we applied a mouse ES 

cells mediated gene targeting approach. As shown in Figure 3.1, the gene targeting cassette was 

specifically designed to replace the first five exons of the mouse HLTF gene with the nls-LacZ-

loxP-neo-loxP cassette. The gene targeting vector contains 5’ and 3’ arms of homology, the 

replaced cassette and a pGK-DTA (diphtheria toxin) negative selection marker. This gene-

targeting vector was linearized, and transfected into R1 ES cells, derived from inner cell mass of 

the blastocyst embryos of chinchilla 129Sν and agauti 129Sν-CP mice cross (Nagy et al., 1993). 

Transfected ES cells were selected by G418. Correct homologous recombination in G418-

resistant ES clones was analyzed by Southern blot analysis using both 5’ and 3’ probes located 

upstream and downstream of the targeted HLTF sequence (Figure 3.1). Two independently 

targeted ES clones were used to generate chimeric mice by ES cell⇔diploid embryo aggregation. 

Transmitting chimeric males were crossed with EIIa-cre mice (ubiquitously expressed Cre 

recombinase, obtained from Jackson Laboratories) to delete the loxP flanked neo cassette from 

the targeted allele. The resultant mouse allele was further bred to produce HLTF heterozygotes 

which were then intercrossed to generate HLTF homozygotes (HLTF-/-) for phenotypic analysis. 

2.6.2 Generation of HLTF gene-targeting vector 

A PCR-based cloning strategy was applied to generate HLTF gene-targeting vector. The 5’ and 3’ 

regions of homology were amplified using high fidelity polymerase (Takara EX TaqTM, Takara 

Bio Inc., #RR001A) from mouse genomic DNA prepared from R1 ES cells (Nagy et al., 1993). 

The primer sequences are listed in Table 2.3. After validation by DNA sequencing, the HLTF 5’ 

arm DNA fragment was ligated with the nlsLacZpA-loxP-pGKneo-loxP cassette in Vector A 
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(Figure 2.1). The HLTF 3’ arm DNA fragment was inserted 3’ of pGK-DTA cassette in Vector B. 

Subsequently, using the enzymes as presented in Figure 2.1, the HLTF-3’ arm-pGK-DTA 

fragment was inserted into the sites of Xho1/Not1 in Vector A to generate the final gene-targeting 

vector that contains HLTF 5’arm-nlsLacZpA-loxP-pGKneo-loxP-HLTF3’arm-pGK-DTA (Figure 

2.1). 

 
Table 2.4 List of primers used for generating HLTF targeting vector 
 

PCR 
amplification Forward (5'-3') Reverse (5'-3') 

5' homology 
arm ggcgcgcccagggttatacacacagaggccacaagaag ccatggcgcggggcggggtgacttcg 

3' homology 
arm ctcgagatgaaaaggaaggtagattcacatatatac ccgcgcggttgattacagccatgttctgatcttg 
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Figure 2.1 Cloning strategy for HLTF gene targeting vector. 
The green and blue arrows in vector A and B indicate the positive and negative selection markers, 
respectively. Orange lines denote the 5’ arm of homology and red lines indicate 3’ arm of 
homology. Restriction enzymes used in generating insert or vectors fragments are also indicated. 

 

2.6.3 ES cell transfection 

The gene-targetting vector was linearized by the digestion with SacII. The digested 

plasmid was then separated on 1% agarose gel and purified using a QIAquick gel extraction kit 

(Qiagen, #28704). The final product was suspended in 20 µl ddH2O. This prepared DNA was 

then transfected into ES cells via electroporation using the GenePulser (BioRad, # 1652108). 
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After transfection, cells were cultured on gelatine coated plates with knockout DMEM media 

(Gibco, #10829) supplemented with 15% FBS (Hyclone, #SH30396.03), 0.1mM non-essential 

amino acids (Gibco, 11140). On day 2, 250ug/ml G418 was added for selection. The G418-

resistant ES clones were picked and cultured in 96-well plates (Gertsebstein et al., 2002). 

2.6.4 Southern blot analysis of HLTF targeted ES cells 

2.6.4.1 Preperation of genomic DNA from ES cells 

The isolation of genomic DNA from ES cells grown in 96-well plate was performed with 

a Proteinase K based digestion method (Gertsenstein et al., 2002).  In brief, after aspiration of 

media, cells were washed with 1X PBS and then digested with 1 mg/ml Proteinase K in the lysis 

buffer (10mM Tris-HCl, pH 7.5, 10mM EDTA, 10mM NaCl, 05% sarcosly) at 55°C in a 

humidified chamber overnight.  The DNA from these digested ES cells was precipitated by 100 

µl cold NaCl/Ethanol (150 µl 5M NaCl to 10 ml 100% ethanol). The precipitated DNA was then 

washed three times with cold 70% ethanol. After final wash, the precipitated DNA on 96-well 

plate was air-dry for 10 min. These prepared DNA samples were further digested with restriction 

enzymes, BamH1 for the Southern blot analysis with 5’ probe and EcoR1 for the Southern blot 

hybridization using 3’ probe. 

2.6.4.2 Southern Blot analysis 

The Southern blot hybridization was performed based on a standard procedure 

(Chomczynski, 1992). In brief, the digested genomic DNA was separated on 0.8% agarose gel. 

After electrophoresis, the gel was treated with denaturing solution (1M NaCl, 0.5M NaOH) for 

20 min at room temperature, and then changed with neutralizing buffer (3M NaCl, 0.5M Tris-

HCl, pH 7.4), incubated for 20 min. After washing with 10X SSC for 20 min, the genomic DNA 

in the gel was transferred to Hybond-N, Nylon membrane (Amersham) by upward capillary 
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transfer in 10X SSC. The membrane was UV cross-linked for 2 min before hybridizing with P32 

labelled probes.   

Both 5’ and 3’ external probes were generated by PCR amplification using the primers as 

listed in Table 2.4. The PCR fragments were sub-cloned into pGEMT-easy vector. Both 5’ and 3’ 

probes in this vector were then isolated using EcoR1 digestion. 50 ng purified probe was labelled 

with 32P-dCTP using the Rediprime II kit (GE Healthcare).   

Table 2.5 List of primers used for making 5’ and 3’ probes for Southern blot 
 

PCR 
amplification Forward (5'-3') Reverse (5'-3') 

5' external 
probe tctctccacctgccccaacttgcatca ctagttcacatcaggagtctcaagactgtg 

3' external 
probe gctctaccctggagattacatagatg gtaaggtctaaggcattgtcttcaaag 

 

Before hybridization with P32 labelled probes, the non-specific binding of probe to the 

membrane was prohibited by the incubation of membrane with a hybridization buffer (5X 

Denhardt, 5X SSC, 0.8% SDS) containing 100 µg/ml heat denatured salmon sperm DNA at 65°C 

for 4 hrs. The hybridization was then performed in fresh hybridization buffer containing 5×106 

cpm/ml of probe by incubating overnight at 60-65°C. The membrane was then washed 3 times 

(20min/per time) with 0.1X SSC containing 0.1% SDS at 65°C. Hybridization signals were 

acquired by exposing the membrane to phosphor-imaging screens and visualized by 

autoradiography using X-OMAT MS films (Kodak). 

2.6.5 ES cells diploid aggregation to generate chimeric mice 

For ES cell diploid aggregation, the E2.5 (8 cell stage) embryos from ICR/CD1 mice were 

used. These embryos were flushed using M2 media (Speciality Media, #MR-015-D). Only 
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embryos with good morphology were selected and incubated with Acid Tyrode’s solution 

(Sigma, #T1788) to remove the zona of the embryos. These treated E2.5 embryos were then 

aggregated with the HLTF targeted ES cells (8-10 cells). This ES-diploid aggregates were 

cultured with M2 medium at 37°C for 24 hrs in 5% CO2 incubator. The aggregates that 

developed to blastocyst stage were collected and transplanted to the uterus of pseudo-pregnant 

mice (Nagy et al., 1993).   

2.6.6 Generation of HLTF -/- mice 

Two independently targeted ES cell clones were used to generate chimeric mice by ES 

cell-diploid aggregation. The transmitting chimeric males were crossed with EIIa-Cre (JAX lab, 

Bar Harbor/Maine) to delete loxP flanked neo cassette from targeted allele. The resulted mouse 

allele, HLTF +/- was further bred with 129S1 females to produce hemizygous transgenic 

offsprings on 129S1/C57BL/6 background. HLTF +/- were backcrossed to C57BL/6 by eight 

generations. All the mouse experiments were performed in accordance with procedures approved 

by the University of Manitoba Central Animal Care Committee. 

2.6.7 Generation of HLTF -/-APC Min/+ mice 

The APC Min/+ mice were purchased from The Jackson Laboratory and maintained on 

C57/B6 genetic background. These mice were bred with HLTF +/- (C57/B6 background) to 

generate a cohort of HLTF -/-APC Min/+ and APC Min/+ or HLTF +/-APC Min/+ mice.  

2.6.8 Generation of HLTF -/-P53 -/- mice  

The P53 -/- mice were purchased from The Jackson Laboratory and were maintained on 

C57/B6 genetic background. P53 +/- mice were bred with HLTF +/- (C57/B6 background) to 
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generate double heterozygotes. These mice were further inter-crossed to generate a cohort of 

HLTF -/-P53 -/-, HLTF +/-P53 -/- or HLTF +/+P53 -/-.  

2.7 Genotyping of transgenic mice 

A PCR based genotyping method was applied to genotype transgenic mice used in this 

study. Briefly, the ear punch collected from 3-week old mice was incubated with 100 µl  lysis 

buffer (50mM KCl, 10mM Tris-HCl (pH8.3), 2mM MgCl2, 0.1mg/ml gelatine, 0.45% Nonidet 

P40, 0.45% Tween-20) containing Proteinase K (Gibco, #25530015) at 55°C for 5 hrs. 2 µl lysate 

was mixed with 16.5 µl of ddH2O and then incubated at 95°C for 10 min to inactivate Proteinase 

K. At 85°C, 6.5 µl PCR cocktail mix containing 1X PCR buffer, 25mM MgCl2, 10mM dNTPs, 

primers (forward & reverse) and 1 units of Taq Polymerase was added. PCR products were 

separated on a 1% agarose gel and visualized by ethidium bromide staining. Images were 

acquired using Bio-Rad Gel-Doc system. 

Table 2.6 List of primers used for genotyping 

Primer name Sequence 

HLTF mut p1 5’-ggagctttatcaggctgtctggga-3’ 

HLTF mut p2 5’-aggaagatcgcactccagccagct-3’ 

HLTF wt p1 5’-gtccatgtcctagccatgagta-3’ 

HLTF wt p2 5’-gcttggtaaggactacaaagca-3’ 

P53 W3 5’-tatactcagagccggcct-3’ 

P53 W5 5’-acagcgtggtggtaccttat-3’ 

APC0033 5’-gccatcccttcacgttag-3’ 

APC0034 5’-ttccactttggcataaggc-3’ 

APC0758 5’-ttctgagaaagacagaagtta-3’ 
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2.8 X-gal staining 

The fusion of nls-LacZ with the endogenous start codon of HLTF in our generated HLTF 

knockout mice will allow this reporter to be regulated by the HLTF regulatory elements. 

Therefore, these established HLTF knockout mice can also be used to analyze HLTF expression 

during development. For detecting LacZ activity in these mice, the X-gal staining procedure was 

performed (Wu et al, 2010). The dissected mouse embryos or adult tissues were fixed at room 

temperature for 30 min (for E8.5 to E9.5) or 60 min (for E10.5 and tissues) using 4% 

paraformaldehyde (PFA) (Fisher, #T353-500), 0.2% glutaraldehyde (Sigma, #G-5882) and 

0.02% NP-40 (Sigma, #I-3021) in PBS. Fixed tissue were washed three times with PBS 

containing 0.02% NP-40 and finally stained overnight at 37°C with staining solution (4mM 

K4Fe(CN)6, 4mM K3Fe(CN)6, 2mM MgCl2, and 0.2% X-gal in PBS). 

2.9 Histological analysis 

2.9.1. Processing histological samples 

Mouse tissues or tumor samples were fixed overnight in 10% buffered formalin (Fisher 

Scientific, #245-684) at room temperature. The fixed samples were then processed in an 

automated tissue-processor, Citadel 1000 (Thermo Scientific) based on the standard procedure. 

Following processing, tissues were embedded in paraffin using embedding machine (Histocentre 

3, Thermo Scientific). Tissue sections (5 µm thickness) were prepared using a rotatory 

microtome (Leica, #RM 2245) and mounted on Superfrost plus slides (Fisher Scientific, #12-550-

15). Slides were dried overnight at room temperature and then stored in a slide box until further 

use. 
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2.9.2 Haematoxylin-eosin staining  

For this staining the standard protocol of Harris Haematoxylin was used (Prophet et al., 1992), 

tissue sections were subjected to de-paraffinization by incubating two times with xylene (3 min 

each time). Then, sections were re-hydrated by three changes in absolute alcohol (~10 dips in 

each), followed by 95% alcohol (~10 dips) and lastly with a wash in running tap water. Sections 

were stained with Harris’s haematoxylin (Sigma, #HHS16) stain for 5 min and then washed in 

water. To differentiate nuclear structures, sections were briefly incubated with acid alcohol (1% 

hydrochloric acid in 70% alcohol) and then washed well in running water. Tissue sections were 

rinsed with 95% alcohol and then stained with Eosin (Sigma, #HT 110-3-16) for 1 min. Slides 

were washed in running water to remove excess stain. Lastly sections were de-hydrated by 

incubating in 95% alcohol followed by three changes in absolute alcohol (~10 dips in each). Two 

changes in xylene were performed before mounting the slides with Permount (Fisher Scientific, 

#SP15).  

2.9.3 Peroidic acid Schiff’s (PAS) staining 

Mucus secreting goblet cells of intestinal epithelium can be specifically stained with 

Periodic acid Schiff’s solution (Grainger et al., 2010). In this procedure, tissue sections were de-

paraffinized, re-hydrated, and rinsed with ddH2O for 5 min, and then incubated with 0.5% 

periodic acid solution (Sigma, #395B) at room temperature for 5 min. After this staining, sections 

were rinsed with ddH2O and then stained with Schiff’s reagent (Sigma, #395A) at room 

temperature for 15 min. After a rinse with ddH2O, sections were counterstained with Mayer’s 

hematoxylin stain (Sigma, #068K4352) for 1 min and washed in running water to remove excess 

staining. The final stained sections were de-hydrated again and mounted using Permount. 
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Meyer’s hematoxylin stained the nuclei in tissue sections, and Periodic acid Schiff’s specifically 

stained mucus (range from purple to red) 

2.9.4 Alcian blue staining 

After de-parffinization and re-hydration, tissue sections were stained with 1% Alcian blue 

8GX solution (Sigma, #A3157) in 3% acetic acid (pH 2.5) for 15 min at room temperature 

(Grainger et al., 2010). Slides were rinsed with ddH2O and then washed in running water for 5 

min. After a wash with ddH2O, sections were counterstained with Nuclear Fast Red (Scytek, # 

NFS500) for 1 min. Sections were de-hydrated and mounted with Permount.  

2.9.5 Immunohistochemistry  

  Tissue sections 5 µm in thickness were prepared using a rotatory microtome (Leica, #RM 

2245) and were mounted on positively charged or APES coated slides (Fisher Scientific, #12-

550-15). Slides were dried overnight at room temperature. After de-parffinization and re-

hydration, sections were pre-treated, with Retrieval solution (Dako), and then blocked with either 

mouse IgG blocking reagent (Vector Laboratory, #BMK-2202) or serum free blocking reagent 

(Dako, #XX0909). Sections were further incubated with primary antibody diluted in 

1%BSA/TBST or antibody diluent buffer (Dako, #S3022) overnight at 4°C. The primary 

antibodies used in this study were listed in Table 2.1. Cover-slips were applied to evenly spread 

the primary antibody. After washing with TBS containing 0.1% Tween-20 buffer, sections were 

incubated with biotinylated anti-rabbit or anti-mouse antibody for 60 min at room temperature. 

The sections were washed 3 times with TBS-0.1% Tween-20 buffer and incubated with avidin-

biotin-peroxidase complex (Vector Laboratory), according to the manufacturer’s protocol. Color 

was developed using metal 3,3’-diaminobenzidine tetrachloride. 
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2.9.6 BrdU labelling 

For labelling cells with Bromodeoxyuridine (BrdU), mice were injected with 50 mg 

BrdU/bodyweight (kg) prior to 2 hrs or 24 hrs before dissection (Oshima et al., 1997). BrdU 

(Rohe, #10280879001) was prepared by dissolving in 0.9% NaCl to get the final concentration of 

1 mg/ml and was stored at -20°C. Collected tissues were fixed, processed as described above in 

section 2.10.1. Sections of 5 µm in thickness were cut and mounted onto the positively charged 

slides. Following air drying at room temperature, sections were de-waxed and re-hydrated (as 

mentioned above) followed by three washes of 5 min each in 1X PBS. Endogenous peroxidise 

were quenched by treating with 3% H2O2/10% methanol in PBS for 30 min at room temperature 

and again washed three times for 5 min each in 1X PBS. Proteins on the section were digested for 

enhanced signal with 0.25-0.5% pepsin/0.01N HCl (pH 2.0) in PBS for 30 min at room 

temperature. Slides were quickly rinsed in ddH20 and then pre-heated in ddH2O at 37°C for 5 

min. For de-naturation sections were incubated with 2N HCl at 37°C for 30 min and later 

neutralized with 0.1M sodium borate (pH 8.5) for 10 min at room temperature. After a rinse with 

running water and three washes with 1X PBS, Avidin/Biotin blocking reagent was applied for 15 

min each. Sections were further incubated with Mouse blocking IgG (Vector, ##BMK-2202) to 

block endogenous mouse IgG for 1 hr at room temperature. To drain the excess blocking reagent, 

slides were slightly tilted and primary mouse anti-BrdU diluted in antibody diluents was added. 

Overnight incubated at 4°C and then washed three times for 10 min each with TBST buffer. 

