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ABSTRACT 

 

Colorectal cancer (CRC) is currently the third most common form of cancer 

worldwide, with approximately 639,000 deaths per year.  In the United States, it is the 

second leading cause of cancer-related death, with just under 53,000 deaths per year.  

CRC is thought to arise predominantly from benign, epithelial-derived tumors 

(adenomatous polyps), which, over time, become cancerous.   This shift from normal 

epithelium to adenoma to carcinoma is the result of a number of genetic and epigenetic 

changes that occur within the tumor.  To determine which genes play a role in 

oncogenesis, a recent study performed an unbiased, forward genetic screen using 

Sleeping Beauty transposon-mediated mutagenesis in mice.  The current challenge is to 

functionally validate the greater than 100 candidate cancer genes identified in the screen. 

To achieve this goal the strategy of our lab is to knockdown or overexpress candidate 

cancer genes in cancer cell lines and then measure the effect of this manipulation on 

cancer cell processes such as proliferation, apoptosis, invasion and modulation of cell 

signaling pathways. Collectively, these data will help us characterize the role of our 

candidate genes as either oncogenes or tumor suppressors in gastrointestinal cancer.   

Here we report the characterization of CNOT1 and CNOT2, individual subunits of the 

CCR4-NOT complex, as potential oncogenes.  In addition, the progress on the 

development and optimization of a β-catenin transcriptional activity assay will be 

reported. 
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INTRODUCTION 

 

Background and Significance 

 Colorectal cancer (CRC) is currently the third most common form of cancer 

worldwide, causing approximately 639,000 deaths per year.  In the United States, it is the 

second leading cause of cancer-related death, with just under 53,000 deaths per year.  

CRC is thought to arise predominantly from benign, epithelial-derived tumors 

(adenomatous polyps), which, over time, become cancerous and metastasize.   This shift 

from normal epithelium to adenoma to carcinoma is the result of a number of genetic and 

epigenetic changes that occur within the tumor (Fearon and Vogelstein, 1990).  About 

5% of CRC is associated with disease syndromes with Mendelian dominant inheritance. 

These include familial adenomatous polyposis (FAP) that is caused by germline 

mutations in the APC gene (Kinzler et al., 1991) and hereditary non-polyposis colon 

cancer (HNPCC) that is caused by mutations in DNA mismatch repair genes.  While the 

remaining 95% of CRC cases are classified as sporadic, it is known that host genetic 

polymorphisms confer a significant risk for sporadic forms of CRC as well. For example, 

the relative risk of siblings of sporadic CRC patients is as much as 3-fold greater than in 

the general population, and this risk is even stronger in twins. Indeed, ultimately all 

colorectal cancers are genetic diseases as almost all sporadic CRC progresses through an 

adenoma-carcinoma sequence with defined molecular genetic alterations underlying the 

progressive changes. 
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Colonic Crypt Organization 

 The colon is organized into four histologically distinct layers: the mucosa, 

submucosa, muscularis externa, and the serosa.  At the mucosal surface lies the 

epithelium, which consists of a single sheet of epithelial cells folded into cylindrical 

invaginations supported by the lamina propria to form the functional unit of the colon 

called crypts (Fig. 1A).  Over a 5-day period, the colonic epithelium is continually 

renewed by cells migrating from the base of the crypts, differentiating along the way and 

eventually extruding into the lumen of the colon.  Approximately 14,000 crypts per 

square centimeter are located in the adult human colon and, given a rate of 5 days for 

colonic epithelium renewal, it has been estimated that over 6 × 1014 colonocytes are 

produced during an individual’s lifetime (Potten et al., 1992; Cheng et al., 1984).  In the 

top third of the crypt are the terminally differentiated cells that are derived from the 

multipotent stem cells located at the bottom of the crypt. During asymmetric division, 

these cells undergo self-renewal and generate a population of transit-amplifying (TA) 

cells that proliferate and differentiate into one of the epithelial cell types of the intestinal 

wall. There are three major epithelial lineages in the colon: the colonocytes, the mucus-

secreting goblet cells, and the enteroendocrine cells (Fig. 1B).  The lower two thirds of 

the crypt are occupied by TA cells and, at the base of the crypt, the stem cells (Radtke 

and Clevers, 2005). The maintenance of the stem cell compartment as well as the 

transition from proliferation to differentiation are finely regulated by Wnt signaling 

ligands that are thought to be produced by mesenchymal cells closely applied to the basal 

lamina that surrounds the crypt (Fevr et al., 2007). 
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Figure 1. Anatomy and organization of the colonic crypt.  A. The epithelium is shaped 

into invaginations called crypts.  Upon asymmetrical divisions, the daughter cells 

undergoing differentiation migrate upward to give rise in turns to transit amplifying 

precursors and terminally differentiated cells, become the epithelial cells, and eventually 

shed into the lumen. B. The lineage scheme depicts the stem cell, the transit-amplifying 

(TA) cells, and the three major epithelial lineages: the columnar cells (colonocytes), 

enteroendocrine cells, and the goblet cells. (Figure from Lucia-Vitiana et al., 2009). 

A B 
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Stem Cell Theory of CRC Development  

 From a genetic standpoint, CRC is likely the most well understood solid 

malignancy.  This is probably due to the accessibility of the tumors (as compared to other 

solid cancers), the large volume of hereditary studies performed, and the fact that 

different stages of the same malignancy can co-exist within the same patient (Radtke and 

Clevers, 2005).  All of these factors have contributed greatly to the understanding of the 

molecular and histopathological understanding of this cancer.  In 1990, Fearon and 

Vogelstein postulated the “adenoma-carcinoma model” which integrated many of the 

observations seen in data collected on CRC.  The model states that (i) colorectal tumors 

result from mutational activation of oncogenes combined with the inactivation of tumor-

suppressor genes, (ii) multiple gene mutations are required to produce malignancies, and 

(iii) genetic alterations may occur in a preferred sequence, yet the accumulation of 

changes rather than their chronologic order determines histopathological and clinical 

characteristics of the colorectal tumor. Note that this third postulate is not strictly true, as 

some “gatekeeper” mutations have been found to precede other mutations in a 

chronological order, in a process that will be discussed further below. 

 In the adenoma–carcinoma sequence, the neoplastic process is initiated by 

mutations in the Wnt-signaling pathway, such as in the adenomatous polyposis coli 

(APC) or β-catenin (CTNNB1) gene mutations, which are found mutated in up to 85% of 

all cases of human CRC.  This allows the tumor to proliferate unchecked and is 

considered the rate-limiting step in tumor formation.   At this stage, the mutant cells are 

now in an environment that selects for additional mutations that allow the tumor to 
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continue to grow and become more aggressive.  As it progresses, it acquires the 

sequential mutation of other genes, such as the oncogene K-RAS, a GTPase that controls 

cell proliferation, found mutated in 50-60% of CRC; and the tumor suppressor gene 

TP53, which gives the cells resistance to apoptosis (Fig. 2).  