Secondary biotinylated anti-mouse IgG diluted in antibody diluents was applied and kept for 30 

min at room temperature. Three washes with TBST for 5 min each followed by addition of ABC 

complex solution (Vector, #PK-6100) for 30 min at room temperature. After washing, DAB 

substrate was added to the section for 5-20 min at room temperature. Slides were washed, 

counterstained with Mayer’s hematoxylin, de-hydrated and mounted with Permount.  
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2.10 RT-PCR 

2.10.1 RNA Isolation 

RNeasy plus kit (Qiagen) was used to isolate total RNA from different cell types (ES cells 

and HCT-116 cells) or mouse embryos according to the manufacturer’s instructions. The amount 

and the quality of isolated RNA were determined by spectrophotometer (NanoDrop 

Technologies, #ND-1000). Total RNA isolated was treated for 30 min at 37°C with DNase 

(0.5U; Sigma) to get rid of any DNA contamination in the sample. The enzymatic activity of 

DNase was inactivated with DNase stop solution (20mM EGTA, pH 8.0).  

2.10.2 Reverse transcription (RT) 

For RT reaction, 1 µg RNA was mixed with 1 µl (250ng/µl) random primers and 1 µl 

dNTP mix (10 mM) and 8 µl of nuclease free H2O in a nuclease free eppendorf tube. The mixture 

was heated to 65°C for 5 min and then kept on ice for at least 1 hr. The mixture was then 

transcribed using SuperScript III reverse transcriptase (Invitrogen, #18064) and RT buffer mix 

(0.5mM dNTPs, 10mM DTT, 50mM Tris-HCl pH 8.3, 75mM KCl, 3mM MgCl2) for 60 min at 

50°C. After RT reaction, the reverse transcriptase was denatured by incubating at 70°C for 15 

min.  

2.10.3 PCR Reaction 

cDNA generated in above reaction was then amplified using gene-specific primers listed 

in Table 2.5, Power SYRB green PCR master mix (Applied Biosystems, #4367659) and ddH2O 

at the reaction condition; 50°C for 2 minutes, 95°C for 10 min, 95°C for 15 sec, 58°C for 30 sec 

and 72°C for 31 sec. 
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Table 2.7 Primers used for RT-PCR 

Primer Sequence 

hHLTFqPCRp1 5’-catgaaatggaaccagctgaggct-3’ 

hHLTFqPCRp2 5’-tttcgctgttcccagaatggtgga-3’ 

mHLTFqPCRp1 5’-aagttgggtcccacaccaaagact-3’ 

mHLTFqPCRp2 5’-acatgagccggcctactatagctt-3’ 

mHLTFqPCRp3 5’-atgatggagtgctcagaggcatgt-3’ 

mHLTFqPCRp4 5’-tcaatccagttgctgagcacagag-3’ 

mGAPDHqPCRp1 5’-tcaacagcaactcccactcttcca-3’ 

mGAPDHqPCRp2 5’-accctgttgctgtagccgtattca-3’ 

hGAPDHqPCRp1 5’-tcgacagtcagccgcatcttcttt -3’ 

hGAPDHqPCRp2 5’-accaaatccgttgactccgacctt-3’ 

mPPIAqPCRp1 5’-agcatacaggtcctggcatcttgt-3’ 

mPPIAqPCRp2 5’-caaagaccacatgcttgccatcca-3’ 

hPPIAqPCRp1 5’-agacaaggtcccaaagacagcaga-3’ 

hPPIAqPCRp2 5’-tgtgaagtcaccaccctgacacat-3’ 
 

2.10.4 Comparative Ct method 

A comparative cycle threshold (Ct) method was applied to quantitate RT-PCR data in this 

study. The Ct corresponds to the number of PCR cycles at which significant exponential increase 

in fluorescence is detected, and therefore, it is directly correlated with the number of copies of 

cDNA template present in the reaction (Schmittgen and Livak, 2008).  

2.11 Cell Culture 

2.11.1 Human cancer cell lines 

Hela cells (kindly provided by Dr. Louise Simard, University of Manitoba) were cultured 

in Dulbecco’s modified essential medium (DMEM) (Gibco, #SLM-220-B)) supplemented with 
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10% FBS (Hyclone, #SH30396.03), 1mM sodium pyruvate (Gibco, #11360-070)) and 100 

units/ml penicillin/streptomycin (Gibco, #15140-122) in culture plates. SW-480 colon cancer 

cells (ATCC, #CCL-228) were cultured in Leibovitz’s L-15 medium (Gibco, #11415) 

supplemented with 10% FBS and 100 units/ml penicillin/streptomycin. HCT-116 colon cancer 

cells (ATCC, #CCL-247) were cultured in McCoy’s medium (Gibco, #12330031) supplemented 

10% FBS and 100 units/ml pencillin/streptomycin. Human embryonic kidney (HEK)-derived 

cells (also known as packaging cells) (kindly provided by Dr. Mojgan Rastegar, University of 

Manitoba) were cultured in DMEM supplemented with 10% FBS and 100 units/ml 

pencillin/streptomycin.  

2.11.2 Mouse Embryonic Stem Cells 

Mouse embryonic stem cells were cultured in Dulbecco’s modified eagle medium 

(DMEM) (Gibco, #10829) supplemented with 18% FBS, 0.1mM non-essential amino acids 

(Gibco, 11140), 1mM sodium pyruvate, 0.1mM β-mercaptoethanol (Sigma, #M-7522), 2mM 

glutamax (Gibco, #35050-061), Leukemia inhibitory factor (LIF), and 100 units/ml 

penicillin/streptomycin. The cells were maintained in a humidified incubator in the presence of 

5% CO2 at 37°C.   

2.11.3 Isolation and culture of mouse colon tumor cells 

Tumors isolated from mouse colon were minced with sterile razor blade and treated with 

HBSS buffer containing 60 units/ml dispase I (Sigma, #D4818), 0.2 mg/ml soybean trypsin 

inhibitor (Sigma, #T6522) and 2% bovine serum albumin for 1 hr at 37°C. Tumor cells were 

collected after centrifugation and washed with DMEM containing 10% sorbitol and 5% fetal 

bovine serum.  Cells were later cultured in 6 cm plates coated with 10 µg/ml mitomycin treated 

feeder cells in DMEM/Ham’s F12 (1:1) media supplemented with 2% FBS, 5 µmol/L 
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dexamethasone (Sigma, #D-4902), 10 µg/ml insulin, 5.5 µg/ml transferring, 6.7 ng/ml selenium 

(Sigma, #S-5261), 2 µg/ml ethanolamine, 5 µmol/L triiodothyronine, 10 ng/ml epidermal growth 

factor, 0.2% D-glucose, 50 µg/ml gentamicin, 100 units/ml penicillin/streptomycin. Cells 

cultured for five days and then passed to 6 cm tissue culture plates with no feeder cells (Hinoi et 

al., 2007).  

2.11.4 Maintaining cells in culture 

HeLa, SW-480, and HCT-116 cells were grown until reaching 80% confluence and then 

treated with 0.05% Trypsin-EDTA for 5 min to detach cells from culture plates. Cells were then 

pelleted in 15 ml conical screw capped tube by centrifuge at 1000 rpm for 5min at room 

temperature. 1/5 cells were passed to new culture plates for maintaining these cells in culture.  

2.11.5 Freezing cells 

Freezing cells in liquid nitrogen was applied to store the cells. In this procedure, the cell 

pellet was re-suspended in freezing medium {complete culture medium supplemented with 10% 

FBS and 10% DMSO (Sigma, #D-2650)}, and then transferred to cryo-vials, which were stored 

in -80°C freezer for 24 hrs and then transferred to liquid nitrogen for long term storage. 

2.12 Immunoflourescence 

2.12.1 Immunoflourescence on cultured cells 

One day prior to immunofluorescence, cells were seeded on autoclaved coverslips at the 

density of 1 × 104 cells per 6-well plate and allowed to grow to obtain approximately 60% 

confluence. Then, cells were briefly fixed for 10 min with 4% PFA at room temperature or with 

ice-cold 100% methanol (Fisher, #BP1105-4) for 5 min at -20°C. The PFA fixed cells, were 

permeablized with 0.2% Triton-X-100 (Fisher, #BP151-100) for 10 min at room temperature and 
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followed by three washes with 1X PBS. After blocking with 3% BSA in PBS for 1 hr at room 

temperature, slides were incubated with primary antibody diluted in blocking buffer at 37°C for 1 

hr or at 4°C overnight. The stained slides were then washed 3 times with 0.25% Tween-20/PBS 

(5 min each), and incubated with secondary antibody at room temperature for 1 hr. After washing 

the slides were counter stained with 0.5µg/ml with DAPI (Dako) for 1 min and mounted with 

Prolong Gold Antifade (Invitrogen, #36930)). Fluorescence was visualized using Zeiss Axiophot 

Microscope (Carl Zeiss, Canada) using 63X/1.4 oil objective and images captured with the 

cooled-charge-coupled device (Carl Zeiss, Canada). 

2.12.2 Chromosomal Immunoflourescence 

Cells were treated with 1 µg/ml nocadazole (Sigma, #M-1404) for 6 hrs, and then the 

cells were trypsinized and collected. After a wash with 1X PBS, cells were treated with hypotonic 

buffer (0.2% KCl + 0.2% Tri-sodium citrate) at room temperature for 10 min and then 

centrifuged onto SuperFrost Plus glass slides at a medium acceleration in Shadon Cytospin 4 

(Cesare et al., 2009). Once the cells were deposited on the slides, cells were fixed with 4% 

paraformaldehyde at room temperature for 10 min and permeabilized with KCM buffer (120 mM 

KCl, 20 mM NaCl, 10 mM Tris pH 7.5, 0.1% Triton X-100) for 10 min as described previously 

(Cesare et al., 2009). Slides were blocked by incubating with antibody dilution buffer (ABDIL; 

20 mM Tris pH 7.5, 2% BSA, 0.2% Fish Gelatin, 150 mM NaCl, 0.1% Triton X-100) for 15 min 

at room temperature. Primary antibodies were diluted in ABDIL and slides were incubated for 1 

hr at room temperature. Three washes were performed with 1X PBS before applying secondary 

antibody, which was also diluted in ABDIL and incubated for 30 min at room temperature. Slides 

were washed three times with 1X PBS before DAPI staining and mounted with Prolong Gold 

(Invitrogen). 
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2.12.3 Immuno-FISH assay 

This assay was carried out essentially based on an established protocol in Dr. Titia de 

Lange’s laboratory (Herbig et al., 2004). In this procedure, 1 × 106 cells were grown on uncoated 

glass slides 26 × 76 mm (Kindler, #1485176) (were sterilized by ethanol) in 10 cm tissue culture 

plate until 50% - 60% confluence. For immunofluorescence, areas with cells on the slide were 

marked with diamond marker (24 × 24), then washed with 1X PBS and fixed with 4% 

paraformaldehyde for 10 min at room temperature. The following immuno-staining was done 

based on immunoflourescence protocol as described in Section 2.12.1. After the incubation with 

the secondary antibody, the slides were washed three times (5 min/per time) with 1X PBS, and 

then fixed with 2% paraformaldehyde for 5 min at room temperature. After fixation, the slides 

were washed with PBS, and dehydrated in ethanol series, 70%, 95% and 100% for 3 min each. 

The slides were air-dried completely before proceeding to hybridization with telomeric probe. 

Telomeric probe (50 µl) TelC-Cy3 (Pangene, #F1002) were added to the marker area of the slide 

and covered with the cover-slips. Slides were placed on the hot plate with 80°C for 4 min for the 

denaturation of the probe and target DNA. Slides were then incubated in dark for 2 hrs at room 

temperature, alternatively at 4°C for overnight. Cover-slips were carefully removed and slides 

were washed two times with wash buffer (70% formamide + 10 mM Tris pH 7.2) for 15 min 

each. Three washes were performed with 1X PBS for 5 min each before staining cells with DAPI 

and finally mounted with Prolong Gold. 

2.13 Preparation of chromosome spreads 

2.13.1 Chromosomal spreads from mouse lymphoma cells 

This procedure was performed according to the established protocol in Dr. Sabine Mai’s 

laboratory, University of Manitoba (Guffei et al., 2007). Mice were sacrificed by cervical 
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dislocation, and lymphomas developed in thymus or spleen was collected. Half of the tumor was 

used for histology and another half was placed in a culture dish with 5 ml of RPMI-1640 medium 

(Gibco, #11875)). To flush the cells from tumor, the tumor mass was first punch by 26 G needle 

and then flushed by using syringe with 21G needle with media until the tissue turned pale. Media 

containing cells was then transferred to 15 ml centrifuge tube and centrifuged for 10 min at 800 

rpm. The cell pellet was re-suspended with 5 ml of ACK buffer (4 g NH4Cl, 0.5 g KHCO3, 20 mg 

EDTA in 500  ml of dH2O, pH 7.4) to remove red blood cells. The cells were immediately 

centrifuged again at 800 rpm for 5 min to avoid excessive treatment that could damage 

lymphocytes. After centrifugation, colour of the pellet was checked to make sure all the red blood 

cells were successfully removed; otherwise one more treatment with ACK was needed. Once the 

cell pellet was clear, it was re-suspended in 10 ml of RPMI-1640 supplemented with 10% FBS, 1 

mM sodium pyruvate, 1 mM glutamine, 0.1 mM β-mercaptoethanol and 100 units/ml 

penicillin/streptomycin and plated in 10 cm tissue culture plate. Plates were placed in 37°C for 1 

hr to remove dead cells and big cell clumps. Then, the culture plates were removed from 

incubator gently and media along with cells were transferred to 15 ml centrifuge tubes, and 

centrifuged at 1000 rpm for 5 min. The cell pellet was re-suspended with 1X PBS and 

centrifuged, and the cell pellet was re-suspended in 5 ml of 0.075 M KCl buffer (hypotonic) and 

incubated for 30 min at room temperature. After centrifuge, the pellet was fixed with 

methanol:acetic acid (3 parts: 1 part) at room temperature. For this fixation, a drop fixation 

method was carried out in which pellet was fixed gradually drop-by-drop until the volume of 

fixative increased to 5 ml in the time frame of 30 min (Louis et al., 2004). Cell were then mixed 

well with fixative and kept for 10 min at room temperature. After centrifugation at 800 rpm for 

10 min, the pellet was re-suspended in 5 ml fixative solution and stored at -20°C. 
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2.13.2 Chromosomal spreads from normal splenocytes 

Mice were sacrificed by cervical dislocation, and spleen was collected in RPMI-1640 

media. Based on the procedure as described in section 2.14.1, splenocytes were flushed and 

treated with ACK buffer. These splenocytes were placed in a 10 cm culture plate with 10 ml 

RPMI-1640 supplemented with 10% FBS, 1 mM sodium pyruvate, 1 mM glutamine, 0.1 mM β-

mercaptoethanol and 100 units/ml penicillin/streptomycin. To stimulate the division of these 

cells, 150 µl LPS (1mg/ml, Sigma) was added and incubated at 37°C, 5% CO2 incubator for 48 

hrs. At 48 hour time point, cells were treated with 100 µl colcemid (Gibco, Karyo MAX 

colcemid solution, # 15210-040) for 1 hr at 37°C, collected and treated with hypotonic and 

fixative solutions as described in section 2.14.1. 

2.13.3 Chromosomal spreads from mouse colon tumor cells 

Mouse colon tumor cells were treated with 1 µg/ml of nocadazole at 37°C, 5% CO2 

incubator for 7 hrs. Then, the cells were collected and treated with hypotonic and fixative 

solutions as described in section 2.14.1. 

2.14 Giemsa staining 

Chromosomal spreads were prepared from the above mentioned preparation were dropped 

on the glass slide (Kindler, #1485176) evenly. Slides were then placed on the hot plate (40°C) for 

2-3 sec, and immediately dipped in 50% acetic acid solution and quickly placed back on the hot 

plate. Once dried, slides were stained with 2 ml staining solution, in which one part of Karyomax 

Giemsa stain (Gibco, #10092-013) which one was mixed with nine parts of 1X PBS, for 3 min. 

Slides were washed thoroughly with running water, and air dried. 
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2.15 Spectral Karyotyping 

Chromosomal spreads were dropped onto the slides. The quality of metaphase spreads on 

slide was first checked by Giemsa staining. Slides with at least 30 good metaphase spreads were 

selected, and the regions with good chromosome spreads were marked with diamond marker. 

SKY was performed as described previously (Schruck et al., 1996). These slides were incubated 

with 2X SSC for 10 min at room temperature, and then incubated with 100 µg/ml RNase 

A(Sigma, #R6148) in 2X SSC at 37°C for 1 hr. After washing three times with 2X SSC for 5 min 

each, the slides were incubated with 1mg/ml pepsin in 0.01 M HCl at 37°C. During the same 

time, SKY paint (Human or Mouse) (Applied Spectral Imaging) was aliquoted in eppendorf tube 

(7 µl per slide) and denatured by placing them in the block heater at 85°C for 5 min. Tubes were 

immediately transferred to 37°C water bath for 1 hr. Slides treated with pepsin were washed 

twice with 1X PBS for 5 min each and then fixed with 1% formaldehyde in 1X PBS/50mM 

MgCl2 for 10 min at room temperature. After this fixation, slides were washed with 1X PBS and 

then dehydrated with ethanol series 70%, 90% and 100% (2 min in each). Slides were air dried 

for 5 min.  For denaturation, slides were pre-warmed for 5 min in 70°C incubator, and then 

placed in 70% formamide/2X SSC (pH 7.0) for 2 min at 70°C water bath. After denaturation, 

slides were immediately transferred to ice cold ethanol series 70%, 90% and 100% for 3 min each 

and then air dried for 5 min. Once the slides were completely dried, 7 µl SKY probe (at 37°C 

water-bath) was applied to each slide and covered with 24 × 24 mm cover-slip without 

introducing any air bubbles. The edges of cover-slip were sealed with rubber cement to avoid any 

evaporation. Slides were transferred to humidified incubator at 37°C for 36 hrs. Before starting 

post-hybridization washes, all the washing solutions were titrated to pH 7.0 and prewarmed to 

45°C. Slides were first placed in 50% formamide/2X SSC (in water-bath at 45°C) for 5 min while 

shaking. This step was repeated three times, and then the slides were washed two times with 1X 
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SSC (5 min each) in 45°C water-bath with shaking. After completing these washes, 80 µl 

blocking buffer (included in SKY kit) were added and covered with 24 × 60 mm cover-slips. 

Slides were placed in humidified incubator at 37°C for 30 min. After 30 min, slides were 

removed from incubator and tilted to allow excessive blocking buffer to drain out. Anti-digoxin 

(80 µl) (Sigma, D-8156) diluted in 4% BSA/4X SSC (5 µl anti-dig in 1 ml) was applied and 

slides kept in humidified incubator at 37°C for 45 min. Three washes with 4X SSC/0.1% Tween-

20 for 5 min each were performed before incubating slides with Cy5/Cy5.5 antibodies (Rockland, 

S000-06/610-113-121). Cy5/Cy5.5 antibodies were also diluted in 4%BSA/4X SSC (5 µl each in 

1ml) and 80 µl was applied per slide and were incubated in humidified incubator at 37°C for 45 

min. Three washes for 5 min each were given with 4X SSC/0.1% Tween-20 and 15 µl of 

DAPI/Antibleach (provided by SKY kit) was applied to the marked region and covered with 24 × 

24 mm coverslip. Slides were kept at 4°C and were imaged later. 

 

2.16 Q-FISH / Telomere-FISH 

The established Quantitative Fluorescent In situ Hybridization (Q-FISH) assay is the most 

common method to detect telomeres on chromosomes (Zijlmans et al., 1997). It has been used 

extensively to quantitate telomere length.  This technique uses labelled (Cy3 or FITC) synthetic 

DNA mimics called peptide nucleic acid (PNA) oligonucleotides to quantify telomere sequences 

in chromosomal DNA using fluorescent microscopy and analysis software. This assay was 

performed according to the established protocol in Dr. Sabine Mai’s laboratory (Guffei et al., 

2007). Slide with at least 30 good metaphase spreads was selected and the regions of 

chromosomal spreads were marked with diamond marker. These slides were incubated with 1X 

PBS for 5 min at room temperature, and then fixed with 3.7% formaldehyde in PBS for 10 min at 

room temperature. After washing three times with 1X PBS for 5 min each, slides were treated 
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with 1 mg/ml pepsin in 0.01M HCl for 10 min at 37°C. Slides were washed with 1X PBS for 5 

min at room temperature and further fixed with 3.7% formaldehyde in 1X PBS for 5 min at room 

temperature. Followed by three washes with 1X PBS at room temperature, slides were 

dehydrated by incubating with 70%, 90%, 100% ethanol for 2 min each at room temperature. 

Slides were air-dried and 8 µl Cy3-(CCCTAA)3 PNA probe (DAKO, #K5325) was added onto 

the marked region on the slide, covered with 22 × 22 mm cover-slip and sealed with rubber 

cement to avoid evaporation. Slides were placed in ThermoBrite (Statspin) to run a Q-FISH 

program (denaturation at 80°C for 3 min and followed by hybridization at 30°C for 2 hrs). After 

the completion of hybridization, cover-slips were removed and slides were washed twice with 

wash buffer (70% formamide + 10mM Tris-Cl pH 7.4) at room temperature for 15 min each and 

followed by: 1 wash with 1X SSC at room temperature for 2 min, 1 wash with 0.1X SSC at 55°C 

for 5 min and 2 washes with 2X SSC/0.05% Tween 20 at room temperature for 5 min each. Cells 

were stained with DAPI and quickly rinsed with dH2O before proceeding to the second 

dehydration series of 70%, 90%, 100% ethanol for 2 min each at room temperature. Slides were 

air dried and mounted with 10 µl of vectashield (VectaLabs, # H-1000) and stored in dark at 4°C. 

Quantification of Q-FISH signals   

Good metaphase spreads (atleast 20) were acquired using Zeiss Axioplan 2 Imaging 

microscope with 63X objective. Each image was opened with case data manager and 

chromosomal/telomere contours were defined as shown in Figure 2.2. Software identifies each 

and every detectable telomere and generates excel file showing the intensity of the each 

detectable signal (Figure 2.2). Intensity data generated from all 20 metaphases (analyzed for each 

sample) were compiled together on a single excel sheet to generate the histogram of the telomere 

length pattern of that particular sample.  
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Figure 2.2 Quantification of telomere signals by case data manager. 

 

2.17 Western Blot 

The protein expression level was evaluated by Western blot analysis. To make the total 

protein extract, cells were briefly washed with 1X PBS (ice-cold) and then scrapped off the plate 

with the help of scrapper using RIPA buffer (50mM Tris-HCl, 150mM NaCl, 1mM EDTA, 1% 

Triton-X-100, 1% sodium de-oxycholate, 0.1% SDS). Cells were then transferred to ice-cold 

eppendorf tubes and then sonicated using sonic dismembranator (Fisher) for 10 sec pulse. 

Samples were incubated in lysis solution further at 4°C for 30 min while shaking and then 

centrifuged at 16000 rpm for 15 min. The supernatant was collected and its protein concentration 

was measured using BCA Protein Assay Kit (Pierce, #23225) based on manufacturer’s 
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instructions. A total of 30 µg protein was re-suspended in 2X Laemmli buffer (4% SDS, 20% 

glycerol, 10% β-mercaptoethanol, 0.004% bromophenol blue, 0.125M Tris-HCl pH 6.8) and 

boiled in boiling water for 5 min. Proteins were separated according to their molecular mass on 

8% SDS-polyacrylamide gel electrophoresis under denaturing conditions using Mini-PROTEN 

system (BioRad, #1653302) at 105 V for 2 hrs. A pre-stained protein ladder (Bio-Rad, #161-

0376) was used to determine the molecular mass of protein.  

Proteins in the gel were transferred to Hybond-ECL nitrocellulose membranes (GE 

Healthcare, #RPN68D). To check the efficiency of the transfer, membranes were stained with the 

Ponceaus stain (0.1g Ponceau stain in 1% acetic acid). Membranes were washed for 1 min with 

1X TBS followed by a rinse with dH2O. The membrane was blocked with 5% skim milk in 

0.005% TBS-Tween-20 (TBST) at room temperature for 1 hr. After blocking, membranes were 

incubated overnight at 4°C with primary antibody diluted in blocking buffer. Membranes were 

washed three times for 10 min each with TBST before incubating with secondary antibody 

diluted in blocking buffer at room temperature for 1 hr. After three washes with TBST for 10 min 

each, membrane was developed using Amersham Enhanced Chemiluninescence kit (GE 

Healthcare), following manufacturer’s instructions. 
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2.18 TRAP (Telomere Repeat Amplification Protocol) assay 

TRAP assay was applied in this study to determine the telomerase activity in HLTF 

knockout ES cells (LaBranche et al., 2001). This assay was based on a PCR method to amplify 

the extended telomeres directed by the telomeric-specific primer and the telomerase activity in 

the cell lysates (Figure 2.3).  

 

 

 
Figure 2.3 Schematic presentation of telomere repeat amplification protocol.  
The forward primer is mixed with cell extract and dNTPs. This is recognized by telomerase 
(enzyme present in cell extract), which synthesizes telomeric repeats onto the 3’ end thus leading 
to extension of the primer. This reaction is followed by PCR amplification, for which reverse 
primer (complementary to telomere sequence) and Taq polymerase is added. 
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2.18.1 Preparation of cell extract 

Derived HLTF knockout and wild-type ES cells were cultured as described in section 

2.12.2. The cell pellets were re-suspended with 200 µl 1X CHAPS lysis buffer (10mM Tris-HCl, 

pH7.5, 1mM MgCl2, 1mM EGTA, 0.1mM Benzamidine, 5mM β-mercaptoethanol, 0.5% 

CHAPS, 10% Glycerol) supplied with TRAPEZE telomerase detection kit (Chemicon, #S7700) 

and incubated on ice for 30 min. The supernatant was collected by centrifugation at 12000 rpm 

for 20 min at 4°C. The protein concentration was determined and the supernatant was aliquoted 

and stored at -85°C. 

2.18.2 End-labelling of the TS primer  

The end-labelling of the TS (Telomere specific) primer was performed according to 

instructions provided by TRAPEZE telomerase detection kit (Chemicon, #S7700). The TS primer 

was end labelled with γ-32P-ATP using T4 polynucleotide kinase. The following regents were 

combined to make 20 µl reaction; γ-32P-ATP (2.5 µl), TS primer (10 µl), 10X kinase buffer (2.0 

µl), T4 polynucleotide kinase (10 units/µl) (0.5 µl) and dH2O. The reaction mixture was 

incubated for 20 min at 37°C followed by incubation at 85°C for 5 min. 2 µl of labelled TS 

primer was used per TRAP assay reaction. 

2.18.3 Telomerase reaction and PCR 

The master mix for the PCR reaction was prepared as outlined by TRAPEZE telomerase 

detection kit (Chemicon, #S7700). All the required reagents were thawed on ice and master mix 

prepared by mixing, 5 µl of 10X TRAP reaction buffer (200mM Tris-HCl, pH 8.3, 15mM MgCl2, 

630 mM KCl, 0.5% Tween-20, 10mM EGTA), 1 µl of 50X dNTP mix, 2 µl of 32P-TS primer (2 

µl), 1 µl of TRAP primer mix (1 µl), 0.4 µl of Taq Polymerase (5 units/µl) and 38.6 µl of dH2O. 

For each reaction 48 µl of master mix was aliquoted into RNase-free PCR tubes. 2 µl of the cell 

extract added to 48 µl of master mix. The cells extract includes, (i) sample extract (ii) RNase 
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treated controls (2 µl of sample with 1 µl of RNase (10mg/ml) (iii) Telomerase-positive control 

(2 µl of positive control extract) (iv) primer-dimer/PCR contamination control (2 µl of 1X 

CHAPS lysis buffer) (v) Quantitation control, 1 µl TSR8 (control Template) + 1 µl H2O in one 

tube and 2 µl of TSR8 (Control Template) into another tube. The reaction mixture was then 

mixed well and placed in a thermocycler block and incubated at 30°C for 30 min to allow ladder 

extension of TS primer. The IInd step PCR was performed at 94°C for 30 sec, 59°C for 30 sec for 

30 cycles. Samples were then analyzed immediately on polyacrylamide gel electrophoresis or 

stored at 4°C for later analysis. 

2.18.4 PAGE and data analysis 

The TRAP reaction products were analyzed on 10% non-denaturing polyacrylamide gel 

electrophoresis. To prepare 10 % polyacrylaminde solution, 10 ml of 30% 

polyacrimidine/bisacrylamide, 1.5 ml of 10X TBE, 3ml of 5% ammonium persulfate, 30 ml of 

dH2O and 30 µl TEMED were combined. The mixture was loaded to the assembled glass plates 

and left for 30 min to polymerize. The gel was mounted in the electrophoresis chamber and upper 

and lower reservoirs were filled with 0.5X TBE buffer. The combs were carefully removed for 

loading the samples. For loading, samples were mixed with 5 µl of loading dye containing 

bromophenol blue and xylene cyanol. 25 µl of sample was loaded per lane and the gel was 

electrophoresed at 400V for 1.5 hrs (until the xylene cyanol runs 70-75% of the gel length). After 

electrophoresis, the gel was separated from the glass plates and laid out on 3MM filter paper, 

covered with saran wrap and dried at 80°C for 1 hr. The telomerase reaction products were 

visualized on the dried gel by autoradiography. 
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2.19 Lentiviral transduction 

Lentiviral based transduction has been demonstrated as an efficient tool for delivering and 

integrating genetic material into cycling, non-cycling mammalian cells, stem cells and even 

zygotes (Rubinson et al., 2003). One of the most popular applications of lentiviral transduction is 

for RNA interference (gene silencing). Similar to mouse knock out approach, RNAi (RNA 

interference) facilitates inactivation of specific gene’s function in mammalian cells.  

2.19.1 Replication and isolation of lentiviral vectors 

Different clones containing pGIPZ lentiviral backbone with shRNA targeting HLTF (NM 

003071, V2LHS 254799, _153142, _153143, _153144, _153146) and scramble control were 

kindly provided by Dr. Sam Kung (University of Manitoba). The HPV275, P633, HPV17 and 

pHCMV-VSV-G vector encoding lentiviral packaging proteins gag/pol, rev, tat and VSV-G 

respectively were generous gifts from Dr. Mojgan Rastegar (University of Manitoba). Each of 

these vectors was amplified in DH5α cells and prepared using midi-prep kit (Qiagen, #12143) 

according to manufacturer’s instructions. 

2.19.2 Packaging of lentiviral vector 

293T packaging cell line was used to package the shRNAHLTF and shRNAScramble 

expression vectors into replication deficient lentiviral particles. These cells were recovered from 

liquid nitrogen and cultured at least one week prior to transfection to make sure that cells were 

growing properly. A day before transfection, 293T cells were plated in T75 flask at 7.5 × 106 

cells per flask in the final volume of 10 ml of DMEM medium complete culture medium. 24 h 

later, cells were co-transfected with 15 µg shRNA vector, 10 µg gag/pol, 10 µg tat, 10 µg rev and 

5 µg VSV-G using Lipofectamine 2000 (Invitrogen, #11668-019). In brief, all the above 

mentioned plasmids were mixed and diluted with 1.875 ml of Opti-MEM medium (Invitrogen, 

#31985)). At the same time, 75 µl per transfection of Lipofectamine-2000 was diluted with 1.875 
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ml of Opti-MEM and incubated for 5 min at room temperature. After incubation, diluted DNA 

was combined with diluted Lipofectamine and mixed and further incubated for 20 min at room 

temperature. Meanwhile, 293T packaging cells were fed with fresh and warm DMEM medium 

without antibiotics. After 20 min of incubation, lipo-DNA complexes were added dropwise onto 

293T packaging cells and gently mixed by rocking the flask back and forth. 16 hrs post 

transfection, the complexes were removed and replaced with 13 ml of fresh DMEM complete 

culture medium. 

2.19.3 Harvesting lentivirus 

The culture supernatant was harvested after 48 hrs of infection. The viral supernatant was 

carefully collected to a 50 ml falcon tube and then filtered using 0.45 µm syringe filter. This virus 

containing supernatant was used immediately for HCT-116 cell transduction. 

2.19.4 HCT-116 cells transduction with Lentiviral vector 

A day prior to transduction, HCT-116 or HeLa cells were plated at the density of 1 x 106 

cells per 6 cm tissue culture plate and incubated overnight at 37°C, 5% CO2 incubator. 24 hrs 

later, media was replaced with polybrene (6µg/ml) containing lentiviral enriched DMEM (freshly 

harvested) media. The plates were gently rotated back and forth to ensure even distribution and 

then incubated at 37°C for 8 hrs. Then, lentiviral containing media was removed and replaced 

with 5 ml of fresh DMEM complete culture medium. Selection with puromycin to make stable 

cell lines was started 24 hrs later. Cells were incubated with DMEM containing puromycin at 

concentration of 1 µg/ml for three consecutive days until all control cells were killed. 

2.20 Statistics 

The log-rank survival curve was generated using Prism software (Graphpad Software, Inc. 

San Diego, CA). Statistical significance between genotypes was determined using built-in 

analysis for the survival curves consisting of a log rank test yielding the p-value. The statistical 
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significance of the cytogenetic aberrations observed in HCT-116HLTFshRNA and HCT-116scramble 

was determined by using paired t-test (two-tailed) prism software. 
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3.1 Generation and characterization of HLTF knockout mice 

3.1.1 Rationale 

Mouse models have been shown to be the most informative genetic tool for demonstrating 

a gene’s function in development and tumorigenesis (Frese & Tuveson, 2007). This is largely 

because the mouse shares many similarities to human in the aspects of genome organization as 

well as in physiological function. In the past, a mouse model has been demonstrated as an 

important genetic tool for modeling colon cancer development (Taketo & Edelmann, 2009). The 

best example are APC mutant mice that harbor a premature stop codon in the coding sequence of 

the APC tumor suppressor gene and develop multiple intestinal adenomas that mimic human 

familial adenomatosis polyposis with APC mutations (Su et al., 1992). Therefore, to determine 

whether loss of HLTF could be important for the development of colorectal cancer (the main 

goal of our study), we applied mouse ES cell-mediated transgenesis to generate HLTF knockout 

mice, and used these mutant mice to address the loss of HLTF function in the development of 

colorectal cancer.  