 According to the cancer stem cell hypothesis, it can be assumed that the first 

mutational hit occurs in a colonic stem cell located at the bottom of a crypt that, being 

long-lived, can accumulate oncogenic mutations over years or decades (Preston et al., 

2003).  Once transformed, mutated stem cells may lose the ability to divide 

asymmetrically, generating only self-renewing cancer stem cells and expanding the 

cancer stem cell compartment.  If a clone of these transformed cells does not properly 

differentiate and does not progress up and out of the crypt but rather, the cells migrate 

laterally, they can eventually form a mass that will grow out and encompass neighboring 

crypts, and then grow up to the point where the tumor is a visible adenoma, and 

eventually a malignant tumor (adenocarcinoma). 
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Figure 2. Molecular events that characterize the transition to adenocarcinoma. There is a 

well-described sequence of mutational events that characterize the transition from normal 

colon epithelium to premalignant adenoma and then invasive adenocarcinoma. These 

include (but are not limited to): loss of function of the APC gene, which encodes a 

protein involved in cell adhesion and transcription; activation of K-RAS, a GTP-ase that 

controls cell proliferation; and loss of TP53, which tends to be a late event and increases 

the resistance of cancer cells to apoptosis. (Figure from Kerr, 2003).
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Wnt-Signaling Pathway and Colorectal Cancer 

 As previously stated, the most common initiating step in CRC development is a 

mutation in the Wnt-signaling pathway.  The Wnt pathway, a highly conserved group of 

intercellular signaling molecules, was originally identified as a regulator of cellular fate 

along the crypt-villus axis in normal gut epithelium (Clevers, 2006).  It is now known to 

be a major player in proliferation and self-renewal of stem cells and one of the driving 

forces behind CRC development.   

 The central player in the Wnt pathway is β-catenin. In the absence of a Wnt signal, 

a cytoplasmic pool of β-catenin is targeted for proteasomal degradation through 

sequential phosphorylations occurring at its N-terminus (Fig. 3A). A degradation 

complex, consisting of the tumor suppressors, axin and APC, and the constitutively active 

kinases, glycogen synthase kinase 3β (GSK3β) and casein kinase I (CKIα), regulates β-

catenin phosphorylation status in a cell (Cavallo et al., 1998).   

 When Wnt ligand is present, it binds the Frizzled and low-density lipoprotein 

receptor–related protein (LRP) receptors, causing inactivation of the destruction complex 

in a not fully understood manner (Fig. 3B). As a result, β-catenin is no longer 

phosphorylated and accumulates in the cell. The concurrent translocation of β-catenin 

into the nucleus results in the binding of β-catenin to transcription factors of the T cell 

factor/lymphocyte enhancer factor (TCF/LEF) family.  This binding relieves the 

transcriptional repression of the Groucho protein, which was formerly bound to 

TCF/LEF. TCF/LEF-β-catenin forms an active transcriptional complex that activates 

target genes, many of which are implicated in cell-cycle regulation (Flier and Clevers, 
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2009).  

 In the case of colorectal cancer development, the cell can acquire a loss-of-function 

mutation in the APC gene, causing β-catenin to remain undegraded regardless of the 

presence of the Wnt ligand (Fig. 3C).  This situation leads to a build-up of both nuclear 

and cytoplasmic β-catenin, and uncontrolled transcription of its target genes.  Eventually, 

this leads to a loss of regulation of the cell cycle and cell proliferation, paving the way for 

further oncogenic transformations and mutations. 
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Figure 3. The Wnt-signaling pathway. A.  In the absence of the Wnt ligand, the APC 

complex is assembled and β-catenin is targeted for degradation by phosphorylation.  In 

addition, groucho binds TCF/LEF and prevents transcription.  B.  When the Wnt ligand is 

present, β-catenin is free to translocation to the nucleus and act as a transcription factor 

for numerous cancer genes. C.  In the event of an APC mutation, β-catenin is completely 

deregulated and allows unchecked proliferation of the cell.  (Figure adapted from 

Voronina et al., 2009) 

B A C 
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The Sleeping Beauty project 

 Many of the major mutations acquired during CRC development are well known 

and characterized. As mentioned earlier, these include mutations in the APC, K-RAS, and 

TP53 genes.  However, as stated in the adenoma-carcinoma model, a tumor must acquire 

additional mutations to continue along the path of carcinogenesis.  This hypothesis was 

documented in a study done that sequenced over 13,000 axons in 11 colorectal and 11 

breast cancer tumors (Sjoblom et al., 2006).  They found that the average tumor acquired 

about 90 non-synonymous gene mutations.  Their data suggested that perhaps only 11 of 

these 90 mutations contributed to the neoplastic process, but it is difficult using their data 

set alone to determine which of these cancer-associated mutations are “drivers” and 

which are simply “passenger” mutations.  To better answer this question; in 2009 a 

forward genetic screen was performed in mice using Sleeping Beauty (SB) transposon 

mediated mutagenesis (Starr et al., 2009).  SB transposon vectors were induced to “jump” 

in intestinal epithelial cells in vivo – the result of which was tumor development via 

insertional mutagenesis. Genes containing transposon insertions were then identified. 

This screen was performed in mice of differing sensitivity to intestinal tumorigenesis: 

Apc wildtype mice, ApcMin mice and TP53 mutant mice. This approach permitted the 

identification of cancer genes specific to tumorigenesis in these host genetic 

backgrounds. 
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Apc Wildtype Screen 

 To achieve insertional mutagenesis in the gastrointestinal tract of Apc wildtype 

mice, triple transgenic mice were created that combined a T2/Onc mutagenic transposon, 

the SB11 transposase, and the intestinal-specific Villin-Cre recombinase transgene (Fig. 

4A).  The SB11 transposase promoter region contained a LoxP-flanked stop cassette (Fig. 

4B).   Intestinal specific mutagenesis was achieved by the expression of Villin-cre that 

removed the stop signal in the SB11 transposase, thus activating SB11, causing the 

“hopping” of the T2/Onc transposon throughout the mouse genome.   T2/Onc contains a 

murine stem-cell virus long terminal repeat and splice donor site (MSCV-LTR-SD), 

which can deregulate the expression of a nearby proto-oncogene. T2/Onc also carries 

splice acceptor sites in both DNA strands and a bidirectional polyadenylate signal, which 

can inactivate the expression of a tumor suppressor gene.  

 The resulting triple transgenic mice became moribund with tumors as early as one 

year of age.  These tumors were harvested and their DNA was isolated and analyzed.  In 

order to sequence the genomic DNA flanking the transposon insertions, linker-mediated 

polymerase chain reaction (PCR) was performed.  To determine which insertions had 

occurred at a greater than random chance (indicating they provided some selective 

advantage for tumor formation), Monte Carlo simulations were used.   From this data, 77 

candidate genes were assigned to common insertion sites (CISs) based on the number of 

insertions in or near the gene.  The top 10 CIS candidate genes, ranked based on number 

of insertions are listed in table 1.  This study concluded that these genes have a high 

probability in playing an important role in tumor formation in CRC. 
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Figure 4. Set-up and components of the wild-type sleeping beauty screen.   A.  Breeding 

scheme for developing the triple transgenic mice.  Vil = Villin promoter, RLS = Rosa26-

Lox-stop-Lox-Sleeping Beauty 11. B. Vector used to make Rosa26-lox-stop-lox-SB11 

knock-in mice.  Promoter Region = Rosa26 promoter, En2 = Engrailed2 splice acceptor 

and exon, Egfp = Enhanced green fluorescent protein, SB11 = Sleeping Beauty 

transposase, LoxP = Cre recombinase recognition sites, PGK = Phosphoglycerate kinase, 

Kan/Neo = Kanamycin/Neomycin. (Figure from Starr et al., 2009).  
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Table 1. The top 10 CIS candidate genes from the Apc wild-type Sleeping Beauty screen.  