3.1.2 Generation of the HLTF null mouse allele 

The gene targeting vector created to disrupt mouse HLTF locus is shown in Figure 3.1 A. It was 

designed to replace the coding exons for residues 2-208 of HLTF with a nuclear localized LacZ 

(nls-LacZ) cDNA which was in frame fused with the endogenous HLTF starting codon. A 

positive selection marker, pGK-Neo cassette flanked by loxP sites, and a negative selection 

marker, pGK-DTA, was used to facilitate selection of correctly targeting ES cells. The gene-

targeting vector was linearized with SacII and then electroporated into R1 ES cells. The 

transfected ES cells were selected with G418 (250 µg/ml), and the G418-resistant ES clones 

were screened by Southern blot analysis for the correctly targeted allele using BamHI (for the 5’ 



 89  
 

external probe) and EcoRI (for the 3’ external probe) digestions (Figure 3.1 B & C). Two 

independent ES clones with correct homologous recombination were used to produce germ-line 

transmitting chimeras. In brief, these ES cells were aggregated with E2.5 embryos collected 

from CD1 mouse strain.  The blastocysts developed from these aggregates were implanted into 

pseudo-pregnant CD1 female mice for producing chimeric mice. The germ-line transmitting 

chimeras were further bred with a ubiquitous Cre transgenic line (EIIa-Cre) to delete loxP 

flanked pGK-neo selection marker from the targeted locus (Figure 3.1 A). The resulted HLTF +/- 

mouse allele, were maintained on either C57BL/6 or C57BL/6/129S1 background, was used to 

produce HLTF homozygous mutant mice for phenotypic characterization. A PCR based 

genotyping method was applied to genotype HLTF knockout mice with 300 bp amplified from 

wild type allele and 320 bp from mutant allele (Figure 3.1 D).  
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Figure 3.1 Targeted disruption of HLTF in mice by homologous recombination.  
(A) Schematic representation of the first 7 exons of the mouse HLTF locus, the gene-targeting 
vector, and the mutant alleles. The location of the hybridization probes (5’ probe and 3’ probe) 
for Southern blot analyses are shown. (B) Southern blot analysis of targeted ES cell clones using 
5’ probe. The genomic DNA was digested with BamH1 and hybridized with the 3’ probe, giving 
a wild-type allele of 8.7 kb and a mutant allele of 5.6 kb. (C) Southern blot analysis with 
3’probe, showing the targeted allele with a size of 8.8 kb and the wild-type allele of 12.1 kb 
fragment upon EcoRI digestion. (D) The genotype of HLTF knockout mice was determined by 
PCR amplification of ear-punch DNA. The amplified PCR products for wild type and mutant 
alleles are 300 bp and 320 bp, respectively.  
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3.1.3 Analysis of HLTF expression from targeted locus 

To determine whether HLTF expression is completely inactivated in HLTF homozygous mice, 

Northern blot analysis was performed on mRNA prepared from control and mutant E10.5 

embryos. Whereas a high-abundance of HLTF mRNA transcripts was identified in control (wild 

type and HLTF +/-) embryos by the probes that cover 5’ and 3’ of HLTF cDNA, respectively, 

none of these transcripts were detected in HLTF -/- samples (Figure 3.2 A). To further 

demonstrate the absence of HLTF expression in HLTF -/- mice, we also applied a more sensitive 

real time RT-PCR assay to determine the expression of HLTF in derived HLTF -/- mouse 

embryonic stem (ES) cells. With the primers located on the 3’ of HLTF cDNA, while a strong 

amplification of HLTF was detected in control ES cells, no signal was found in HLTF -/- ES cells 

(Figure 3.2 B). These data clearly indicate that the targeted mutation that we introduced to HLTF 

mouse genomic locus gave rise to a null allele. 
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Figure 3.2 Characterization of HLTF expression in HLTF knockout mice.  
(A) Northern blot analysis of HLTF mRNA in the E10.5 embryos of the indicated genotypes 
using cDNA probes that cover 5’ and 3’ coding sequence of HLTF, respectively. The 28S and 
18S ribosomal RNAs are shown as normalization. (B) Real-time RT-PCR for detecting 3’ coding 
sequence of HLTF in HLTF knockout ES cells. No HLTF transcripts were detected in HLTF -/- 
samples by both Northern blot and real-time RT-PCR assays.  
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3.1.4 Expression pattern of HLTF during embryonic development and adult tissues 
 
As a first step to determine the role of loss of HLTF function in vivo, we analyzed the expression 

pattern of HLTF during development in our established HLTF knockout mice. We took 

advantage of the inserted nls-LacZ reporter gene in HLTF knockout mice, whose expression is 

controlled by the endogenous HLTF regulatory elements. By determining LacZ activity in HLTF 

+/- embryos and adult mice, we found that HLTF is specifically expressed in the heart at early 

developmental stage (E8.5 to E9.5) (Figure 3.3 A). HLTF exhibits a more broad expression 

pattern at E10.5, with the detected LacZ signals in somites, branchial arches, limb bud and brain 

(Figure 3.3 B). At late embryonic developmental stages, such as E16.5, HLTF shows wide and 

strong expression in many tissues, including heart, lung, liver, kidney, spleen and pancreas 

(Figure 3.3 C). In both adult intestine and colon, HLTF expression was mainly detected in the 

crypts and in the intestinal epithelial cells (Figure 3.3 D). These data indicate that HLTF has a 

specific expression pattern during early embryonic development, and shows a more broad 

expression at late developmental stages. HLTF is also ubiquitously expressed in the epithelial 

cells of small intestine and colon.   
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Figure 3.3 Expression of HLTF during mouse development.  
The analysis was done by determining the activity of LacZ in HLTF knockout heterozygotes in 
which the lacZ reporter was in frame fused with endogenous HLTF start codon. (A) Whole 
mount X-gal staining of E8.5 and E9.5 HLTF +/- embryos, demonstrating the specific expression 
of HLTF in heart (indicated by white arrow). (B) Whole mount X-gal staining of E10.5 HLTF +/- 
embryos shows a more broad expression of HLTF. (C) X-gal staining of tissues collected from 
E16.5 HLTF +/- embryo. HLTF was found to be widely expressed in many tissues at this 
developmental stage. (D) X-gal staining of intestine and colon from two-month old HLTF +/- 
mice. HLTF was identified to be predominately expressed in the crypts as well as in the intestinal 
epithelial cells in both intestine and colon.  
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3.1.5 Phenotypic characterization of HLTF knockout mice 

The broad expression of HLTF during mouse development indicates that HLTF could be 

important for development. To address this, we bred HLTF +/- mice to generate HLTF -/- mice. 

These mutant mice were found to have normal embryonic and postnatal development. The HLTF 

null mice were fertile, and exhibited similar body weight and life span as wild-type (wt) 

littermates. 

 Since our expression data already showed that HLTF is ubiquitously expressed in the 

epithelial cells of small intestine and colon (Figure 3.3 D), we then asked whether loss of HLTF 

function could affect the cell proliferation and differentiation in these tissues. We first applied 

BrdU incorporation assay to compare the cell proliferation between wt and HLTF -/- intestine and 

colon. As shown in Figure 3.4 B & C, both HLTF +/+ and HLTF -/- intestine and colon displayed 

the similar number of BrdU positive cells within the crypt (2 h following BrdU injection) and in 

crypt-villus axis (24 h after BrdU injection). Using several cell lineage markers, we also found 

that HLTF -/- intestine and colon displayed normal epithelial differentiation as wt control (Figure 

3.5 & 3.6).     

 To determine whether loss of HLTF function could induce the formation of intestinal 

tumors or gastric tumors similar to humans in which HLTF has been frequently found to be 

epigenetically inactivated, we monitored a cohort of 60 mice (30 HLTF -/- mice on C57BL/6 

background and 30 wt age and genetic background matched littermates) with a normal diet for a 

two-year period. Similar to the wt control group, around 10% of HLTF -/- mice (3 out of 30) 

developed liver tumors or lymphomas between 16 and 24 months. However, none of HLTF -/- 

mice formed intestinal tumors or gastric tumors.   
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Figure 3.4 Loss of HLTF function does not affect the cellular proliferation in small 
intestine and colon.  
The small intestines and colons collected from 2-month old HLTF +/+ and HLTF-/- mice were 
stained with Haematoxylin-eosin (A ) and anti-Brdu antibody (B , C ). HLTF +/+ and HLTF -/- 
intestine and colon displayed the same morphology and the similar number of Brdu positive cells 
within the crypt (2 h following Brdu injection) and (C) in crypt-villus axis (24 h after Brdu 
injection). 
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Figure 3.5 Loss of HLTF function does not affect the differentiation of epithelial cells in 
small intestine.  
The small intestines from 2-month old HLTF +/+ and HLTF -/- mice were analyzed using several 
intestinal cell-lineage markers. The Goblet cells were determined by staining with Alcian blue 
(A ) and periodic acid-Schiff (PAS) (B ). The enteroendocrine cells were analyzed by immuno-
staining with anti-chromogranin A (C). The Paneth cells in small intestine were detected by anti-
lysozyme antibody (D). Intestine from both, HLTF +/+ and HLTF -/- showed very similar staining 
patterns for these markers. 
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Figure 3.6 Loss of HLTF function does not affect the differentiation of epithelial cells in 
colon.  
The colons from 2-month old HLTF +/+ and HLTF -/- mice were analyzed. (A) Alcian blue 
staining; (B) PAS staining; (C) Immuno-staining with anti-chromogranin A. No difference in 
staining pattern was observed in colon from both, HLTF +/+ and HLTF -/- mice.  
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3.1.6 Summary 

In this part, we have generated HLTF knockout mice that have complete loss of HLTF 

expression. With this mouse model, we further determined the role of loss of HLTF in mouse 

development and in the formation of colon tumors. We observed that although HLTF is widely 

expressed in many tissues, including intestine or colon, HLTF deficient mice displayed no 

characteristic phenotype and were found to have normal development.  These mutant mice were 

also found to lack of intestinal tumor formation. Data from this part of our study strongly 

indicate that HLTF is dispensable for development and loss of HLTF function is insufficient to 

drive the oncogenic process in gastrointestinal tract. All of these findings implicate that 

epigenetic inactivation of HLTF as commonly found in human colon cancers could be more 

involved in the late stage of intestinal tumor development. 
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3.2 Characterization of the formation of intestinal or colorectal cancers in HLTF -/-APC 
Min/+ mutant mice 
 
3.2.1 Rationale 

As demonstrated above, we have found that loss of HLTF function alone is insufficient to drive 

the formation of intestinal or colon cancers. Since HLTF has been shown to be frequently 

epigenetically inactivated in the advanced colon adenomas or cancers but not in early adenomas 

(Kim et al., 2006), loss of HLTF function could be involved in the late stage of intestinal or 

colon tumor development.  

 It has been demonstrated that germline mutations of APC is responsible for FAP, a 

disease characterized by the formation of multiple colonic adenomatous polyps with a high 

likelihood to develop colon carcinoma (Groden et al., 1991; Kinzler et al., 1991). APC mutations 

were also commonly identified in sporadic human colon cancers (Rowan et al., 2000). 

Furthermore, mouse models with APC mutations, such as APC Min/+, develop multiple intestinal 

adenomas that mimic human familial adenomatosis polyposis (Su et al., 1992). Therefore, it is 

believed that most human colon cancers are initiated by the inactivation of the APC/Wnt 

signaling pathway and then progress further as the result of a series of mutational activation of 

oncogenes coupled with the inactivation of tumor-suppressor genes (Walther et al., 2009).  

 Since the adenomas in APC Min/+ mice rarely progress to invasive intestinal or colon 

cancers (Su et al., 1992), this mouse model has been demonstrated as an excellent genetic tool 

for studying the later events involved in intestinal carcinogenesis. In the past, numerous studies 

have used this mouse model to identify the genetic or epigenetic alterations involved in the 

progression of colon cancers (Wei et al., 2002; Yamada & Mori, 2007). Based on these reasons, 

we decided to introduce the HLTF null mutation into APC Min/+ mice to determine whether loss 

of HLTF function could have a role in promoting intestinal tumor progression.  
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3.2.2 Generation of HLTF -/-APC Min/+ mice 

To generate HLTF -/-APC Min/+ mice, we first generated HLTF/APC double heterozygotes and 

then intercrossed them to produce offsprings that harbor different combination of mutations for 

HLTF and APC (Figure 3.7A). The mice were genotyped based on a PCR approach (Figure 

3.7B). To avoid strain-specific modification of the APC Min/+ intestinal tumor phenotype (Su et 

al., 1992), we maintained HLTF -/-APC Min/+ mice on C57BL/6 background. A cohort of 70 mice 

(30 HLTF -/-APC Min/+, 20 APC Min/+ and 20 HLTF +/-APC Min/+) were maintained with a normal 

diet for observing the phenotypes that are associated with intestinal or colon tumors, such as 

rectal prolapse, weakness and anemia. 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 
 

 

 

 

Figure 3.7 Generation of HLTF -/-APC Min/+ mice.  
(A) A breeding scheme for generating HLTF -/-APC Min/+ and their control littermates. (B) A 
PCR based approach to genotype the offsprings from the intercross of HLTF/APC double 
heterozygotes. HLTF mutant allele: 320bp; HLTF wild type allele: 300 bp; APC mutant allele: 
340 bp and APC wild type allele: 600 bp.  
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3.2.3 Development of intestinal cancers in HLTF -/-APC Min/+ mutant mice 

HLTF -/-APC Min/+ mice became moribund at the similar age as APC Min/+ mice. Post-mortem 

examination revealed that both HLTF -/-APC Min/+ and APC Min/+ mice developed the similar 

number of tumors in small intestine (average of 65 tumors/per mouse in both groups). However, 

upon histological characterization, the majority of HLTF -/-APC Min/+ mice (24 out of 30) were 

found to form invasive intestinal adenocarcinomas characterized by the deeper invasion of tumor 

cells into the muscularis propria (Figure 3.8 B). In contrast, most APC Min/+ mice only developed 

well-defined tubular adenomas or adenomas within the lamina propria (Figure 3.8 A). The 

invaded neoplastic glandular cells exhibited high β-catenin activity as reflected by the nuclear 

accumulation of β-catenin detected by immuno-staining with anti-β-catenin antibody (Figure 

3.9). All these clearly demonstrate that loss of HLTF function could promote tumor progression, 

leading to the formation of intestinal adenocarcinomas on APC mutant background. 
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Figure 3.8 Loss of HLTF function enhances the formation of intestinal adenocarcinomas 
on APC mutant background.  
(A) Haematoxylin-eosin staining of representative intestinal tumors developed in APC Min/+ 

mice, showing the formation of a well-defined tubular adenoma within the lamina propria in 
these mice. (B) Haematoxylin-eosin stained images demonstrate the formation of invasive 
intestinal adenocarcinomas (indicated by arrows) in HLTF -/-APC Min/+ mice. 
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Figure 3.9 The invaded intestinal adenocarcinoma cells in HLTF -/-APC Min/+ mice had high 
β-catenin activity. 
(A) Haematoxylin-eosin staining of intestinal adenocarcimas from HLTF -/-APC Min/+ mice. 
Arrowhead indicates tumor invasion through the submucosa and into the muscularis propria. (B) 
Immuno-staining with anti-β-catenin antibody, demonstrating that the invasive neoplatic glands 
contained high β-catenin activity as reflected by the nuclear accumulation of β-catenin signals 
(arrows). 
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3.2.4 Development of colorectal cancers in HLTF -/-APC Min/+ mutant mice 

HLTF -/-APC Min/+ mice were also found to develop the similar number of neoplastic lesions in 

colon as APC Min/+ mice (average of 1.5 tumors/per mouse). Histologically, although both HLTF 

-/-APC Min/+ and APC Min/+ colon tumors showed tumor growth with a pedunculated morphology 

protruding into the colonic lumen, around 60% of HLTF -/-APC Min/+ colon tumors displayed a 

more dramatic glandular atypia that resulted in the formation of numerous mucin-filled cysts 

(Figure 3.10), a characteristic pathological feature for human colon cancers (Bresalier & Kim, 

1998). Furthermore, HLTF -/-APC Min/+ colon tumors were also found to have stronger and more 

ubiquitous nuclear-stained β-catenin signals than the tumor cells in APC Min/+ mice (Figure 3.10). 

These data indicate that colon tumors from HLTF -/-APC Min/+ mice had progressed to a much 

higher grade than those from APC Min/+ mice. To further demonstrate the malignancy of colon 

tumors developed in HLTF -/-APC Min/+ mice, we derived tumor cells from these tumors and then 

subcutaneously injected them into Rag1 -/-IL2 -/- immune-deficient mice. Within 30 days after 

injection, these cells formed subcutaneous tumors that maintained the morphological and 

immunohistochemical features of the parental colon tumors (Figure 3.11). This capability of 

propagating tumor cells into another host was not observed in derived APC Min/+ colon tumor 

cells and thus further supports that HLTF -/-APC Min/+ colon tumors could be malignant cancers. 
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Figure 3.10 HLTF -/-APC Min/+ mice develop malignant colon cancers.  
(A) Rectal prolapse in HLTF -/-APC Min/+ mice, indicating the formation of colon tumors. (B) The 
formation of tumor in colon (indicated by arrow) dissected from HLTF -/-APC Min/+ with rectal 
prolapse. (C) Haematoxylin-eosin staining of representative colon tumors collected from APC 
Min/+ mice, showing a pronounced cribiform tumor growth but without tumor invasion. (D) Two 
representative colon tumors collected from HLTF -/-APC Min/+ mice, demonstrating the formation 
of numerous mucin-filled cysts within tumors (white arrowheads) and strong desmoplastic 
stromal reaction. (E) Immuno-staining with anti-β-catenin antibody. HLTF -/-APC Min/+ colon 
tumors had stronger and more ubiquitous nuclear-stained β-catenin signals than the tumor cells 
in APC Min/+ mice.  
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Figure 3.11 The formation of subcutaneous tumors from derived HLTF -/-APC Min/+ colon 
cancer cells in Rag1 -/-IL2 -/- immunodeficient mice.  
(A) Phase contrast image of cells derived from HLTF -/-APC Min/+ colon cancer. (B) 
Haematoxylin-eosin staining, demonstrating that subcutaneous tumors formed by HLTF -/-APC 
Min/+ colon cancer cells displayed similar neoplastic glandular structures as HLTF -/-APC Min/+ 
colon cancers. (C) Immuno-staining with anti-β-catenin antibody, showing strong nuclear-
stained β-catenin signals in these subcutaneous tumors. (D) Immuno-staining with anti-Villin 
antibody, indicating that these subcutaneous tumor cells were also positive for Villin, a marker 
for intestinal epithelial cells. Arrows indicate the tumor, whereas arrowheads mark the 
subcutaneous muscle layer. 
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Summary 

 In this part, we have generated HLTF -/-APC Min/+ mouse model and applied it to 

demonstrate that loss of HLTF function is able to promote intestinal or colon carcinogenesis in 

mice with a mutant APC background. This finding, together with human epigenetic evidence 

that HLTF is frequently silenced in the advanced human colorectal adenomas or cancers but 

uncommonly in early adenomas (Kim et al., 2006), indicates that epigenetic inactivation of 

HLTF could be an important event involved in the transition of benign adenomas to malignant 

colon cancer. Our results strongly suggest that aberrant methylation of HLTF, which leads to the 

loss of this gene’s function as found in most human colon cancers, could have a pathogenetic 

role rather than being a consequence of colorectal carcinogenesis. Therefore, further 

characterization of the role of HLTF in this pathogenesis, as presented in next sections, will have 

potential to increase our knowledge on the development of human colon cancers.  
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3.3. Characterization of chromosomal instability in HLTF -/-APC Min/+ colon tumor cells 

3.3.1 Rationale 

HLTF was originally identified as a DNA-binding protein that could interact with several gene 

promoters and enhancers (Ding et al., 1996; Sheridan et al., 1995). However, recent studies 

indicate that this DNA helicase is more involved in the DNA-damage repair pathway. First, 

HLTF has been shown to exhibit an E3 ubiquitin ligase activity for the polyubiquitination of 

proliferating cell nuclear antigen (PCNA), which is required for the initiation of an error-free 

replication through DNA damage lesions (Motegi et al., 2008; Unk et al., 2008). Second, HLTF 

has also been found to display a double-stranded DNA translocase activity, which promotes the 

resolution of stalled replication forks at DNA damage lesions (Achar et al., 2011; Blastyak et al., 

2010). Third, a recent study indicates that HLTF also possesses a chromatin remodeling activity, 

which leads to the displacement of DNA-bound proteins on stalled replication forks and 

facilitates DNA-damage repair (Achar et al., 2011). These findings demonstrate that HLTF is a 

functional homologue of yeast Rad5 and that it is required for an error-free post-replication 

repair pathway. The requirement of HLTF for repair of damaged DNA could explain its tumor 

suppressor role in human colon cancers by protecting chromosomal stability. 

Chromosomal instability (CIN) is a genetic hallmark of most human colon cancers 

(Grady, 2004). CIN, which accounts for 85% of colorectal cancers, exhibits aneuploid, allelic 

losses and other chromosomal abnormalities, such as translocation, fusion and breaks (Grady, 

2004). Human colon cancers with CIN phenotype have been found to behave more aggressively 

in terms of invasiveness and metastasis (Rajagopalan et al., 2003), implicating that CIN could be 

important for colon carcinogenesis. Although its role in the development of colon cancer is still 

not fully understood, CIN has been implicated to promote colon carcinogenesis by increasing the 
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rate of genetic aberration (Lengauer, Kinzler, & Vogelstein, 1997). Since HLTF has been shown 

to be required for the maintenance of genomic stability (as discussed in section1.2.3.2.4), it is 

most likely that intestinal or colonic tumors developed in HLTF -/-APC Min/+ mice have increased 

genomic instability which could drive the malignant transformation of adenomas to carcinomas. 

Therefore, to understand the role of loss of HLTF function in the development of colon cancers, 

in this part, cytogenetic approaches were applied to determine whether HLTF -/-APC Min/+ colon 

tumor cells display the similar CIN phenotype as human colon cancers. 

3.3.1 Increased chromosomal instability in HLTF -/-APC Min/+ colon tumor cells  

To identify chromosomal abnormalities in HLTF -/-APC Min/+ colon tumor cells, we first 

derived tumor cells from colon tumors developed in APC Min/+ and HLTF -/-APC Min/+ mice. All 

these tumors showed pronounced cribiform tumor growth without invasive neoplastic glands and 

were histologically characterized as late stage colonic adenomas. We then prepared metaphase 

spreads from passage 2 of these cells and performed cytogenetic characterization using Giemsa 

staining based karyotyping assays, spectral karyotyping (SKY) and telomere-FISH assays. 

Consistent with previous findings (Haigis, Caya, Reichelderfer, & Dove, 2002; Hinoi et 

al., 2007), colon tumor cells from APC Min/+ mice showed near-diploid karyotype and did not 

harbor obvious chromosomal abnormalities (Figure 3.12). In contrast, three colon tumor cell 

lines derived from HLTF -/-APC Min/+ mice displayed an aneuploid phenotype (Figure 3.12 B and 

C). Spectral karyotyping (SKY) analysis on these tumor cells further revealed high incidence of 

genetic alterations in the forms of nonreciprocal translocations, chromosomal fusions (which 

include both dicentric chromosomes and centromeric fusions), and chromosomal fragments and 

breaks (Figure 3.13  and Table 3.1), suggesting involvement of HLTF deficiency in promoting 

chromosomal instability. 
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Figure 3.12 Aneuploidy in HLTF -/-APC Min/+ colon tumor cells as revealed by Giemsa 
staining.  
(A) Representative metaphase spread of APC Min/+ colon tumor cells as revealed by Giemsa 
staining, showing a near-diploid karyotype without obvious chromosomal abnormalities in these 
tumor cells. (B) Giemsa staining of metaphase spreads prepared from derived HLTF -/-APC Min/+ 
colon tumor cells which displayed aneuploidy and gross chromosomal instability. (C) Summary 
of the average number of chromosomes in derived colon tumor cells from APC Min/+ and HLTF -/-
APC Min/+ mice.  
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Figure 3.13 Gross chromosomal abnormalities in HLTF -/-APC Min/+ colon tumor cells as 
determined by SKY. 
(A) Representative spectral karyotyping (SKY) image from HLTF -/-APC Min/+ colon tumor cells. 
(B-E)  The commonly detected chromosomal abnormalities in HLTF -/-APC Min/+ colon tumor 
cells. B: Robertsonian fusions; C: Dicentric chromosomes; D: Unbalanced chromosomal 
translocations; E: Chromosomal breaks.  
 
 
 
Table 3.1 Summary of cytogenetic aberrations observed with spectral karyotyping in colon 
tumors derived from Apc min/+ and HLTF -/-APC Min/+ mice. 

 
 

a Expressed as percentage of cells with other than 40 chromosomes (Each Robertsonian fusion 
counted as two chromosomes. 
b Expressed as total number of end-to-end associated chromosomes per metaphase including, 
dicentric chromosomes, telomere associations and Robertsonian fusions. 
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3.3.1 Telomere dysfunction in HLTF -/-APC Min/+ colon tumor cells 

The high frequency of chromosomal fusions as found in HLTF -/-APC Min/+ colon tumor 

cells suggest that these tumor cells may display telomere dysfunction. Telomeres are the 

repetitive G-rich sequences which are specifically located at the ends of chromosomes. Telomere 

can form a T-loop structure which protects the end of the chromosome deterioration or from 

fusion with neighbouring chromosomes (de Lange, 2005). Telomere dysfunction, such as loss of 

telomeres or telomere shortening, will disrupt this T-loop structure, resulting in the formation of 

DNA double strand overhangs which lead to chromosomal fusions (Longhese, 2008).  

Using telomere-FISH assay (described in section 2.16), we determined whether 

chromosomal fusions as observed in HLTF -/-APC Min/+ colon tumor cells could have telomere 

dysfunction. As shown in Figure 3.14 and Table 3.2, a high proportion of chromosomes in HLTF 

-/-APC Min/+ colon tumor cells showed telomere free ends. Furthermore, all the chromosomal 

fusions in these tumor cells were found to have undetectable telomere signals at fusion sites. 

These data highly suggest the presence of telomere dysfunction in HLTF -/-APC Min/+ tumor cells.  
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Figure 3.14 Telomere-FISH analysis of metaphase spreads from HLTF -/-APC Min/+ colon 
tumor cells .  
(A-B) Representative Telomere-FISH images, demonstrating loss of telomere signals at the ends 
of chromosomes (indicated by asterisk), telomere fragments (indicated by yellow arrows) and 
lack of telomere signals at chromosomal fusion sites (by white arrowhead) in HLTF -/-APC Min/+ 
colon tumor cells. Chromosomal DNA was stained with DAPI (blue), and telomeres were 
detected with Cy3-labelled telomere probe (red). (C-D) Images showing the commonly detected 
telomere aberrations in HLTF -/-APC Min/+ colon tumor cells. C: Lack of telomere signals at the 
chromosomal fusion sites (indicated by arrowhead); D: Lack of telomere signals at a dicentric 
chromosome (indicated by arrowhead).  
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Table 3.2 Summary of telomeric aberrations observed in colon tumors derived from from 
APC Min/+ and HLTF -/-APC Min/+ mice. 
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3.3.4 Summary 

Using different cytogenetic approaches, we have characterized chromosomal features in 

HLTF -/-APC Min/+ colon tumor cells. This characterization is based on the demonstrated role of 

HLTF in the maintenance of genomic stability, which suggests that loss of HLTF function in 

HLTF -/-APC Min/+ colon tumors may induce chromosomal instability. Indeed, this part of our 

work supports this notion. Collectively, our results demonstrate that HLTF -/-APC Min/+ colon 

tumors exhibited gross chromosomal abnormalities, similar to the CIN phenotype as described in 

85% of human colorectal cancers. This finding may suggest that genomic instability induced in 

these tumors is a driving force for colon carcinogenesis.  
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3.4 Characterization of tumor growth and chromosomal instability in HCT-116 colon 
cancer cells with HLTF knockdown 
 
3.4.1 Rationale 

 As demonstrated above, using our established HLTF knockout mice, we for the first time, 

were able to demonstrate that loss of HLTF function, as found in most human colon cancers, has 

a promoting effect in colon carcinogenesis. Furthermore, we have also provided solid 

cytogenetic evidence that HLTF deficient mouse colon tumors display severe chromosomal 

abnormalities, similar to CIN as described in human colon cancers. Our mouse studies highly 

suggest that loss of HLTF function may be required for the malignant transformation of 

intestinal or colonic adenomas to carcinomas by inducing genomic instability. Given the high 

frequency of epigenetic inactivation by hypermethylation of HLTF in human colon cancers 

(Moinova et al., 2002), our mouse studies also strongly implicate that this epigenetic alteration 

could be directly involved in the development of colon cancer rather than a consequence of this 

carcinogenesis. To demonstrate that our mouse studies could be relevant for understanding the 

pathogenesis of human colon cancers, we focussed on determining the role of loss of HLTF 

function in promoting human colon cancer development.   

 As discussed in the introduction, more than 40% of the human colon cancers or derived 

human colon cancer cells have been demonstrated to lose HLTF expression due to the 

hypermethylation of HLTF promoter (Moinova et al., 2002). However, a few derived human 

colon cancer cells, including HCT-116 cells, were found to lack HLTF methylation and can 

express high levels of HLTF (Moinova et al., 2002). Since HCT-116 cells are near-diploid with a 

stable karyotype (Lengauer et al., 1997), plus their capacity of forming xenograft tumors in 

immunocompromised mice, these cells have been widely applied to investigate the genetic 
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effects on human colon cancer development. Therefore, to address whether loss of HLTF 

function would also lead to a similar tumor-promoting effect in human colon cancer as we 

demonstrated in the HLTF -/-/APC Min/+ mouse model, we applied a lentiviral based shRNA 

knockdown approach to down-regulate HLTF expression in HCT-116 human colon cancer cells. 

We also applied the well-established mouse xenograft model (Tazawa et al., 2007) to determine 

the impact of down-regulation of HLTF on HCT-116 tumor growth. Several cytogenetic 

approaches as described above were used to determine whether loss of HLTF function in human 

colon cancer cells could induce chromosomal abnormalities as observed in HLTF-deficient 

mouse colon tumor cells. 

3.4.2 Establishment a lentiviral based shRNA knockdown approach to downregulate 
HLTF expression in HCT-116 cells 
 
RNA interference (RNAi) has been demonstrated as a powerful genetic tool in efficiently 

silencing the gene expression of a particular gene in cells. The RNAi effect can be mediated by 

transfecting cultured cells with short interfering RNA (siRNA), which is short double-stranded 

RNA of 21 to 23 bp, or, more recently demonstrated, with short hairpin RNA (shRNA) (Mello & 

Conte, 2004). Since shRNA can be transcribed by either RNA polymerase II or III through RNA 

polymerase II or III promoters on the expression cassette, application of shRNA will allow to 

stably knockdown gene expression in cells.  

 In collaboration with Dr. Sam Kung and Dr. Mojgan Rastegar, University of Manitoba, 

we established a lentiviral based transducing system to efficiently deliver shRNA into human 

tumor cells. Using this system, we initially transduced five different HLTF shRNA constructs 

(obtained from the GIPZ lentiviral shRNAmir library provided by Open Biosystems, Thermo 

Scientifc) into human HeLa cells to identify the ones that can strongly suppress HLTF 
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expression. As shown in Figure 3.15 A, two HLTF shRNAs showed strong capacity on down-

regulating HLTF expression in HeLa cells compared to the scramble control as revealed by 

Western blot. We then stably integrated these two HLTF shRNAs (HLTFshRNA1 and 

HLTFshRNA2) into HCT-116 cells which show high expression of HLTF (Figure 3.15 B). 

Western blot and immunoflourescence analysis demonstrated that HLTF expression was 

significantly decreased with almost undetectable HLTF protein level in these cells (HCT-

116HLTFshRNA1 and HCT-116HLTFshRNA2) as compared to the scramble control (HCT-116Scramble) 

(Figure 3.15 C & D). Therefore, by using lentiviral based shRNA knockdown approach, we were 

able to strongly down-regulate HLTF expression in HCT-116 cells with almost undetectable 

HLTF protein level similar to HLTF knockout mice that we generated.  
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Figure 3.15 Knockdown of HLTF expression by a lentiviral based shRNA approach.  
(A) Western blot with anti-HLTF antibody on cell lysates prepared from Hela cells which were 
transduced five different GIPZ based HLTF shRNA expression vectors. Two showed a strong 
suppression of HLTF expression in infected Hela cells after 48 h (indicated by arrows). (B) 
Western blot analysis with anti-HLTF antibody on the cell lysates prepared from HLTF 
methylated human colon cancer cells (RKO and SW480) and HLTF unmethylated human colon 
cancer cells (HCT-116), demonstrating high expression of HLTF in HCT-116 cells. (C) Western 
blot analysis on the cell lysates prepared from HCT-116 cells that were stably integrated with 
scramble control shRNA and HLTF shRNAs. HLTF expression was efficiently inhibited by two 
independent HLTF shRNAs. (D) Immunofluorescence with anti-HLTF antibody on HCT-116 
cells transduced with lentiviral. Most cells were unstained in HCT-116 cells transduced with 
HLTF shRNA#1 and HLTF shRNA#2 as compared to HCT-116 cells transduced with the 
scramble control. 
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3.4.3 Increased tumor growth in HCT-116 human colon cancer cells with HLTF 
knockdown 
 
To determine whether this down-regulation of HLTF expression could modulate HCT-116 

tumor growth, HCT-116 cells with or without HLTF knockdown were injected subcutaneously 

into Rag1-/-IL2-/- immunodeficient mice. All the mice injected with tumor cells (105 cells/per 

mouse) developed subcutaneous tumors within 20 days. However, the tumors formed by HCT-

116HLTFshRNA1 or HCT-116HLTFshRNA2 cells showed significantly increased tumor size as 

compared with that of scramble control (Figure 3.16 A). Moreover, both HCT-116HLTFshRNA1 and 

HCT116HLTFshRNA2 subcutaneous tumors also frequently exhibited the invasion of tumor cells 

into the subcutaneous muscle layer which was uncommonly observed in the control tumors 

(Figure 3.16 B). To confirm that HLTF expression is indeed down-regulated in these tumors, we 

performed immunohistochemistry with anti-HLTF antibody. Both HCT-116HLTFshRNA1 and 

HCT116HLTFshRNA2 subcutaneous tumors showed significant low expression of HLTF as 

compared to the scramble control tumors (Figure 3.16 C). Taken together, our data indicate that 

down-regulation of HLTF in human colon cancer cells could also promote tumor growth and 

malignancy, similar to what we found in HLTF -/-APC Min/+ mouse model.  
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Figure 3.16 Down-regulation of HLTF in human HCT-116 colon cancer cells promotes 
tumor growth.  
(A )Representative image of subcutaneous tumors formed from HCT-116Scramble, HCT-
116HLTFshRNA1 and HCT-116HLTFshRNA2 cells in Rag1-/-/IL2-/- immunodeficient mice. (B) 
Haematoxylin-eosin staining demonstrates that both HLTF knockdown tumors contained the 
invasion of tumor cells into the muscle layer (indicated by arrows) which was uncommonly 
observed in the scramble control tumors. (C) HLTF knockdown tumors also showed low 
expression of HLTF as detected by immuno-staining with anti-HLTF antibody.  
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3.4.4 Chromosomal instability in HLTF knockdown HCT-116 colon cancer cell line 

We then performed cytogenetic analysis to determine whether down-regulation of HLTF 

expression in human colon cancer cells could induce chromosomal abnormalities as HLTF-

deficient mouse colon tumor cells. Detailed SKY analysis of metaphase spreads from both short 

term (10 days) cultured HCT116 parental cells and HCT-116scramble cells revealed the presence of 

near-diploid chromosomes with a few highly conserved chromosomal translocations, which is 

consistent with the documented karyotype for HCT-116 parental cells (Lengauer et al., 1997). 

This near-diploid karyotype was also observed in the second generation of HCT-116 cells and 

HCT-116scramble cells that were derived from the subcutaneous tumors formed by these cells 

(Figure 3.17 A), further indicating that HCT-116 cells have a stable chromosome karyotype as 

demonstrated previously (Jallepalli et al., 2001; Lengauer et al., 1997). In contrast, in both short-

term cultured and the second generation of HCT-116HLTFshRNA1 and HCT-116HLTFshRNA2 tumor 

cells, there were significantly increased chromosomal abnormalities, in the form of allelic loss, 

chromosomal fusions and breaks, as compared to the control groups (p<0.001) (Figure 3.17 B & 

C and 3.18). In addition, around 15% of metaphases from these cells showed high numbers of 

trisomies (Figure 3.17 C). These results clearly indicate that down-regulation of HLTF in human 

colon cancer cells (HCT-116) is able to induce chromosomal abnormalities. 
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Figure 3.17 HLTF knockdown induces chromosomal abnormalities in HCT-116 colon 
cancer cells.  
(A) Representative SKY image of HCT-116scramble cells, showing a stable karyotype with 45 total 
chromosomes, der(10)t(10;6) (arrow), der(16)t(8;16) (arrowhead) and der(18)t(17;18) (asterisk), a 
documented signature for HCT-116 parental cells. (B) Representative SKY images of HLTF 
knockdown HCT-116 cells. Several additional chromosomal abnormalities were identified, which 
include chromosomal fragment (asterisk), monosomy chromosome 3 (arrow), der(15) (15;11) 
(yellow arrowhead) and der(16) (16;22) (white arrowhead). (C) Representative SKY images of 
HLTF knockdown HCT-116 cells, demonstrating the presence of high number of trisomies in the 
tumor cells (indicated by yellow arrowheads) and several additional alterations (indicated by white 
arrowhead). 
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Figure 3.18 The number of structural chromosomal abnormalities in HCT-116 cells with 
and without HLTF knockdown.  
Two groups of cells were analyzed, one from a short term in vitro culture (10 days) and another 
from the tumor cells derived from subcutaneous tumors that were generated by these cells. The 
horizontal bars indicate the mean numbers of chromosomal abnormalities in each population of 
cells. Each data point represents the total number of structural chromosomal rearrangement per 
metaphase after substraction of the rearrangements (i.e. translocations) found in HCT-116 
parental cells. A paired t-test (two tailed) was used to analyze the statistical significance of 
chromosomal abnormalities in tumor cells. P<0.05 was considered indicative of statistical 
significance. 
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3.4.5 Summary 

To determine whether loss of HLTF function would also lead to a similar tumor-promoting 

effect in human colon cancer as we demonstrated in the HLTF -/-APC Min/+ mouse model, we 

applied a lentiviral based shRNA approach to down-regulate HLTF in HCT-116 human colon 

cancer cells. Data showed that this approach efficiently knocked-down HLTF expression in 

HCT-116 cells. Using the combined xenograft mouse tumor model with our established 

cytogenetic assays, we further demonstrated that down-regulation of HLTF in HCT-116 cells 

could increase tumor growth and chromosomal instability, similar to what we found in the HLTF 

-/-APC Min/+ mouse model. Therefore, this human tumor study further supports an important role 

of loss of HLTF in the development of colon cancer. The consistent finding of chromosomal 

abnormalities in both mouse and human models could highlight the role of HLTF in the 

maintenance of genomic stability in this tumorigenesis.   
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3.5 Characterization of the general tumor suppressor role of HLTF in tumorigenesis 

3.5.1 Rationale 

Genomic instability is a hallmark for most human tumors or cancers. This instability has been 

demonstrated by many studies as a driving force for tumorigenesis or for tumor progression 

(Gordon et al., 2012; Negrini et al., 2010). Therefore, many genes which are involved in the 

maintenance of genomic stability have been found to exhibit tumor suppressor function 

(Motoyama & Naka, 2004). As presented above, we have provided solid genetic evidence that 

loss of HLTF function is able to induce genomic instability in mouse colon tumors as well as in 

human colon cancer cells. Our data, together with the demonstrated biochemical activity of 

HLTF in the post-replication DNA damage-repair pathway, highly support an important role of 

HLTF in the maintenance of genomic stability. This function of HLTF indicates that this DNA 

helicase could not only promote the development of colon cancer as demonstrated above, but 

may also function as a general tumor suppressor, whose dysfunction could promote the 

development of other types of tumor or cancer.  