They are ranked according to the number of distinct insertions defining the CIS with their 

purported function listed on the right. (Table from Starr et al., 2009). 
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ApcMin Screen 

 A second SB screen was conducted in the tumor sensitive ApcMin mouse strain that 

carries a mutant allele of the adenomatous polyposis coli tumor suppressor gene. The SB 

triple transgenic mice developed three times as many intestinal tumors as ApcMin control 

mice. All of the tumors harvested from the SB triple transgenic mice were adenomas, and 

in all of the tumors the second allele of Apc was functionally lost, undergoing Loss of 

Heterozygosity (LOH), either through insertional mutagenesis or somatic mitotic 

recombination. While the candidate genes (representing CIS) from the ApcMin screen 

demonstrated some overlap with CIS observed in the wild type screen, many were 

different, pointing to a cooperative role with a germline Apc mutation. 28 candidate genes 

representing CIS were identified from the ApcMin screen as having high potential to play a 

role in tumorigenesis.  Of these 28, 14 were selected for further evaluation and 

characterization (listed in table 2), including the Cnot1 and Cnot2 genes, the subjects of 

this thesis.  All of the genes listed will eventually be characterized in cell culture and 

potentially validated as either oncogenes or tumor suppressors.   

 

Strategy for Validation of Genes  

 In order to validate the candidate genes from the screens as actual contributors to 

tumorigenesis they must first be evaluated in cell culture.  To do this, our lab uses a CRC 

cell line, SW480, which is APC mutant in order to mimic the genetic background of the 

mice used in the screen.   This cell line is also easy to transfect, making transient 

knockdown or overexpression of genes much simpler.   



 

  15 

 

Table 2. 14 Candidate genes selected from ApcMin screen for characterization in cell 

culture. The candidate gene is listed on the left with its proposed function listed on the 

right. 
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 Starting with SW480 cells, strategies to knockdown or overexpress candidate genes 

were developed in order to assess the effect these changes had on the cancerous 

phenotype of the cells.  Using siRNA, we can mimic inactivating insertions caused by the 

transposon and knockdown the target candidate gene in the cell; and by using plasmid 

overexpression of the target gene, we can mimic the activating insertions.  Then, to assess 

the oncogenic phenotype, we use a variety of cellular assays such as cell viability, 

apoptosis and cell signaling reporter assays.  

 

β-catenin Reporter Assay Background 

 Because the second SB transposon screen was performed in mice on an ApcMin 

genetic background, it was hypothesized that CIS genes somehow cooperate with the Apc 

mutation to promote tumorigenesis.  For this reason, it is important to have an assay to 

determine if knocking down or overexpressing the candidate genes will have an effect on 

β-catenin activity.  Because β-catenin acts as a transcription factor, one possible way to 

assess its activity is by using a dual luciferase reporter assay.  The components of the 

assay are outlined in Figure 5.   

 The first component of the assay is a transfectable plasmid containing a firefly 

luciferase gene under the control of a minimal promoter that contains TCF/LEF binding 

sites and therefore is responsive to β-catenin-bound TCF. Once inside the cell, higher 

amounts of β-catenin activity cause increased transcription of the luciferase gene, 

resulting in increased translation of luciferase enzyme which produces an luminescent 

signal that can be read using a standard plate reader.  Therefore, the amount of light 
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produced is proportional to the amount of β-catenin activity.  For this component of the 

assay, we used the pTOP Flash plasmid developed by Randall Moon’s lab (Veeman et 

al., 2003).   

 In order to normalize the luminescent signal to the actual number of transfected 

cells, a second luciferase plasmid is co-transfected along with pTOP-Flash.  This plasmid 

is called pRL-TK, and contains a renilla luciferase gene under the control of a 

constitutively active minimal promoter.  The renilla luciferase enzyme uses a different 

substrate to distinguish its signal from the firefly luciferase signal.  Then, during data 

analysis, the firefly signal is divided by the renilla signal to get a final measure of β-

catenin activity. 

 The third component of the assay is called pFOP-Flash.  This plasmid is identical to 

pTOP-Flash except is contains mutated TCF/LEF sites that don’t allow TCF to bind.  

This plasmid acts as a control for leaky promoter activity and validates the results of 

pTOP-Flash.  Without β-catenin activity, the luciferase gene should not be expressed 

producing little to no luminescent signal.  The signal from pFOP-Flash can also be used 

to correct for any background activity resultant from using the plasmid. 
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Figure 5. β-catenin reporter assay.  A. pTOP-Flash contains a firefly luciferase gene 

under the control of a minimal promoter responsive to β-catenin transcriptional activity. 

B. pFOP-Flash is identical to pTOP-Flash except the TCF binding sites are mutated.  This 

acts as a control for leaky promoter activity.  C.  pRL-TK contains a renilla luciferase 

gene under the control of a constitutively active minimal promoter.  This serves as a 

normalization control for the number of transfected cells. (Figure adapted from Firestein 

et al., 2008) 
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CNOT1 and CNOT2 

 The focus of this thesis is on the characterization of CNOT1 and CNOT2 (both 

subunits of the Ccr4-Not complex) as potential CRC oncogenes.   The Ccr4-Not complex 

is a complex, global regulator of gene expression that is conserved from yeast to humans 

(Collart, 2003).  In yeast, it is an approximately 1.0 MDa complex consisting of at least 

nine major subunits, the five Not proteins (Not1p to Not5p) and Caf1p, Caf40p, Caf130p, 

and Ccr4p.  The first of these components was identified in 1980 by using genetic 

selection screens in yeast (Reed, 1980).  However, it wasn’t until 1998 that Clyde Denis 

and co-workers began to identify all of the individual subunits as one functioning 

complex (Denis et al., 2001).   

 There have been several studies on the function of the Ccr4-Not complex in yeast, 

yet relatively few have been done on the human orthologues.  However, given the high 

level of structural and sequential conservation of the complex between the two species, it 

is likely that they play similar roles.  In yeast, the complex has been purported to play a 

role in mRNA degradation, transcription, protein modification, and ubiquitination.  In 

humans, the complex has been shown to be involved in mRNA metabolism, specifically 

deadenylation of transcripts that leads to their subsequent degradation (Fig. 6) (Winkler 

et al., 2006).  In 2006, a study in human cells indicated that the CNOT1 subunit was a 

repressor of nuclear-receptor mediated transcription (Winkler et al., 2006).  Using 

promoter recruitment assays, they determined that CNOT1 has the ability to negatively 

regulate nuclear hormone receptor-mediated transcriptional activity.  They hypothesized 

that CNOT1 does this by interacting with the ligand-binding domain of Estrogen 



 

  20 

Receptor alpha (ERα), which causes recruitment to estrogen-regulated promoters.  These 

results are particularly intriguing when viewed in terms of CRC genetics, as ERα has 

previously been implicated as a tumor suppressor gene in CRC (Issa et al., 1994; Ahuja et 

al., 1998; Cho et al., 2007).   

 The CNOT2 subunit has only been specifically implicated in repression of RNA 

polymerase II-mediated transcription.  Two recently published papers showed that 

promoter targeting of CNOT2 resulted in strong repression of pol II mediated 

transcription (Zwartjes et al., 2004; Jayne et al., 2006).  Furthermore, these studies 

implicated an approximate 100-residue motif in the C-terminus of CNOT2 (Called the 

“Not-box”) as the mediator of the effect.  This research suggested that chromatin 

remodeling was involved, as the effect was sensitive to histone deacetylase inhibitors.  It 

is not yet clear how this function may play a role in CRC tumorigenesis, if any.  