P53 is a tumor suppressor which plays an important role in cell cycle control and 

apoptosis (Levine, 1997). In response to DNA damage or other cellular stress signals, which are 

often associated with the progression of tumors, P53 protein becomes activated and induces cell 

cycle arrest and/or programmed cell death. By eliminating damaged and potentially dangerous 

cells that might otherwise become cancerous, P53 suppresses tumor formation. Thus, P53 has 

been largely considered as “the guardian of the genome”, and this function of P53 is critical for 

the prevention of tumor formation in vivo (Lane, 1992). As many as 50% of human tumors or 

cancers have been found to harbor P53 mutations (Levine, 1997). Consistent with this, P53 null 
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mutant mice were demonstrated to be tumor prone (Donehower et al., 1992; Harvey et al., 1993). 

These mutant mice develop a variety of tumors, which mostly are lymphomas, at 100% 

penetrance, making this mouse model as an excellent transgenic tool to investigate other genetic 

effects on promoting tumor formation (Donehower et al., 1995; Attardi & Jacks, 1999). Based 

on this rationale, in the section, we have established HLTF/P53 double homozygotes to 

determine whether loss of HLTF function could have general promoting effect on tumor 

formation.  

3.5.2 Generation of HLTF -/-P53 -/- mice 

To generate HLTF -/-P53 -/- mice, we first bred HLTF +/- mice with P53 +/- to produce HLTF/P53 

double heterozygotes, when were then intercrossed to generate offsprings that harbor different 

combination of mutations for HLTF and P53 (Fig. 3.19 A). The mice were genotyped based on a 

PCR approach (Figure 3.19 B). A cohort of 15 HLTF +/+/P53 -/-, 20 HLTF +/-P53 -/- and 40 HLTF 

-/-P53 -/- mice were maintained with a normal diet for observing the phenotypes that are 

associated with tumors, such as lethargy, weakness and reluctance to move. 
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Figure 3.19 Generation of HLTF -/-P53 -/- mice and the control littermates.  
(A) A breeding scheme for generating HLTF -/-/P53 -/- and the control littermates. (B) A PCR 
based approach to genotype the offsprings from the intercross of HLTF/P53 double 
heterozygotes. HLTF mutant allele: 320bp; HLTF wild type allele: 300 bp; P53 mutant allele: 
650 bp and P53 wild type allele: 400 bp.  
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3.5.3 Increased tumor formation and tumor maligancy in HLTF -/-P53 -/- mice 

HLTF -/-P53 -/- mice were found to have significantly decreased median survival time, 17 weeks 

(n=39) for HLTF -/-P53 -/- versus 22.5 weeks (n=20) for HLTF +/+P53 -/- (Figure 3.20). HLTF -/-

P53 -/- mice were also found to develop a broader spectrum of tumors (medulloblastoma, 

intestinal, lung, liver, pancreas and testis) as compared to  HLTF +/+P53 -/- mice which were 

mostly susceptible to the formation lymphomas, sarcomas and teratomas (Figure 3.21 A).  The 

tumor spectrum for HLTF +/+P53 -/- mice were similar to published literature (Donehower et al., 

1995). In addition, about 23% of HLTF -/-P53 -/- mice had metastatic lymphoma tumor cells in 

kidney (Figure 3.21 B), which were not observed in HLTF +/+P53 -/- mice. Furthermore, 43% of 

HLTF -/-P53 -/- mice were demonstrated to have more than one tumor formation per mouse, 

whereas only 28% of HLTF +/+P53 -/- showed such phenotype. Taken together, these data 

indicate that loss of HLTF function is able to accelerate the formation of tumor and the tumor 

malignancy, similar to the role of loss of HLTF function in the development of colon cancers.  
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Figure 3.20 Survival curves for HLTF -/-P53 -/- and HLTF +/+P53 -/- mice.  
Percent survival is plotted as a function of time in days. Number mice included in this data for 
each genotype were, HLTF -/-P53 -/- (39) and HLTF +/+P53 -/- (19). The statistical difference 
between the curves was determined by log rank test. ***P < 0.001 
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Figure 3.21 HLTF and P53 deficiency synergize in tumor formation. 
(A) Comparison of tumor spectrum HLTF -/-P53 -/- and HLTF +/+P53 -/- mice. (B) HLTF -/-P53 -/- 
mice developed some tumors such as medulloblastoma and rhabdomyosarcoma that were 
uncommonly observed in HLTF +/+P53 -/-. Moreover, lymphomas developed in HLTF -/-P53 -/- 
mice were observed to be more metastatic 
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3.5.4 Increased chromosomal aberrations in HLTF -/-P53 -/- lymphoma cells 
 
To further clarify the mechanism by which HLTF deficiency is able to modify the tumor 

susceptibility on p53 null background, we examined the metaphase spreads prepared directly 

from HLTF +/+P53 -/- and HLTF -/-P53 -/- lymphomas using SKY and telomere-FISH assays.  

HLTF +/+P53 -/- lymphoma cells showed a polyploidy phenotype (Figure 3.22 B), which is 

consistent with the documented karyotype for P53-/- lymphoma cells (Celeste et al., 2003). 

Interestingly, most HLTF -/-P53 -/- lymphoma cells showed a less severe polyploidy phenotype as 

compared to the tumor cells from HLTF +/+P53 -/- mice (average 47 chromosomes in HLTF -/-

P53 -/- lymphoma cells versus average 65 chromosomes in HLTF +/+P53 -/- tumor cells). 

However, in contrast to the control groups, HLTF -/-P53 -/- lymphoma cells had significantly 

increased chromosomal fusions (Figure 3.22 A, Table 3.3). Detailed analysis of tumor 

metaphase spreads using telomere-FISH assay further showed that chromosomal fusions 

observed in HLTF -/-P53 -/-  lymphomas lacked the telomere signal at the fusion ends (Figure 

3.22 A),  in contrast to the fusions observed in HLTF +/+P53 -/- tumor cells which mostly 

retained the intact telomere signal (Figure 3.22 B, Table 3.3). Furthermore,  HLTF -/-P53 -/-  

lymphoma cells also frequently exhibited telomere shortening, which was uncommonly 

observed in lymphoma cells collected from HLTF +/+P53 -/- mice (Figure 3.22 A, Table 3.4).  
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Figure 3.22 Structural and numerical aberrations in HLTF -/-P53 -/- and HLTF +/+P53 -/-     
lymphoma cells.  

(A) Telomere-FISH analysis on HLTF +/+P53 -/- lymphoma cells, showing the polyploid 
phenotype (chromosome count is shown on the low left corner) and the evenly stained telomere 
signals on each chromosomal end in these tumor cells. (B) Representative images of telomere-
FISH of HLTF -/-P53 -/- lymphoma cells, demonstrating a less severe polyploidy phenotype 
(chromosome count is shown on the low left corner) and a high frequency of telomere-free ends 
(indicated by asterisk) and chromosome fusions due to lack of detectable telomere signal 
(indicated by arrowhead). Arrowheads in panel A indicate the chromosomal fusions with 
detected telomere signals at the fusion site. 
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Table 3.3 Summary of cytogenetic aberrations observed by Telomere-FISH in lymphomas 
isolated from HLTF -/-P53 -/- and HLTF +/+P53 -/-. 

 
a Expressed as percentage of chromosomes with more than 40 chromosomes (each Robertsonian 
fusion counted as two chromosomes). 
 
 
 
 
To further characterize the cytogenetic aberrations in HLTF -/-P53 -/- lymphoma cells, we also 

performed SKY analysis on two lymphomas from HLTF -/-P53 -/- mice (#38 and #45). Consistent 

with our telomere-FISH assay, this analysis also revealed a high incidence of chromosomal 

fusions (Figure 3.23, Table 3.6). Interestingly, most chromosomal fusions were found to have 

two homologous chromosomes. Chromosome 3, 4, and 15 were more frequently involved in 

centromeric fusions than other chromosomes (Figure 3.23, Table 3.6). Besides chromosomal 

fusions, no other obvious chromosomal abnormalities were found in these tumor cells by SKY 

assay. 

 

 

 

 



137 
 

 

 

 

Figure 3.23 High incidence of chromosomal fusions in HLTF -/-P53-/- lymphoma cells as 
revealed by SKY analysis. (A, B) Representative SKY images, showing the chromosomal 
fusions involved two homologous chromosomes (indicated by yellow arrows) and the fusions 
with two non-homologous chromosomes (indicated by white arrow).  
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Table 3.4 Summary of the frequency of chromosomes involved in chromosomal fusions in 
HLTF -/-/P53 -/- lymphoma cells. 
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3.5.5 Summary 

Taken together, in this part, we have applied another tumor prone mouse model, i.e. P53 

knockout mice, to determine whether loss of HLTF function could have a promoting effect on 

tumorigenesis. Our data clearly demonstrate that HLTF/P53 double homozygotes have 

significantly increased tumor formation and tumor malignancy. This finding suggests that HLTF 

could be a general tumor suppressor, whose dysfunction may not only promote colon tumor 

development, but also be involved in the development of other types of tumors. In this part of 

work, we also found that HLTF -/-P53 -/- lymphoma cells had increased genomic instability. 

Interestingly, this defect was mostly reflected by telomere dysfunction. Given that telomere 

dysfunction is dramatically mutagenic and plays an important role in tumor initiation and 

progression (Maser & DePinho, 2002), this data suggests that the telomere defect induced by 

loss of HLTF function may be essential for the development of these tumors. This part of our 

work also implicates a potential role of HLTF in the maintenance of telomeres. 
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3.6 Characterization of the role of HLTF in the maintenance of telomere 

3.6.1 Rationale 

The high incidence of telomere free ends in HLTF deficient colon tumor cells (Figure 3.14) and 

lymphoma cells (Figure 3.22) implicates a role for HLTF in the maintenance of telomeres. Since 

telomere dysfunction has been demonstrated to play an important role in tumor initiation and 

progression (Maser & DePinho, 2002), therefore, understanding how HLTF is involved in this 

biological process could help us to uncover a mechanism by which loss of HLTF function 

promotes tumor development.  

Telomeres are the specialized DNA-protein structures that protect the eukaryotic 

chromosomal ends (de Lange, 2005). The telomeres in higher eukaryotes consist of long 

repetitive TTAGGG subunits, which terminate in a 3′ single-strand G-rich overhang. This 3′ 

overhang has been shown to form a lariat structure, known as the t-loop, by invading the double-

stranded region of the telomeric DNA. The t-loop eventually hides the overhang and protects it 

from degradation (Griffith et al., 1999). Telomeres protect the chromosomal ends from end-to-

end fusion, recombination, and DNA degradation that can lead to cell genomic instability (de 

Lange, 2005). Studies have shown that telomere maintenance requires at least four factors: (1) 

the telomerase activity; (2) telomere-binding proteins which interact with telomeres, forming the 

so-called shelterin or telosome complex; (3) the integrity of the overhang; and (4) a minimal 

length in the TTAGGG repeating sequence (Blasco, 2003). Alternative ways to maintain 

telomere length has also been described, i.e. alternative lengthening of telomeres (ALT) which 

uses homologous recombination between telomeric repeat sequences to extend telomere length 

(Londono-Vallejo et al., 2004). Although defects in all these pathways could have potential to 
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induce telomere dysfunction, loss of telomerase activity and the disruption of shelterin/telosome 

complex have been demonstrated as the most common causes for inducing telomere dysfunction. 

Therefore, to address whether HLTF is required for the maintenance of telomeres, we 

focused on determining: (1) could HLTF regulate telomerase activity or telomere length? (2) 

could HLTF interact with telomeres or with shelterin/telosome complex?    

 

3.6.2 Loss of HLTF function does not affect telomerase activity and telomere lengths in 
HLTF deficient ES cells  
 
HLTF exhibits E3 ubiquitin ligase activity or could interact with other proteins, thus we 

hypothesized that this activity of HLTF could be essential for the regulation of telomerase 

protein activity. We applied a well-established TRAP assay to determine whether loss of HLTF 

function could affect telomerase activity. 

The PCR based telomeric repeat amplification protocol (TRAP) assay is a highly 

sensitive method to measure telomerase activity in cells. In collaboration with Dr. Raymund 

Wellinger at University of Sherbrook, we applied this assay, as outlined in Figure 2.3, to detect 

telomerase activity in HLTF deficient ES cells as compared to wild type ES cells. Since ES cells 

have been shown to display high telomerase activity, this experiment should allow us to identify 

any effects of loss of HLTF function on telomerase activity. As indicated in Figure 3.24, both 

groups of HLTF -/- and HLTF +/+ ES cells exhibited the similar level of telomerase activity. This 

data highly suggests that HLTF does not regulate telomerase activity. 

HLTF deficient tumor cells exhibited high incidence of telomere instability and 

chromosomal fusions lacking detectable telomere signals. To examine the consequence of HLTF 

deficiency on telomere repeat length, we examined telomere lengths by Q-FISH in HLTF -/- and 

HLTF +/+ ES cells (early passage).  As shown in Figure 3.25 A, no difference in telomere lengths 
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was detected between early passage HLTF -/- and HLTF +/+ wild type control cells. Similarly 

spleen cells from HLTF deficient mice from different generations (G4 and G10) showed no 

difference in telomere length distribution pattern compared wild type mice (Figure 3.25 B). All 

this data clearly suggests that HLTF is not directly involved in maintaining telomere lengths. 
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Figure 3.24 Telomerase activity is not affected in HLTF -/- ES cells.  
The lysates prepared from ES cells of indicated genotypes and passage number was subjected to 
TRAP assay. An internal control for the TRAP assay is indicated by arrow. Lane 1 corresponds 
to primer/dimer contamination control, lane 2; 1 µl of TSR8 (control template) used, lane 3; 2 µl 
of TSR8 used, lane 4 & 5 controls with boiled samples or treated with RNase.  
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Figure 3.25 Telomere length analyses of HLTF +/+ and HLTF -/- ES cells and spleen cells.  
(A) Quantitative-FISH analysis of early passage HLTF -/- and HLTF +/+ ES cells. (B) 
Quantitative-FISH analysis of spleen cells derived from wild type, HLTF -/- G4 and HLTF -/- G10 
mice. Each histogram represents data from 800 chromosomes (20 metaphases) from each ES cell 
line. The x-axis indicates telomere fluorescence intensity in arbitrary units (0 for no detectable 
telomere signal) for each chromosome end and y-axis indicates number of chromosomal ends 
(events) in each signal intensity category.  
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3.6.3 HLTF protein does not interact with telomeres and the shelterin/telosome complex 
 

In order to determine whether HLTF could interact with telomeres, we performed immuno-FISH 

assays on HCT-116 colon cancer cells and HeLa cells with antibodies against HLTF and a 

telomere specific FISH probe. We also applied antibodies against TRF1 and TRF2 (both are the 

major components of shelterin/telosome complex) for co-immunofluorescence to determine 

whether HLTF could co-localize with shelterin/telosome complex in these cells.   

In both HCT-116 and HeLa cells, HLTF protein was found to specifically locate in 

nucleus, forming distinct nuclear foci (Figure 3.26 & 3.27). These HLTF foci did not show any 

overlaps with telomere-FISH signals in both cell types (Figure 3.26 & 3.27) in striking contrast 

TRF2 foci which completely co-localized with telomere signals (Figure 3.26). Furthermore even 

in HeLa cells, none of the HLTF foci were found to co-localize with TRF2 proteins (Figure 

3.27). As controls, TRF1 and TRF2 foci were largely overlapped and well co-localized with 

telomere signals (Figure 3.27).  

Since the above analyses were done on interphase cells which may not be sensitive 

enough to visualize the binding of HLTF to the telomeres, we then performed 

immunofluorescence directly on chromosome spreads prepared from HeLa cells. As controls, we 

used antibodies against CENP-E and methylated H4K4. Consistent with previous findings 

(Terrenoire et al., 2010; Yen et al., 1991), these two control antibodies revealed the unique 

binding patterns of CENP-E and methylated H4K4 to chromosomes, i.e. CENP-E binds to the 

centromeres of chromosomes (Figure 3.28 B) and methylated H4K4 shows striped binding 

pattern on chromosomes (Figure 3.28 C). However, with anti-HLTF antibody, the detected 

signals were found not at chromosomes (Figure 3.28 A). This, together with our analysis on 
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interphase cells, suggests that HLTF could not interact with telomeres and the shelterin/telosome 

complex.  