 

  21 

 

Figure 6. The CCR4-Not complex functions in mRNA metabolism and gene 

transcription.  In the cytoplasm, the Ccr4-Not complex functions primarily as a regulator 

of mRNA metabolism through deadenylation of transcripts.  In the nucleus, it functions 

as a repressor of nuclear receptor mediated transcription.  This is thought to take place 

through interactions with the CNOT1 subunit and ERα (Figure from Winkler et al., 

2006). 
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Hypothesis 

 The central hypothesis of my project is that Cnot1 and Cnot2, two CIS genes 

identified in the ApcMin screen are oncogenes.  To begin to test this hypothesis CNOT1 

and CNOT2 were knocked down in a colon cancer and normal cell line and the effect on 

cell viability was determined. 
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MATERIALS AND METHODS 

 

Cell Culture 

 The human primary epithelial colorectal cancer cell line SW480, the human 

foreskin fibroblast cell line BJ; and the human embryonic kidney epithelial cell line 

HEK293 were all obtained from the American Type Culture Collection (ATCC, 

Manassas, VA).  Cells were maintained at 37oC in 5% CO2 and grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM 

L-glutamine, 100 ug/ml penicillin and 100 ug/ml streptomycin (Mediatech Inc., 

Manassas, VA).  Cells were passaged at 70% confluence.  Cells were counted using a 

hemocytometer under a light microscope. 

siRNA Transfection 

 Cells were treated by transfection with an siRNA oligonucleotide targeting the gene 

of interest, transfection with a non-targeting siRNA oligo (control siRNA), mock 

transfection or not treated. 

 Cells were transfected with siRNA oligos twice 48 h apart in order to ensure 

complete target knockdown. Cells were transfected at 70% confluence in antibiotic free 

medium at a final concentration of 50 nM si RNA oligos.  siRNA transfection was 

performed on SW480 cells using DharmaFECT 1 and in HEK293 and BJ cell lines using 

Dharmafect 4 (Dharmacon, Layfayette, CO). Oligos used were: CNOT1, CNOT1 On-

TARGETplus SMARTPool (Dharmacon, Cat # L-015369-01-0005); CNOT2, FlexiPlate 

siRNA (Qiagen, Cat # HS_CNOT2_10); and control siRNA, OnTARGETplus Non-
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targeting siRNA#3 (Dharmacon, Cat # D-001810-10-05).  

RNA Isolation 

 Total RNA was harvested from siRNA treated and control cells 2 days after the 

second transfection.  Cells were rinsed with phosphate buffered saline (PBS) solution 

then trypsinized and pelleted by centrifugation.  Total RNA was then harvested using an 

RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions and 

stored at -80o C.  

Quantitative Real Time-Polymerase Chain Reaction (qRT-PCR) 

To quantitate the level of CIS gene mRNA in the total RNA from each 

experimental sample, 1.5 µg RNA was converted to cDNA with random monomer 

primers (IDT) and recombinant Omniscript Reverse Transcriptase using the Omniscript 

RT kit (Qiagen) according to manufacturers instructions. 

CIS cDNA amplified from total cDNA by PCR using specific primers.   

PCR reactions were carried out in 10 µl using 2 ul cDNA from a 10X dilution of the 20 ul 

RT reaction for CIS genes, 500 nM each primer, 5 µl LightCycler480 SYBR Green 1 

Master Mix (Roche Applied Science).  PCRs were performed on a LightCycler® 480 

System (Roche Diagnostics) in 96 well plates using the amplification protocol: 1 cycle of 

preincubation, 5 m at 95o C; 45 cycles of amplification each consisting of denaturation at 

95o C for 5s, annealing at 60o C for 5 s and elongation at 72o C for 10s; 1 cycle melting at 

95oC for 5 s, 65oC for 1 m, heating to 97oC; 1 cycle cooling at 40oC for 30 s.  Water was 

used as a template for negative control amplifications for each PCR run.  All reactions 

were performed in duplicate.  
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Serial dilutions of standards of the same sequence of as the predicted PCR 

products were amplified in parallel with experimental samples to generate a standard 

curve.  The standard curve was then used to determine efficiency of PCR amplification 

for each gene.  Data were analyzed using Roche LightCycler® 480 software.  Crossing 

points (Cp’s) of standards were used to generate a standard curve in which Cp is a 

function of log initial template concentration.  Cp’s for amplification of the CIS gene in 

the experimental samples were determined and concentrations of CIS cDNA in the initial 

RT reaction were calculated from their respective standard curves.  CIS cDNA 

concentration was normalized to 18S cDNA concentration.  Normalized CIS cDNA value 

is indicative of the abundance of the CIS mRNA in the sample RNA population. 

Primers used were: CNOT1, 5'- CTT TCA ACC CCC AAT CAG ACC -3' and  

5'- AGG TTT CAT CTT ACT CTG CTG GA -3';  

for CNOT2, 5’-CTTAACGAACATTCACATTAGGGATA-3’ and 

5’- CTTCACCATATCGGCCAAGT-3’  

 
MTT Assay 

 Cell viability of siRNA-treated SW480 cells was determined using the MTT assay 

with the Cell Viability Kit 1, (Roche Applied Sciences).  One day after the second siRNA 

transfection, cells were plated in triplicate in 96-well plates at a density of 5x103 

cells/well.  Cell viability was then measured using the MTT Kit (Roche) according to the 

manufacturer’s protocol. Cell viability was determined on days 1-6 after the second 

transfection. The signal was measured by reading the absorbance at 595 nm using 
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Labsystems Multiskan plate reader (Fischer Scientific).  Data shown represent the mean 

of three replicates +/- standard deviation. 

Apoptosis Assay 

 The extent of apoptosis in each treatment group was measured using the Cell Death 

Detection ELISA (Roche), which detects cytosolic nucleosomes as an indicator of cells 

undergoing apoptosis. After the second siRNA transfection, cells were plated in triplicate, 

in 96-well plates at 1x104 cells/well.  Apoptosis was determined on days 1, 2 and 3 after 

the second transfection using the manufacturer’s protocol. The colorimetric change 

resulting from peroxidase conversion of substrate (positive identification of cytoplasmic 

nucleosomes) was measured by reading the absorbance at 402 nm also using the 

Labsystems Multiskan plate reader. 

Creation of CNOT1 Overexpression Construct 

 To create our overexpression vectors, we used the Gateway cloning system from 

Invitrogen (Fig. 7).  To begin, a plasmid encoding the entire mRNA sequence of CNOT1 

was obtained from Open Biosystems (Thermo Scientific) embedded in the pBluescriptR 

plasmid.  We then used standard PCR with a Phusion Hot Start High Fidelity DNA 

Polymerase (Finnzyme, Espoo Finland) to amplify this plasmid using primers flanked 

with attB recombination sites.  PCR purification was then performed using a QIAquick 

kit (Qiagen) and the resulting product was verified on a 1% agarose gel. The PCR primer 

sequences used were: 

Forward: 5’ –GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGAATCTTGACT 

CGCTCTCG-3’ 
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Reverse: 5’- GGGGGACCACTTTGTACAAGAAAGCTGGGTATCAAACATCGTGTT 

GAGAATATAACA-3’ 

 Once our gene was successfully amplified with the correct sites, we could then 

recombine it with a donor vector (pDNR-221, from Invitrogen Cat # 12536-017) in a 

reaction catalyzed by BP clonase enzyme.  The product of this reaction is called an Entry 

Clone (pENTR-CNOT1) and contains attL recombination sites.  It was transformed into 

E. coli for amplification, selection by kanamycin resistance and loss of the toxic ccdB 

gene, and plasmid isolation.  Presence of the insert was confirmed by restriction analysis.   

In the final step of the procedure, pENTR-CNOT1 was recombined with a destination 

vector (pDEST40-IRES GFP-Lenti RC) to create an expression clone containing CNOT1 

(pEXP-CNOT1).  Restriction analysis and sequencing of the expression clone is 

described in the text.  

 The destination vector used (created by Branden Moriarty and generously provided 

by Caitlin Conboy) contains several key features that allow for gene overexpression (Fig. 

8).  After successful recombination, CNOT1 takes the place of the two genes between the 

attR sites.  This places its expression under the control of a strong, constitutive elongation 

factor 1-alpha (EF1α) promoter with a cytomegalovirus (CMV) enhancer to allow for 

robust expression of CNOT1.  Just downstream of the second attR site there is a 6x HIS 

tag for purification or detection and a GFP marker separated by an internal ribosome 

entry site (IRES).  This allows us to detect expression of our gene without disrupting 

protein function as visualized by the GFP signal.  Finally, there is also an ampicillin 

resistance gene to allow for antibiotic selection. 
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Figure 7. Overexpression vector creation schematic. Our gene of interest (CNOT1 in this 

example) was ordered from Open Biosystems in a pBluescriptR vector.  It was then PCR 

amplified with flanking attB recombination sites and recombined with a donor vector to 

add attL sites.  Finally, it was recombined with the destination vector to get CNOT1 into 

an expression clone with a strong EF1α promoter.  Antibiotic resistance of vector 

indicated above or below each plasmid. ccdB encodes a toxic gene product that targets 

topoisomerase II. (Figure modified from Invitrogen protocol). 
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Figure 8. Key features of destination vector.  The ccdB and chloramphenicol resistance 

(CmR) genes are cloned out and replaced by the CNOT1 ORF.  It is then under control of 

the EF1α promoter and CMV enhancer.  Expression of CNOT1 can be visualized by GFP 

expression, which has its own IRES to avoid potential protein disruption.  In addition, 

there is also a HIS tag to allow for protein purification or detection and ampicillin 

resistance for selection. 
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Optimization of transfection conditions 

  To optimize transfection conditions for overexpression of pEXP-CNOT1, an 

identical plasmid except for the ORF, pEXP-CNOT2, was used.  SW480 cells were plated 

in a 24-well plate at 1x105 cells/well.  400 ng of plasmid DNA containing the CNOT2 

coding sequence or the destination vector (identical to expression clone except no insert) 

were transfected per well using 1.0 ul of Lipofectamine 2000.  The cells were then 

observed over a 48-hour period and checked for GFP expression (indicating successful 

expression of the vector) by microscopy. 

 

β-catenin Transcriptional Activity Assay 

 SW480 cells were plated in 24-well plates at a concentration of 1x105 cells/well.  

After a one-day rest period, the media was changed to antibiotic-free DMEM and the 

cells were co-transfected with 400 ng of TOP-Flash or FOP-Flash plasmid DNA plus 4 

ng of pRL-TK DNA using 1.0 ul of Lipofectamine 2000.  After 48-hours, cells were 

harvested using 100 ul of passive lysis buffer from the Dual Luciferase Reporter Assay 

Kit (Promega) and the lysate was freeze-thawed twice at -80o C before further analysis.  

The lysate was analyzed in a clear-bottom, black-sides 96 well plate using 8 ul of lysate.  

Then, 40 ul of LAR II (Firefly luciferase substrate) was added and firefly luciferase 

signal was read to determine TOP Flash activity. Then, 40 ul of Stop and Glo (Firefly 

quencher and Renilla luciferase substrate) were added and signal read to determine renilla 

activity.  All signals were read using a Synergy II plate reader (Biotek, Winooski VT).     
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Statistical Analysis 

 Statistical analysis was performed using the Prism 5 program from GraphPad 

Software Inc.  A repeated measure two-way analysis ANOVA was carried out for each 

experiment, using the siRNA treatment and time as variables.  Following ANOVA 

analysis, a Bonferroni post-hoc test was performed to compare the control siRNA, mock 

siRNA, and untreated groups to the CNOT1 and CNOT2 treated groups.  Statistical 

significance is shown on the graphs below as indicated by an asterisk (*) symbol. * = p 

<0.05, ** = p <0.01, and *** = p <0.001. A minimum p value of <0.05 when comparing 

CNOTs to all three controls separately was required to indicate statistical significance, 

and the number of asterisks displayed indicates the smallest significant difference of the 

three comparisons.  
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RESULTS 

 
 

I. FUNCTIONAL STUDIES 
 
A.  Depletion of CNOT1 mRNA in SW480 cells leads to decreased cell viability 

 Cnot1 was identified as a candidate cancer gene in the ApcMin Sleeping Beauty 

screen.  To test the role of CNOT1 in oncogenesis, transient siRNA transfection was used 

to deplete expression of CNOT1 in SW480 human colorectal cancer cell lines.  SW480 

cells were used because they are APC mutant, which mirrors the genetic background of 

the mice used in the screen.  qRT-PCR was used to determine effectiveness of depletion.  

CNOT1 levels in CNOT1 siRNA treated cells were consistently less than or equal to 10% 

of control siRNA treated cells (Figure 9A).  

 For initial screening of candidate genes we evaluated cell viability using an MTT 

assay.  This assay was chosen because it can be used to accurately assess the number of 

metabolically active cells in a cell culture.  It functions by reducing a byproduct of 

metabolism to a formazan dye to produce a colorimetric signal. Cells were treated by two 

transfections with CNOT1 siRNA, control siRNA, mock transfection or not treated.  Cell 

viability was assessed on days one through six after the final transfection.  Over the six-

day interval, the control treated cells showed an increase in viable cell number but the 

number of CNOT1 siRNA treated cells failed to increase or even declined. This 

difference in viability was found to be statistically different between the CNOT1 treated 

cells and the controls on days 3 through 6 (Fig. 9C,D).  Observation over the six-day 

interval confirmed that the cell density of CNOT1 siRNA treated cells was substantially 
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less than that of control treated cells (Fig. 9B).  These results suggested that depletion of 

CNOT1 in colorectal cancer cells caused a decrease in cell viability. 
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Figure 9. Depletion of CNOT1 mRNA in SW480 cells leads to decreased cell viability.  

For these experiments cells were treated by transfection with an siRNA oligonucleotide 

targeting the gene of interest, transfection with a non-targeting siRNA oligo (control 

siRNA), mock transfection or not treated.  Cells were transfected with siRNA oligos at 50 

nM final concentration twice 48 h apart in order to ensure effective depletion. A. 

Expression of CNOT1 mRNA in treated and untreated cells was determined using RT-

qPCR.  Values represent relative levels of CNOT1 mRNA normalized to 18S rRNA 

levels.   B.  Brightfield micrographs of CNOT1 siRNA- and control siRNA-treated cells 6 

days after second transfection.  C and D. Cell viability was determined on days 1-6 after 

transfection.  (C) Shows absorbance at 595 as function of treatment.  (D) Shows relative 

A B 

C D 
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viability.  For each time point A549 absorbance of each treatment was normalized to the 

appropriate Day 1 value.  Figures represent one experiment representative of three 

independent experiments.  qRT-PCR results represent mean of 2 determinations.  MTT 

results represent mean +/- standard deviation of three biological replicates.  Significance 

of differences was determined by two way ANOVA.  *** = p <0.001, ** = p <0.01 

between CNOT1 and all controls. 
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B. Depletion of CNOT1 mRNA in SW480 cells leads to increased apoptosis 

 Diminished cell viability could be due to multiple possibilities:  failure to 

proliferate, cell death due to necrosis or cell death due to apoptosis. To evaluate the cause 

of diminished cell viability, apoptosis was evaluated in parallel with cell viability in these 

experiments.  Apoptosis was assessed using an ELISA-based Cell Death Detection kit 

from ROCHE.  The signal from this assay is dependent on the amount of cytoplasmic 

nucleosomes detected by a sandwich ELISA using an anti-DNA antibody.  The presence 

of nucleosomes in the cytoplasm is a sign that the cell is undergoing apoptosis and has 

already experienced nuclear envelope breakdown.  If there are of cells undergoing this 

stage in apoptosis, signal will be detected.  However, if the cells are already dead, the 

detectable material will be washed away in a previous step of the assay before detection.  