 

 

 
 
Figure 3.26 HLTF does not co-localize with telomeres in HCT-116 cells. 
(A) Co-staining with anti-HLTF antibody and a telomere FISH probe. None of HLTF foci 
showed overlap with telomere signals.  (B) Co-staining with a telomere FISH probe with anti-
TRF2 antibody. All the TRF2 foci were co-localized with telomere signals. 
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Figure 3.27 HLTF does not co-localize with telomeres or shelterin/telosome complex in 
Hela cells at interphase.  
(A) Co-staining with anti-HLTF antibody and a telomere FISH probe. None of HLTF foci were 
co-localized with telomere signals. (B) Co-immunostaining with anti-HLTF and anti-TRF2 
antibodies. None of HLTF foci were found to co-localize with TRF2. (C) Co-immunostaining 
with anti-TRF1 and anti-TRF2 antibodies, showing both proteins are well co-localized. 
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Figure 3.28 Analysis of HLTF localization in Hela cells at metaphase. 
(A) Metaphase chromosome spreads from Hela cells stained with anti-HLTF, no signals detected 
on the chromosomes. (B) Staining with anti-CENP-E demonstrating its specific binding to the 
centromeres at metaphase stage. (C) Immunostaining for methylated H3K4 on chromosome 
spreads shows the strip binding pattern of this protein to chromosomes as documented 
previously.  
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3.6.4 Summary 
 
Given that high frequency of telomere dysfunction as observed in HLTF deficient colon tumors 

or lymphomas, we hypothesized that HLTF could be required for the maintenance of telomeres. 

Since the defects in telomerase activity and in the formation of telomere/protein complexes are 

the most common causes for telomere dysfunction, in order to determine the role of loss of 

HLTF function in the maintenance of telomeres, we focused on determining whether HLTF 

could regulate telomerase activity or telomere repeat lengths and interact with telomeres or 

telomere/protein complexes. Using a standard TRAP and Q-FISH assays, we did not identify 

any effects of loss of HLTF function either on telomerase activity or telomere repeat length. We 

also did not find the interaction of HLTF with telomeres and the shelterin/telosome complex. 

Therefore, our data did not support a role of HLTF in these two pathways to regulate the 

telomere homeostasis. HLTF may use other mechanisms to maintain the integrity of telomeres in 

tumor cells. 
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3.7 Characterization of gene expression in HLTF deficient mouse cells and in HLTF 
knockdown HCT-116 colon cancer cells 
 
3.7.1 Rationale 

 HLTF has also been shown to interact with several different gene promoters and 

enhancers, such as the HIV proximal promoter and SV40 enhancers (Sheridan, Schorpp, Voz, & 

Jones, 1995), the human or mouse plasminogen activator inhibitor 1 (PAI-1) promoter (Ding et 

al., 1996), the rabbit uteroglobin promoter (Hayward-Lester et al., 1996), the myosin light chain 

enhancer (Gong et al., 1997) and a cis element in the β-globin locus control region (LCR) 

(Mahajan & Weissman, 2002). The evidence for the role of HLTF in transcription has also been 

demonstrated for the PAI-1 gene (Ding et al., 1996; Ding, Benotmane, Suske, Collen, & 

Belayew, 1999; Zhang, Ekhterae, & Kim, 1997) and for the β-globin LCR where HLTF was 

shown to specifically activate β-globin and contribute to the terminal differentiation (Mahajan & 

Weissman, 2002). These studies, together with the high homology between HLTF and SWI/SNF 

family of members, implicate that HLTF may also be involved in the regulation of gene 

expression by chromosomal remodelling. However, since the role of HLTF in transcriptional 

regulation was only addressed by the in vitro studies, such as gel-shift and cell co-transfection 

assays, it is still unknown whether HLTF indeed functions as a transcriptional regulator in vivo. 

Therefore, to demonstrate whether the function of HLTF in gene regulation could play a 

role in the development of intestinal or colon cancers, in this part, we first applied microarray 

based gene expression analysis to determine whether some specific genes could be differentially 

expressed between HLTF knockout and HLTF wild type ES cells. We also used the same 

approach to determine whether the genes could be mis-regulated in HCT-116 cells by down-

regulating HLTF expression.  
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3.7.2 Microarray analysis of gene expression in HLTF -/- versus HLTF +/+ ES cells 

 HLTF has been shown to be highly expressed in mouse ES cells (Figure 3.2). If HLTF is 

indeed a major transcriptional regulator, knockout of HLTF expression in ES cells should 

significantly affect some target genes expression which can be detected by the sensitive 

microarray assay. Therefore, we applied Affymetrix Gene 1.0 ST whole genome microarrays to 

determine the gene expression profiles in HLTF -/- mouse ES cells versus wild type ES cells.   

 Three HLTF -/- and three HLTF +/+ ES cells were derived from E3.5 blastocysts collected 

from HLTF +/- intercrosses based on a standard ES cell-derivation procedure. A complete loss of 

HLTF expression in HLTF -/- ES cells was confirmed by real-time PCR (see Figure 3.2). The 

quality of total RNA extracted from these cells was verified by NanoDrop. All the RNA samples 

showed RIN value of 10, which were well above the acceptable level (>7) (Figure 3.29). Using 

the microarray service provided by the Center for Applied Genomics at the Toronto Hospital for 

Sick Children, the gene expression profiles in HLTF -/- ES cells versus HLTF +/+ ES cells were 

established. Table 3.5 lists the genes that showed expression changes between HLTF +/+ and 

HLTF -/- mouse ES cells. The changes with the statistical significance (p<0.05) are highlighted 

by yellow, all unannotated genes. Only one gene (Synaptonemal Complex Protein 3, SYCP3) 

showed more than 2-fold change with the statistical significance of 0.05. This data clearly 

indicates that HLTF could not be a major transcriptional regulator in vivo.   
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Figure 3.29 Total RNA quality assessments by Eukaryote Total RNA Nano. 
RNA quality is given as RNA integrity number (RIN) ranging from 0 (bad) up to 10 (excellent). 
Peaks indicates total 28S and 18S ribosomal RNA 
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Table 3.5 No significant change in gene expression in HLTF +/+ and HLTF -/- ES cells. 
  

 
 

3.7.2 Microarray analysis of gene expression in HCT-116 cells with or without HLTF 
knockdown 
 
 To complement with the above microarray analysis, we also applied the same approach 

to determine the gene profiles in HCT-116 cells with or without HLTF knockdown. Only 15 

genes were found to be differentially regulated with the change in gene expression greater than 

1.5 fold with the statistical significance (Table 3.6, indicated by yellow). Among these candidate 

genes, most were unannotated. Only Formin 1 (FMN1) could be an interesting candidate based 

on its demonstrated role in the repression of BMP signalling activity (Zhou et al., 2009). 

BMP (Bone Morphogenetic Protein) has been demonstrated to act as a tumor suppressor 

that promotes apoptosis in colonic epithelial cells (He et al., 2004). Loss of BMP signalling has 

been found to correlate tightly with the progression of adenomas to cancers (Hardwick et al., 

2008), implicating the importance of this signalling in the development of colon cancer. If HLTF 

is indeed an regulator for FMN1 gene expression, loss of HLTF function will induce FMN1 

expression which could lead to the suppression of BMP signalling activity in the intestinal or 

colonic epithelial cells, contributing to the formation of intestinal or colon cancers. To address 
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this, we first applied real-time PCR to verify the expression of FMN1 in HCT116 cells with 

HLTF knockdown versus HCT116 cells with the scramble controls. As shown in Figure 3.30 A, 

FMN1 mRNA did not show the significant changes between the RNA samples extracted from 

these two groups of cells. In addition, the expression of FMN1 was also found to be unchanged 

between HLTF -/- and HLTF +/+ ES cells (Figure 3.30 B). Therefore, FMN1 could not be a target 

gene regulated by HLTF.     
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Table 3.6 Differential gene expression in HCT-116scramble versus HCT116shRNAHLTF. 
 

 

 
 
 

 

Figure 3.30 Verification of FMN1 expression in HLTF knockdown HCT116 cells and in 
HLTF knockout ES cells 
(A) Real time PCR analysis of FMN1 expression in HCT116 cells with HLTF knockdown 
(HCT116HLTFshRNA) versus HCT116 cells with the scramble control (HCT116scramble). (B) Real 
time PCR analysis of FMN1 in HLTF -/- ES cells versus HLTF +/+ ES cells. The expression of 
HLTF and GAPDH served as internal controls in these analyses. 
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3.7.3 Summary 

HLTF has been demonstrated to interact with several different gene promoters and enhancers, 

suggesting its potential role in the regulation of gene expression. To determine whether HLTF 

could indeed regulate gene expression in vivo and whether HLTF could apply this function for 

the development of colon cancers, we have applied microarray-based RNA expression assay to 

analyze the gene expression profiles in HLTF knockout ES cells as well as in HLTF knockdown 

HCT116 cells as compared to their controls. In both cases, very few genes were found to show 

expression changes with the statistical significance. None of these genes have been implicated in 

tumorigenesis or in the maintenance of genomic stability. Therefore, our data highly suggest that 

HLTF could not be a major transcriptional regulator, and the loss of HLTF function is unlikely to 

mis-regulate the expression of specific genes, leading to the development of colon cancers. 
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CHAPTER 4: DISCUSSION 
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4.1 Generation of HLTF knockout mice to investigate the role of loss of HLTF function 
during development 
 
 HLTF is a multi-domain protein with a proposed role in the regulation of gene expression 

as well as in post-replication DNA damage repair. The HLTF promoter was found to be 

hypermethylated in more than 40% of the human colon cancers (Moinova et al., 2002), 

suggesting that HLTF is a common target for methylation in this cancer. All colon cancer cells 

that lacked HLTF expression had the methylation of CpG islands within HLTF promoter, while 

methylation was not detected in the HLTF-expressing cells (Moinova et al., 2002), further 

indicating that this epigenetic event leads to a complete inactivation of HLTF expression in 

colon cancer cells.  

 

 Through this study, we first took steps towards determining the functional significance of 

HLTF inactivation. We used mouse ES cell-mediated gene-targeting approach to generate HLTF 

knockout mice. The targeting vector was designed to replace the coding exons for residue 2-208 

of HLTF with LacZ cDNA in frame with HLTF coding sequence. A correct homologous 

recombination in ES cells was confirmed by Southern blot analysis and two of these ES cell lines 

were used to make HLTF knockout mice (Figure 3.1). A complete loss of HLTF expression in 

these knockout mice was confirmed by Northern blot hybridization and real-time RT-PCR 

approaches (Figure 3.2). Therefore, we were able to establish the first mouse mutant allele which 

allows investigating the role of loss of HLTF function in normal development and in the 

formation of colon cancer. 

 

 With our established HLTF knockout mice, we determined whether HLTF is required for 

normal development. As a first step to address this, we took advantage of inserted LacZ reporter 
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gene in HLTF knockout mice to determine the expression pattern of HLTF during mouse 

embryonic and postnatal development. Since the LacZ reporter gene was fused in-frame with the 

endogenous HLTF starting codon, the expression of this reporter in our knockout mice should be 

tightly controlled by the HLTF promoter and its regulatory elements. Therefore, LacZ activity in 

these mice should reflect the expression of HLTF in vivo. With this approach, HLTF was found 

to be specifically expressed in embryonic heart at E 8.5-9.5. HLTF showed much broader 

expression pattern at E10.5 in heart, lung, kidney, liver, spleen and pancreas. Similar expression 

pattern was also observed by Gong et al. (1997). The significance of this expression pattern is 

not yet understood, however the high level of HLTF in post-mitotic tissues such as heart, lungs 

and brain suggests a possible role in maintaining differentiated state of the specific tissues (Gong 

et al., 1997).  

 

 As HLTF inactivation has been frequently reported in human colon cancers, we also 

determined its expression pattern in intestine and colon. HLTF was observed to be ubiquitously 

expressed in epithelium of intestinal tract. This expression pattern of HLTF corresponded with 

proteins involved in Wnt signaling pathway (such as β-catenin/TCF4) (de Santa Barbara et al., 

2003). The expression of β-catenin and TCF4 has been demonstrated to be associated with two 

different aspects of intestinal homeostasis; first, the maintenance of undifferentiated and 

proliferative crypt phenotype and secondly, control of cell positioning along the crypt-villus axis 

(Sancho et al., 2003; van de Wetering et al., 2002). High expression of HLTF in intestinal 

epithelium leads us to hypothesize that HLTF could be involved in developmental process or 

maintaining crypt-villus axis.  
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 To observe whether HLTF is involved in intestinal homeostasis, we analyzed both small 

intestine and colon from HLTF deficient mice. Surprisingly, we did not observe any changes in 

architecture of intestinal or colonic epithelium in HLTF -/- mice as compared to wild type. The 

migration of cells along the crypt-villus axis in HLTF knockout mice was also normal as 

assessed by BrdU pulse labeling assay. Furthermore, using several cell lineage markers, all the 

differentiated cell populations of the intestinal or colonic epithelium in HLTF knockout mice 

were observed at correct locations; Goblet cells were abundant in both villi and crypts, Paneth 

cells were specifically located at the crypt base in small intestine, and enteroendocrine cells were 

spread in villi. All these data highly suggest that HLTF is dispensable for intestinal 

homeostasis/maintenance and is also probably not involved in the regulation of gene expression 

of some of the important determinants of intestinal architecture.  

 

 Since HLTF has been shown to play an important role in post-replication repair pathway, 

high expression of HLTF in these tissues, specifically in proliferative crypt zone, could reflect its 

role in the maintenance of genomic stability in these proliferating cells. Intestinal epithelium is 

continuously being exposed to environmental insults leading to various kinds of DNA lesions 

(Sansonetti, 2004; Ullman & Itzkowitz, 2011). These DNA damages could pose a challenge for 

replication progression, causing stalled replication forks. HLTF has been found to be a functional 

homolog of yeast Rad5 and thus it could act on the stalled forks leading to template switch 

(error-free) mode of post-replication repair (Unk et al., 2010). The high proliferative capacity of 

intestinal epithelium together with continuous exposure to the environmental insults thus reflects 

the importance of the DNA repair machinery (or more specifically post-replication repair) in 

maintaining the genomic integrity. Inability of cells to repair any such DNA damages would lead 
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to the enrichment of genomic instability and thus increasing the risk of cancer predisposition and 

development (Ullman & Itzkowitz, 2011). However, HLTF deficient mice were not predisposed 

to intestinal tumors which could be due to high levels of apoptotic proteins (such as p53 and 

LKB1) in intestinal epithelium, which can lead the damaged cells to apoptosis to protect them 

from being transformed (Karuman et al., 2001).  

 

4.2 The role of loss of HLTF function in the development of intestinal or colonic cancers 

 There is now strong evidence that a series of genetic alterations are required for the 

pathogenesis of human colon cancer. Specific gene mutations, such as APC mutations, initiate 

the formation of colonic adenomas and others (e.g. TP53 mutations as well as other alterations, 

including KRAS activation) drive the malignant transformation of the adenomas in a multistep 

progression model (Kinzler & Vogelstein, 1996). More recently, epigenetic alterations, 

specifically aberrant DNA methylation, have been found to occur commonly in colon cancers 

(Lao & Grady, 2011). Although there is controversy on the significance of these alterations in 

the pathogenesis of colon cancer, more and more data indicate that the aberrant methylation of at 

least some of these genes, such as MLH1 (MutL homolog 1), MGMT (O-6-methylguanine-DNA 

methytransferase) and HIC1 (hypermethylated in cancer 1) can be pathogenetic in colorectal 

carcinogenesis (Issa, 2000).  

 

 In more than 40% human colon cancers, HLTF was found to be epigenetically 

inactivated. This common epigenetic event highly suggests that loss of HLTF function could be 

important for the development of this cancer. However, using our established HLTF knockout 

mouse model, we did not find that loss of HLTF function can induce the formation of intestinal 
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or colonic tumors. This data indicates that loss of HLTF function is insufficient to drive the 

oncogenic process in intestinal tract, which implicates that epigenetic inactivation of HLTF as 

commonly found in human colon cancers could be more involved in the late stage of intestinal 

tumor development. 

 

     To determine the role of loss of HLTF function in the late stage of intestinal or colonic 

tumor progression, we introduced the HLTF mutation in APC Min/+ mice through cross-breeding 

HLTF +/- with APC Min/+ mice. Since the adenomas developed in APC Min/+ mice rarely progress to 

invasive intestinal or colon cancers (Su et al., 1992; Yamada & Mori, 2007), APC Min/+ mice 

have been demonstrated as an excellent genetic tool for studying the later events involved in 

intestinal carcinogenesis. Using this mouse model, we observed that the majority of HLTF -/-

/APC Min/+ mice developed invasive intestinal and colonic cancers. Moreover, HLTF -/-/APC Min/+ 

intestinal or colon cancers were found to have similar pathological features as those observed in 

humans.  Loss of HLTF function in promoting tumor invasion has also been demonstrated by our 

xenograft mouse model, in which HLTF knockdown HCT-116 human colon cancer cells showed 

significantly increased tumor growth and invasion. Taken together, this part of study 

demonstrated that loss of HLTF function is able to promote intestinal or colonic carcinogenesis 

in mice with a mutant APC background. These findings strongly suggest that aberrant 

methylation of HLTF, which leads to the loss of this gene’s function as found in most human 

colon cancers, could have a pathogenetic role rather than being a consequence of colorectal 

carcinogenesis. Our data, together with human epigenetic evidence that HLTF is frequently 

silenced in the advanced human colon adenomas or cancers but uncommonly in early adenomas 

(Kim et al., 2006), indicates that epigenetic inactivation of HLTF could be an important event 
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involved in the transition of benign adenomas to malignant colon cancer. The high frequency of 

HLTF promoter hypermethylation observed in these tumors indicates that the silencing of this 

gene could confer a selective advantage for the progression of these tumors to the malignant 

cancers. 

 

 Different stages of intestinal tumors are paralleled by accumulation of mutations in genes 

responsible for regulating cell proliferation and checkpoint signaling. In humans, the formation 

of intestinal or colonic tumors is estimated to take approximately 10-20 years, which, however, 

can be accelerated by the enrichment of genetic instability that could significantly increase the 

rate of genetic mutations required for tumor progression (Grady, 2004). Two types of genetic 

instabilities were commonly found in human colon cancer: microsatellite instability (MIN) and 

chromosomal instability (CIN). Tumors with MIN display normal diploid chromosome number 

with no obvious chromosomal defects but have high incidence of instability in microsatellite 

repeats linked to impaired mismatch repair (MMR) (Thibodeau et al., 1993). The predominant 

mechanism identified to inactivate MMR in these tumors is epigenetic silencing through 

promoter methylation (Veigl et al., 1998), although somatic mutations in MMR genes also occur 

(Liu et al., 1995). CIN which accounts for 85% of colorectal cancers exhibits aneuploid, allelic 

losses and other chromosomal abnormalities, such as translocation, fusion and breaks 

(Rajagopalan et al., 2003). Colon cancers with CIN phenotype have been found to behave more 

aggressively in terms of invasiveness and metastasis (Rajagopalan et al., 2003). 