Therefore this assay only detects cells that are undergoing apoptosis, not dead cells.  

 Levels of apoptosis were evaluated on days one, two and three after the second 

transfection.  Analysis of absorbance at A405 nm, indicative of absolute number of 

apoptotic cells, shows that CNOT1 siRNA treated cells have higher levels of apoptosis 

(Fig. 10A).  Since the number of viable cells in CNOT1 siRNA treated cells is 

diminished, values for absorbance at A405 nm were normalized to MTT values for the 

same experiment to obtain the fraction of cells in total population undergoing apoptosis 

(Fig. 10B). 

 Results of the apoptosis assay indicated that an increase in apoptosis in CNOT1-

depleted cells did indeed contribute to the decrease in cell viability. Differences in 

proportion of cells undergoing apoptosis were statistically significant between CNOT1 
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treated cells and control treated cells on days 1 through 3 (Fig. 10B).  These results 

suggest that CNOT1 may function as an oncogene in transformed cells and such that its 

depletion causes a decrease in the cancerous phenotype of the cell. 
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Figure 10. Depletion of CNOT1 mRNA in SW480 cells leads to increased apoptosis.  For 

these experiments cells were treated by transfection with an siRNA oligonucleotide 

targeting the gene of interest, transfection with a non-targeting siRNA oligo (control 

siRNA), mock transfection or not treated.  Cells were transfected with siRNA oligos at 50 

nM final concentration twice 48 h apart in order to ensure effective depletion. A and B. 

Cell death was determined on days 1-3 after transfection. (A) Shows absorbance at 405 

nm (indicative of apoptosis in the ELISA assay) as a function of treatment.  (B) Shows 

fraction of total population undergoing apoptosis.  For each time point, A405 absorbance 

of each treatment was normalized to the appropriate MTT  value for the corresponding 

day.  Figures represent one experiment representative of three independent experiments.  

Apoptosis results represent mean +/- standard deviation of three biological replicates.  

Significance of differences was determined by two-way ANOVA.  *** = p <0.001 

between CNOT1 and all controls.  

 

 

A B 
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C.  Depletion of CNOT1 in HEK293 cells also results in decreased viability 

 Loss of CNOT1 activity in SW480 CRC cells results in decreased viability and 

increased apoptosis.  This result may indicate that increased CNOT1 activity contributes 

to oncogenesis.  However, it is also possible that CNOT1 is an essential gene whose 

activity is necessary for viability of normal cells as well.  To distinguish between these 

possibilities we evaluated the effect of CNOT1 depletion on a non-cancer cell line, 

HEK293.  If depletion of CNOT1 does not diminish viability of HEK293 cells this result 

indicates that CNOT1 is not an essential gene and supports the idea that increased 

CNOT1 activity contributes to oncogenesis.  However, if depletion of CNOT1 in 

HEK293 cells does result in decreased viability, this result suggests that CNOT1 is 

essential, and then no conclusions can be drawn as to its effect on tumorigenesis. 

 Transient siRNA transfection was again used to deplete expression of CNOT1 in 

HEK293 cells and qRT-PCR was used to verify sufficient depletion of the target. CNOT1 

levels in CNOT1 siRNA treated cells were less than or equal to 10% of control siRNA 

treated cells (Figure 11A).  Cells were treated by two transfections with CNOT1 siRNA, 

control siRNA, mock transfection or not treated.  Cell viability was assessed on days two, 

four and seven after the final transfection.  Over the seven-day interval, the control 

treated cells showed an increase in viable cell number but the number of CNOT1 siRNA 

treated cells declined. This difference in viability was found to be statistically different 

between the CNOT1 treated cells and the controls on days 4 and 7 (Fig. 11B, C).  These 

results suggest that CNOT1 may simply be an essential gene whose depletion is lethal for 

both cancerous and non-cancerous cells alike.  Further evaluation of this hypothesis 
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requires the use of an overexpression assay, discussed in further detail in part II. 
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Figure 11. Depletion of CNOT1 mRNA in HEK293 cells also results in decreased cell 

viability.  For these experiments, cells were treated by transfection with an siRNA 

oligonucleotide targeting the gene of interest, transfection with a non-targeting siRNA 

oligo (control siRNA), mock transfection or not treated.  Cells were transfected with 

siRNA oligos at 50 nM final concentration twice 48 h apart in order to ensure effective 

depletion. A. Expression of CNOT1 mRNA in treated and control treated cells was 

determined using RT-qPCR.  Values represent relative levels of CNOT1 mRNA 

normalized to 18S rRNA levels. B and C. Cell viability was determined on days 2, 4, and 

7 after transfection.  (B) Shows absorbance at 595 as function of treatment.  (C) Shows 

A 

B C 
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relative viability.  For each time point A549 absorbance of each treatment was 

normalized to the appropriate Day 2 value.  Figures represent one experiment 

representative of three independent experiments.  qRT-PCR results represent mean of 2 

determinations.  MTT results represent mean +/- standard deviation of three biological 

replicates.  Significance of differences was determined by two way ANOVA.  *** = p 

<0.001, * = p <0.05 between CNOT1 and all controls. 
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D.  Depletion of CNOT2 results in decreased cell viability 

CNOT2 is part of the core CCR4-NOT complex along with CNOT1 and was 

identified as a CIS gene in an SB screen done on a wild type background.  To further 

investigate the role of the CCR4-NOT complex in tumorigenesis we also evaluated the 

effect of depletion of CNOT2.  In the same fashion as the CNOT1 experiments, transient 

siRNA transfection was used to deplete expression of CNOT2 in SW480 human 

colorectal cancer cell lines.  qRT-PCR was used to determine effectiveness of depletion.  

CNOT2 levels in CNOT2 siRNA treated cells were less than 30% of control siRNA 

treated cells (Figure 12A).  

 Cells were treated by two transfections with CNOT2 siRNA, control siRNA, 

mock transfection or not treated.  Cell viability was assessed using the MTT assay on 

days one through six after the final transfection.  Over the six day interval, the control 

treated cells showed a robust increase in viable cell number while CNOT2 siRNA treated 

cells showed a much more gradual increase in viability. This difference in viability was 

found to be statistically different between the CNOT2 treated cells and the control siRNA 

treated and mock transfected cells on days 4 through 6 (Fig. 12C, D).      

Observation over the six-day interval confirmed that the cell density of CNOT2 

siRNA treated cells was substantially less than that of control treated cells (Fig. 12B).  

Barring the odd results seen with the untreated cells, these results suggested that 

depletion of CNOT2 in colorectal cancer cells caused a similar decrease in cell viability 

as seen in the CNOT1 depleted cells.  

 Loss of CNOT2 activity in SW480 cells causes decrease viability, which may 
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indicate that CNOT2 is actively contributing to oncogenesis.  But having previously 

determined that depletion of CNOT1 causes a decrease in viability in both normal and 

cancerous cells, it was important to test CNOT2 in the same manner. Therefore we also 

evaluated the effect of CNOT2 depletion on HEK293 cells as well. 

 Transient siRNA transfection was again used to deplete expression of CNOT2 in 

HEK293 cells and qRT-PCR was used to verify sufficient depletion of the target. CNOT2 

levels in CNOT2 siRNA treated cells were again less than or equal to 30% of control 

siRNA treated cells (Figure 13A).  As in the assays performed with SW480 cells, cells 

were treated by two transfections with CNOT2 siRNA, control siRNA, mock transfection 

or not treated.  Cell viability was assessed on days one through six after the final 

transfection.  Over the six-day interval, the control treated cells showed an increase in 

viable cell number but the number of CNOT2 siRNA treated cells stayed relatively 

constant. This difference in viability was found to be statistically different between the 

CNOT2 treated cells and the controls on days 3 and 6 (Fig. 13B,C).  These results suggest 

that CNOT2 may also be an essential gene whose depletion proves lethal for both 

cancerous and non-cancerous cells alike.  Further evaluation of this hypothesis also 

requires the development of an overexpression assay, discussed in further detail in part II. 
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Figure 12. Depletion of CNOT2 mRNA in SW480 cells leads to decreased cell viability.  

For these experiments cells were treated by transfection with an siRNA oligonucleotide 

targeting the gene of interest, transfection with a non-targeting siRNA oligo (control 

siRNA), mock transfection or not treated.  Cells were transfected with siRNA oligos at 50 

nM final concentration twice 48 h apart in order to ensure effective depletion. A. 

Expression of CNOT2 mRNA in treated and untreated cells was determined using RT-

qPCR.  Values represent relative levels of CNOT2 mRNA normalized to 18S rRNA 

levels.   B.  Brightfield micrographs of CNOT2 siRNA- and control siRNA-treated cells 6 

days after second transfection.  C and D. Cell viability was determined on days 1-6 after 

A B 

C D 
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transfection.  (C) Shows absorbance at 595 as function of treatment.  (D) Shows relative 

viability.  For each time point A549 absorbance of each treatment was normalized to the 

appropriate Day 1 value.  Figures represent one experiment representative of three 

independent experiments.  qRT-PCR results represent mean of 2 determinations.  MTT 

results represent mean +/- standard deviation of three biological replicates.  Significance 

of differences was determined by two way ANOVA.  *** = p <0.001, between CNOT1 

and all controls. 
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Figure 13. Depletion of CNOT2 mRNA in HEK293 cells also results in decreased cell 

viability.  For these experiments, cells were treated by transfection with an siRNA 

oligonucleotide targeting the gene of interest, transfection with a non-targeting siRNA 

oligo (control siRNA), mock transfection or not treated.  Cells were transfected with 

siRNA oligos at 50 nM final concentration twice 48 h apart in order to ensure effective 

depletion. A. Expression of CNOT2 mRNA in treated and control treated cells was 

determined using RT-qPCR.  Values represent relative levels of CNOT2 mRNA 

normalized to 18S rRNA levels. B and C. Cell viability was determined on days one 

through six after transfection.  (B) Shows absorbance at 595 as function of treatment.  (C) 

A 

B C 
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Shows relative viability.  For each time point A549 absorbance of each treatment was 

normalized to the appropriate Day 1 value.  Figures represent one experiment.  qRT-PCR 

results represent mean of 2 determinations.  MTT results represent mean +/- standard 

deviation of three biological replicates.  Significance of differences was determined by 

two way ANOVA.  *** = p <0.001, ** = p <0.01 between CNOT1 and all controls. 
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II. PROTOCOL DEVELOPMENT 

A.  Plasmid overexpression of CNOT1  

Our overall strategy for evaluating candidate cancer genes calls for evaluating 

overexpression as well as depletion.  In addition, we plan to evaluate the contribution of 

these genes to CRC-related signaling pathways, especially the Wnt-β-catenin pathway.  

As a first step, we have begun work on reagents and protocols to carry out these studies. 

CNOT1 and CNOT2 studies demonstrated the need for overexpression experiments.   

These genes were initially identified as CIS genes, therefore genes whose alteration 

might contribute to cancer.  siRNA studies suggest that CNOT1 and CNOT2 are essential 

for cell viability.  However, it is still unknown if increased activity of these genes 

contributes to development of cancer.  Overexpression studies can directly address this 

question. 

 As previously stated, we used the Gateway cloning system to create an 

overexpression plasmid for CNOT1.  The first step in creating the construct was to PCR 

amplify the CNOT1 ORF with flanking attB ends.  After optimization of PCR conditions 

to allow for accurate amplification of an approximately 5 kb product, we were able to 

detect our insert on a 0.7% agarose gel (Fig. 14A).  This PCR product was then 

recombined with the pDNR-221 vector in a reaction catalyzed by BP clonase.  We 

verified the presence of the CNOT1 insert in the entry clone using restriction digests.   

 Six clones were tested under two conditions each- a SacI – XbaI digest and a SacI – 

ClaI digest.  Each of these sites were 1 cutters located within the CNOT1 ORF (Fig. 15).  

Table 3 lists the expected fragment sizes for both digests – 2.2 and 5.4 kb for the first 
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digest and 3.4 and 4.3 kb for the second digest.  Figure 14B shows the experimental 

results of both digests.  Clones A, B, E, and F display the expected fragment sizes for the 

first digest, while clones C and D do not-most likely due to mutations during 

recombination.  Therefore, C and D were eliminated from further recombination cloning.  

However, none of the clones displayed the expected fragment sizes for the second digest.  

Upon further research, it was discovered that the ClaI site was differentially methylated 

in this plasmid sequence, leading to incorrect cutting or cutting only the SacI site 

(linearization), explaining the sole 7.6 kb band seen in most of the lanes.  Taken together, 

these results suggested that the CNOT1 insert had been successfully cloned in the 

pENTR-CNOT1 vector, and clones A, B, E and F were chosen for the next step in the 

cloning process. 

 Each of the four clones was recombined with pDEST40-IRES GFP-Lenti RC 

vector in order to produce an expression vector containing the CNOT1 insert.  After 

recombination catalyzed by LR clonase, the products were again restriction digested to 

verify the correct presence of the insert.  Unfortunately, all of the recombination products 

tested were unable to be digested by the enzymes chosen, and showed odd band patterns 

or no bands at all.  To determine the cause of this result, one of the clones was sent to the 

BioMedical Genomics Center at the University of Minnesota for DNA sequencing 

analysis (sequencing primer sequences located in appendix Figure 1A).  



 

  51 

 

  

Figure 14.  CNOT1 was successfully recombined into the entry clone, pENTR-CNOT1.  

A. Standard PCR was performed with Phusion HotStart Polymerase using the CNOT1 

ORF as a template and primers flanked with attB sites. Lane A: 10 ul of PCR product, 

lane B: 5 ul, lane C: 2.5 u; run on 0.7% agarose gel with a 1 kb molecular weight marker 

(Promega).  B. An analytical restriction digest reaction (20 ul total volume) was 

performed according to Promega restriction enzyme protocols.  The enzymes used in 

each reaction (and lane) are listed in table 3 below.  5 ul of reaction product were loaded 

onto a 0.7% agarose gel using a 1 kb molecular weight marker.  

A B 
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Table 3.  Restriction digest of pENTR-CNOT1 verifies four successful clones.  The 

identification of the contents of each well are listed, including the enzymes used, 

expected fragment sizes, and actual experimental fragment sizes. 
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Figure 15.  Vector map of pENTR-CNOT1 showing the ORF and the RE sites used.  