 

 Although the role HLTF silencing in promoting intestinal or colonic carcinogenesis still 

needs to be defined further, our data demonstrating the gross chromosomal abnormalities in 
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HLTF deficient colon tumor cells suggests that genomic instability induced in these tumors could 

be the driving force for this carcinogenesis. In this work, we have provided the solid evidence 

that colon tumors derived from HLTF deficient mice display severe chromosomal abnormalities, 

similar to CIN as described in human colon cancers (Figure 3.13). Moreover, we also 

demonstrated that down-regulation of HLTF could also increase chromosomal abnormalities in 

human colon cancer cells (Figure 3.17). Furthermore, similar to human colon cancers with CIN 

phenotype, we also found that HLTF  deficient mouse colon tumors or HLTF knockdown human 

colon cancer cells developed more malignant features, such as invasiveness, as compared to the 

tumor cells that contain functional HLTF (Figure 3.8 and 3.16).  All these data indicate that 

chromosomal instability induced in HLTF deficient colon tumors could play an important role in 

the malignant transformation of these tumors.  

 

As demonstrated previously, tumor cells exhibiting CIN phenotype can be subjected to 

different cell fates. Cells with massive chromosomal instability are incompatible with cell 

survival and thus suppress the tumor formation (Weaver & Cleveland, 2007). However, the mild 

chromosomal instability which can be tolerated by cell’s checkpoint machinery is expected to be 

more tumorigenic (Weaver & Cleveland, 2007). Therefore, loss of HLTF function might provide 

the required level of chromosomal instability in early stage adenoma cells to achieve invasive 

characteristics. 

 

Taken together, my data favors a model in which HLTF is specifically involved in the 

late stage of intestinal or colonic tumor development by inducing chromosomal instability which 

leads to the activation of oncogenes or the suppression of tumor suppressor genes (Figure 4.1). 
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Therefore, future studies on identifying the targeted genetic mutations involved in this 

pathogenesis by using our established HLTF knockout mouse colon tumor model could have 

potential to get a deeper understanding of this cancer development. 

 

 

 

 

Figure 4.1 The proposed model for the role of loss of HLTF function in the development of 
colon cancer.  
In this model, inactivation of APC/Wnt pathway is required for the initiation of adenomas as 
demonstrated previously (Kinzler & Vogelstein, 1996). As one of the most commonly identified 
epigenetic alterations at the late stage of colon adenomas, inactivation of HLTF expression via 
promoter hypermethylation could induce genomic instability in these tumor cells, leading to the 
activation of oncogenes or the suppression of tumor suppressors required for the malignant 
transformation of adenomas to cancers. {Figure adapted by permission from Macmillan 
Publishers Ltd: Nature Reviews: Cancer (Walther et al., 2009)}. 
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4.3 The general role of loss of HLTF function in tumorigenesis 

 Genomic instability is a hallmark for most human tumors or cancers. In many cases, 

genomic instability has been found to either initiate tumor formation or facilitate tumor 

progression (Negrini et al., 2010). Therefore, many genes which are involved in the maintenance 

of genomic stability have been demonstrated to exhibit a general tumor suppressor function 

(Motoyama & Naka, 2004). As demonstrated in this thesis, we have provided solid genetic 

evidence that loss of HLTF function is able to induce genomic instability in mouse colon tumors 

as well as in human colon cancer cells. Our data, together with the demonstrated biochemical 

activity of HLTF in the post-replication DNA damage-repair pathway, strongly support an 

important role of HLTF in the maintenance of genomic stability. This suggests that HLTF might 

function as a general tumor suppressor, whose dysfunction can promote the development of 

many types of tumor or cancer. 

 

 Therefore, to address this hypothesis, in this study, we bred HLTF knockout mice with a 

tumor-prone mouse model, i.e. P53 knockout mice. Our data clearly demonstrate that HLTF/P53 

double homozygotes have significantly increased tumor formation and tumor malignancy. This 

finding indicates that HLTF could be a tumor suppressor, whose dysfunction may not only 

promote colon tumor development, but also be involved in the development of other types of 

tumors. However, how loss of HLTF function synergizes with P53 in promoting tumor 

formation is presently unknown. One possible explanation could be the enrichment of 

chromosomal re-arrangements in absence of both HLTF and P53. In agreement with this, 

increased genomic instability was consistently found in HLTF -/-P53 -/- lymphomas as compared 

to HLTF +/+P53 -/- tumors. Strikingly, this increased genomic instability in HLTF -/-P53 -/- mostly 
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reflected the involvement of telomere dysfunction. Given that telomere dysfunction has been 

shown to be dramatically mutagenic and plays an important role in tumor initiation and 

progression (Maser & DePinho, 2002), this data suggests that the telomere defect induced by 

loss of HLTF function may be essential for the development of these tumors.  

 

4.4 The role of HLTF in chromosomal instability 

 The presence of CIN phenotype in HLTF knockout or knockdown tumor cells strongly 

supports an important role of HLTF in the maintenance of genomic stability. The involvement of 

HLTF in post-replication DNA damage-repair pathway has been demonstrated by several recent 

studies (Achar et al., 2011; Blastyak et al., 2010; Motegi et al., 2008; Unk et al., 2008). In 

published literature, HLTF was shown to display a similar function as yeast Rad5 in the poly-

ubiquitination of PCNA, which is required for initiating an error-free post-replication repair 

activity (Motegi et al., 2008; Unk et al., 2008). HLTF was also found to have both DNA 

translocase and chromatin remodeling activities to facilitate the repair of damaged DNA on the 

stalled replication forks (Achar et al., 2011; Blastyak et al., 2010). Therefore, HLTF could be an 

important factor in the post-replication repair pathway. Without HLTF, it is likely that the 

progression of the replication fork will be blocked on DNA lesions, resulting in an accumulation 

of DNA intermediates that trigger recombination and genomic instability. Our cytogenetic data 

demonstrating the gross chromosomal abnormalities in HLTF deficient mouse tumor or human 

colon cancer cells strongly support this notion. Our data also agree with many other studies 

indicating that aberrant post-replication repair activity is a major source of the mutations and 

chromosome rearrangements that could be important for tumorigenesis (Myung & Smith, 2008). 

Interestingly, HLTF deficient mice alone were found to have a normal development and did not 
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display any pathological disorders associated with genetic instability. This may due to the robust 

replication checkpoints present in normal mouse cells, which, upon DNA damage, could boost a 

DNA damage response that arrest cells which harbor unrepaired DNA damage (Levine, 1997). 

These arrested cells could then be replenished by the cells differentiated from the pool of 

progenitor and stem cells. However, when these checkpoint pathways are not functional, which 

have been commonly found in tumor cells, the cells that contain defective or unrepaired DNA 

lesions can still progress through the cell cycle, which could result in broken chromosomes, 

genome aberrations and an accumulation of mutations (Reinhardt & Schumacher, 2012). A 

recent study indicates that APC could play an important role in the DNA replication checkpoints 

by stabilizing the association of DNA replication complexes at stalled DNA replication forks 

(Brocardo et al., 2011). Consistent with this finding, tumor cells that have lost APC function, 

such as human SW480 colon cancer cells; have been found to lack the capacity to arrest cells 

with damaged DNA (Brocardo et al., 2011). Therefore, HLTF -/-APC Min/+ colon tumor cells may 

have impaired replication checkpoints, which could facilitate cell cycle progression to enhance 

the genomic instability in these tumor cells.  

 

4.5 The role of HLTF in the maintenance of telomeres 

 High incidence of telomere dysfunction (telomere free ends and chromosomal fusions 

lacking intact signal at fusion end) in our HLTF knockout tumor cells highly implicates a role of 

HLTF in the maintenance of telomeres. Given that telomere dysfunction has been found to be 

mainly induced by the loss of telomerase activity as well as by the disruption of 

shelterin/telosome complex (Blasco, 2003), therefore, to address the role of HLTF in the 
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maintenance of telomeres, we focused on determining whether HLTF can regulate telomerase 

activity and interact with telomeres or telomere-protein complex.  

 

 Despite the observed telomere defects in HLTF knockout tumor cells, cell extracts from 

HLTF +/+ and HLTF -/- ES cells did not show the significant change in telomerase activity and 

telomere length maintenance. Furthermore, we also did not find the co-localization of HLTF 

nuclear foci with either telomeres or shelterin/telosome complex. These findings clearly 

demonstrate that HLTF could not be involved in the regulation of telomerase activity, and could 

not function as a telomere-binding protein involved in the maintenance of telomere integrity.   

 

 The telomere defects as observed in HLTF deficient tumor cells could be explained by 

the role of HLTF in post-replication repair pathway. In vertebrates, telomere is composed of 5-

10 kb (around 50 kb in most strains of mice) tandem array of telomeric repeat unit (T2AG3) and 

the associated proteins, forming a large protein-DNA complex (O'Sullivan & Karlseder, 2010). 

Such repetitive DNA sequence is prone to form a secondary DNA structure within telomere 

which may not be favorable for the proper progression of replication, leading to the formation of 

stalled replication forks (Ohki & Ishikawa, 2004; Sfeir et al., 2009). The unrepaired stalled 

replication forks could result in an accumulation of DNA intermediates that trigger 

recombination and genomic instability at telomere region, which cause telomere shortening or 

loss of telomere signals. As HLTF has been demonstrated to have both DNA translocase and 

chromatin remodeling activities to facilitate resolving the stalled replication forks at damaged 

DNA, HLTF could also use these functions to repair the stalled replication forks at telomere 

region. Due to the high rate of division in cancer cells, the failure to resolve these stalled forks 
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on telomeres in the absence of HLTF could lead to the collapse of replication forks, resulting in 

the formation of DSBs and the loss of telomeres. This telomere dysfunction could induce 

chromosomal fusions which enter to breakage-fusion-bridge cycle to cause massive 

chromosomal instability (Figure 4.2).  
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Figure 4.2 Proposed model for the involvement of HLTF in the maintenance of telomere 
integrity in cancer cells. 
Subtelomeric or telomeric regions are prone to form the secondary structures which could stall 
DNA replication. HLTF could be required for resolving these stalled replication forks. Due to 
the high rate of division in cancer cells, the failure to resolve these stalled replication forks could 
lead to the collapse of these forks, resulting in losing telomeres. Chromosomes which lack 
telomeric structures will fuse together; a process could be mediated by NHEJ repair machinery. 
The fused chromosomes will enter breakage-fusion-bridge cycles to induce gross chromosomal 
abnormalities. {Figure adapted by permission from American Association of Cancer research: 
Cancer Research (Murnane, 2010)}. 
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4.6 The role of HLTF in the regulation of gene expression during tumor development 

Tumor progression is frequently associated with the changes of gene expression that activate or 

repress genes important for cellular transformation. As HLTF has been demonstrated to interact 

with several different gene promoters and enhancers (Ding et al., 1996; Sheridan et al., 1995; 

Zhang et al., 1997), HLTF could also have a potential role in the regulation of gene expression. 

This function of HLTF may also be involved in the progression of tumors mediated by loss of 

HLTF function.  

 

 To test this hypothesis, in this study, we have applied microarray-based RNA expression 

assay to analyze the gene expression profiles in HLTF knockout ES cells as well as in HLTF 

knockdown HCT116 cells as compared to their controls. In both cases, a very few genes were 

found to show expression changes. None of these genes have been implicated in tumorigenesis 

or in the maintenance of genomic stability. Therefore, our data highly suggest that HLTF could 

not be a major transcriptional regulator, and the loss of HLTF function is unlikely to mis-regulate 

the expression of specific genes, leading to the development of colon cancers. 
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4.7 Conclusion 

Our study has provided the first direct genetic evidence that loss of HLTF function is able 

to promote the malignant transformation of intestinal or colonic adenomas to carcinomas. Given 

that the high frequency of epigenetic inactivation of HLTF in human colorectal cancers, our 

work strongly suggests that this epigenetic alteration could be involved in development of colon 

cancer rather than a consequence of this carcinogenesis. Although the mechanism by which loss 

of HLTF function results in this malignant transformation still needs to be defined, our data 

demonstrating gross chromosomal abnormalities in HLTF deficient colon tumor cells highly 

indicate that genomic instability induced in these tumors is a driving force for this 

carcinogenesis. Therefore, future studies using the established HLTF knockout mouse colon 

tumor model to identify the genetic mutations involved in this pathogenesis will have the 

potential to provide a deeper understanding of colon cancer development. In this study, we have 

also demonstrated that loss of HLTF function has a general promoting effect on tumorigenesis.  
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CHAPTER 5: FUTURE DIRECTIONS 
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5.1 To identify the recurrent genomic alterations that could mediate the development of 
colon cancers in HLTF -/-/APC Min/+ mice  
 

We observed high incidence of chromosomal instability in colon tumors isolated from 

HLTF -/-APC Min/+ mice, suggesting that this chromosomal instability could be responsible for 

driving these tumors to a more malignant state. It is most likely that loss of  HLTF function in 

early stage colonic adenomas could have increased genomic instability that allow the tumor cells 

to acquire specific genetic mutations important for tumor progression. However, in this thesis, 

we have only characterized the gross genomic instability in HLTF -/-APC Min/+ colonic tumors at 

late stage. Although the findings from this characterization is important to support the role of 

loss of HLTF function in colorectal carcinogenesis, however due to the complexity of these 

alterations, these results could not establish which specific chromosomal alterations made the 

significant contributions to the tumor development. Identification of these specific genetic 

alterations will be a significant step towards understanding the pathological mechanism of loss of 

HLTF function in the development of this cancer. 

To address this, a genome-wide, array based comparative genomic hybridization (Array 

CGH) approach can be used to identify the genomic alterations in early stage colonic adenomas 

from HLTF -/-APC Min/+ and APC Min/+ mice. Array CGH is an extremely sensitive method of 

detecting single copy number gains and losses of DNA segments or genes dosage in the genome. 

It also allows one to define the boundaries of all regions of copy number change and to precisely 

map them in the genome. More recently, the development of a whole-genome oligonucleotide 

tiling path array has further improved the resolution of CGH to a few kilobase (kb) (Ishkanian et 

al., 2004). This refinement greatly facilitates and expedites detailed mapping of aberrations, and 

also makes this approach the most powerful genetic tool for discovering genetic alterations 
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involved in cancer or other human diseases. Using this assay, we expect to identify the genomic 

alterations that are specifically present in HLTF -/-APC Min/+ colon tumors.  

To further search for the candidate genes in the identified genomic loci by CGH, 

microarray based gene expression analysis can be perfomed to determine the gene expression 

profile of HLTF -/-APC Min/+ colon tumors as compared to the tumors from APC Min/+ mice. This 

gene expression data will then be compared with their corresponding genome profiles as 

determined by the above array CGH array to identify the genes whose expression is positively 

correlated with type of segmental genomic alterations in which they reside (e.g. overexpression 

in a gained region). Only the genes showing a strong correlation will be considered as the 

candidate genes that will be further validated by quantitative PCR and FISH analyses to confirm 

copy number changes. These proposed experiments will allow identification of the recurrent 

genomic alterations in this model, which could greatly help us to understand the role of HLTF 

dysfunction in the development of colon cancers. 

2. To determine the role of HLTF in protecting intestinal epithelial cells from DNA damage 

The research presented in this thesis stimulates several areas of future research. High 

expression of HLTF in intestinal epithelium as observed by LacZ staining along with 

development of invasive intestinal carcinomas observed in HLTF -/-APC Min/+ suggests the 

importance of loss of HLTF function in intestinal epithelium. Based on the role of HLTF role in 

post-replication DNA damage repair, we postulated that the inability of crypt cells to repair 

stalled replication forks in the absence of HLTF could enrich genomic instability, thus increasing 

the risk of intestinal tumor formation. However, HLTF knockout mice alone were healthy and 

only showed the increased incidence of tumor formation on APC Min/+ and P53 null background. 
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The observed tumor-free survival of HLTF knockout mice might be attributed to the active 

checkpoint in these mice, which could be responsible for removing any cell with unrepaired 

DNA damage (otherwise, these cells could be transformed). Therefore, it will be important to 

investigate the level of apoptosis in the proliferative zone of the intestinal crypts of HLTF 

deficient mice after induction of DNA damage. To test this, HLTF knockout mice will be 

subjected to different types of DNA damaging agents, and the level of apoptosis in intestinal 

epithelium will be monitored in histological sections of intestine isolated from treated mice after 

specific time points using the standard TUNEL assay.  

Since apoptosis in intestinal epithelium can be regulated by P53 dependent and 

independent mechanisms (Watson & Pritchard, 2000), therefore, the next important question 

would be which pathway is specifically involved in eliminating damaged intestinal epithelial 

cells in HLTF deficient mice? To address this, we will use different biomarkers for these 

pathways, such as P53, LKB1, and PUMA to determine which of these markers is over-

expressed in the intestinal epithelia cells of HLTF deficient mice after treatment with DNA 

damaging agents. 

Moreover, the HLTF -/-P53 -/- mice generated in this study could also be used for 

validating the apoptotic pathway involved in removing damaged cells. These mutant mice can be 

subjected to different DNA damaging agents (either administered orally or by irradiation), and 

then the level of apoptosis will be determined at several time points using TUNEL assay. By 

comparing these data with those of control mice, we should be able to identify whether HLTF 

deficiency induced apoptosis is P53-dependant. 
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In summary, this part of proposal could allow us to establish a role of HLTF in protecting 

intestinal epithelia cells from DNA damage and its mechanism. This will not only to support the 

demonstrated important role of HLTF in the maintenance of genomic stability via post-

replication repair pathway, but also to help to understand the mechanism of loss of HLTF 

function in promoting intestinal tumor formation. 

3. To identify a role of HLTF in the maintenance of heart function.   

In this study, we observed the specific expression of HLTF in heart during early 

embryonic development, and that high expression of HLTF in heart is consistently present in 

adult mice. This expression pattern suggests that HLTF could be required for the development of 

the heart. Although HLTF knockout mice did not show any morphological changes in the heart, 

these mice might display some malfunctions in heart under certain condition, such as hypoxia. 

To follow this direction, we would like to collaborate with experts in cardiology, such as St. 

Boniface Research institute, to create different pathological conditions in HLTF knockout mice, 

and then measure the function of heart. This will allow establishing a role of HLTF in the 

maintenance of heart function. 
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