Restriction enzyme analysis of the 7674 bp vector was performed to determine the 

correct presence of the CNOT1 ORF.  A digest with SacI and XbaI was expected to 

produce 2.2 kb and 5.4 kb fragments whereas a digest with SacI and ClaI was expected to 

produce fragments of 3.4 kb and 4.3 kb.  * indicates a site that is commonly methylated 

according to New England Biolabs Cutter v3 software. 
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 The results of the sequencing point to an inversion after the second recombination 

reaction.  One forward and one reverse sequencing primer were used, each encompassing 

about 100 base pairs of the ORF leading into the junction with the vector.  Both captured 

their respective complimentary strands leading up to the junction, where the sequencing 

results abruptly switched to the reverse compliment of the opposite junction (sequences 

displayed in appendix).  However, the sequencing results of the ORF in the entry clone 

(product of the first recombination) do not display this same “crossing-over” 

phenomenon.  These results suggest that the CNOT1 ORF was recombined in an inverse 

orientation during reaction two, most likely due to the attR sites in the pDEST50-IRES 

GFP-Lenti RC vector being on the incorrect (opposite) sides flanking the ccdB gene and 

in reverse orientation in comparison with the rest of the vector (Fig 16).  This would 

cause the pENTR-CNOT1 vector to “flip” in order to line up the attL sites with the attR 

sites and in the same orientation. Then, after the recombination, the CNOT1 ORF would 

be in an inverse orientation in comparison with the rest of the vector. Sequencing of the 

destination vector alone needs to be performed to verify this hypothesis.  In summary, 

these results show that the CNOT1 ORF was successfully recombined into the entry clone 

as verified by restriction digests, however, during the second recombination reaction, its 

orientation was reversed resulting in a non-function overexpression vector. 
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Figure 16.  Sequencing of pEXP-CNOT1 shows inverse orientation of the insert. A. The 

expected configuration for recombination between the destination vector and the entry 

clone causes the attR and attL sites to line up correctly, producing an expression clone 

with the CNOT1 ORF in the correct orientation.  B. One possible explanation for the 

CNOT1 ORF being in inverse orientation posits that the attR sites were switched in the 

destination vector, causing the entry clone to line up in reverse. 

A 

B 
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B. Transfection of CNOT2 overexpression vector proves expression can be detected 

 Depletion of both CNOT1 and CNOT2 resulted in decreased viability of cancer 

and normal cells.  These results prompted the need for overexpression constructs to 

determine if these genes actually contribute to oncogenesis.  While the CNOT1 vector 

needed to be created using the gateway cloning system, an identical vector for CNOT2 

overexpression had already been created by members of the Largaespada lab and was 

kindly provided for our use.  In this manner, we could test (1) if we could achieve 

transient transfection of the SW480 cell line using this vector and (2) if the IRES GFP 

would allow us to detect effective plasmid transfection.  To ensure that the presence of 

the CNOT2 insert was not affecting the GFP signal produced, we transfected the 

pDEST40 vector in parallel.  The pDEST40 vector is identical to the pEXP-CNOT2 

vector except it contains the ccdB and CmR genes between its attR sites rather than the 

CNOT2 ORF.  Finally, we used untransfected SW480 cells as a control to verify 

legitimate GFP expression in the experimental cells.  The results (Fig. 17) demonstrate 

that we were indeed able to transiently transfect the SW480 cells and detect the GFP 

signal, however, given the low transfection efficiency, it will be necessary to control for 

the actual population of transfected cells by using a reporter assay.  In summary, these 

results indicate that this expression vector should be successful for both CNOT2 and 

CNOT1 overexpression.   
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Figure 17. Overexpression of CNOT2 proves vector can be transfected and detected.  

Transient transfection of SW480 cells was performed using 400 ng of pEXP-CNOT2 and 

1.0 ul of Lipofectamine 2000. Two days after transfection the cells were photographed 

under a brightfield microscope (panels on left) and under fluorescent light (right). A. 

Cells transfected with pEXP-CNOT2. B. Cells transfected with pDEST. C. Untransfected 

cells. 

 

A 

B 

C 
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C.  Development of reporter assay for β-catenin transcriptional activity 

 The second SB transposon screen was performed in mice on an ApcMin genetic 

background, therefore, it was hypothesized that CIS genes cooperate with the Apc 

mutation to promote tumorigenesis.  For this reason, it was important to have an assay to 

determine if knocking down or overexpressing the candidate genes would have an effect 

on β-catenin activity.  Because β-catenin acts as a transcription factor, one possible way 

to assess its activity is by using a dual luciferase reporter assay.   

 Before developing the reporter assay components, we initially needed to determine 

if we could successfully detect a luminescent signal from transfected cells.  Two control 

plasmids were generously provided for this purpose by Dr. Lester Drewes, a 

constitutively active luminescent SV40 plasmid and a non-luminescent plasmid, MCT1.  

To harvest the cells and provide a substrate for luminescence, we used a Dual Luciferase 

Reporter Assay Kit (Promega).  After transfecting SW480 cells with the two control 

plasmids, we were able to detect a signal from the SV40 transfected cells but not the 

MCT1 transfected cells using a Synergy 2 plate reader (BioTek).  This result prompted us 

to continue with the assay and optimize transfection conditions for the actual reporter 

plasmids. 

 DNA transfection conditions for SW480 cells had previously been optimized using 

different plasmids to be 400 ng DNA per 50,000 cells using 1.0 ul of Lipofectamine 

2000.  This was also found to be effective for transfections of the β-catenin reporter 

plasmids.  Figure 18A demonstrates that transfection of SW480 cells with this DNA 

concentration allowed us to detect a firefly luciferase (β-catenin) signal that is at 
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minimum 200 fold higher than the renilla signal.  In addition, we were able to prove that 

this signal is specific to β-catenin transcriptional activity, as the cells transfected with 

FOP Flash produced a firefly signal that was 60-fold lower than the corresponding renilla 

signal and up to 5,000 fold lower than TOP Flash produced signal (Fig. 18B).   

 The next step in optimization was to determine what the most accurate and efficient 

firefly: renilla ratio detected should be.  Although we had optimized transfection of 

individual plasmids in SW480 cells, these reporters required co-transfections of the TOP 

or FOP Flash plasmid with the pRL-TK plasmid, which were provided to us by Dr. 

Ajamate Kaykas and Dr. Lester Drewes, respectively.  It was therefore necessary to 

determine the optimal ratio of TOP Flash: pRL-TK and FOP Flash: pRL-TK.  As seen in 

Figure 18, three primary ratios were used, 50:1, 75:1, and 100:1 TOP or FOP Flash: pRL-

TK.  It was initially decided that the ratio with the highest signal, 100:1, would provide 

the most accurate results, but it has since been determined that 100:1 may be outside the 

linear range of the assay.  Further work to determine which ratio to use is still under 

investigation. 

 In summary, we have been able to detect a specific β-catenin signal from SW480 

cells transfected with the reporter plasmids.  However, in addition to issues of 

determining the optimal ratio of plasmids to transfect, other complications with the assay 

are still being optimized.  These include problems with co-transfection of siRNA oligos, 

reproducibility of results, and plate reader detection sensitivity, to name a few. 
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Figure 18. Specific β-catenin signal can be detected using transfection of reporter assay 

components.  A.  SW480 cells were transfected with pTOP-Flash and pRL-TK at ratios 

of 50:1, 75:1 and 100:1. β-catenin dependent transcription from the TOP Flash plasmid 

and constitutive transcription from pRL-TK were measured using the Dual Luciferase 

Assay kit.  Firefly luciferase luminescence signal normalized to renilla luciferase signal is 

represented by grey bars and scale is shown on the left Y-axis in relative luminescent 

units (RLU).  B.  SW480 cells were transfected with pFOP-Flash and pRL-TK at  ratios 

of 50:1, 75:1 and 100:1. β-catenin dependent transcription from the FOP Flash plasmid 

and constitutive transcription from pRL-TK were measured using the Dual Luciferase 

Assay kit.  

A B 
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DISCUSSION 

 

 The central hypothesis of this research was that Cnot1 and Cnot2, two genes 

identified in a Sleeping Beauty mutagenesis screen, contribute to tumorigenesis in the 

intestine.  Our data support the view that Cnot1 and Cnot2 could play a role as potential 

oncogenes.  To support this conclusion, we have shown that depletion of CNOT1 and 

CNOT2 in human CRC cell lines causes a pronounced decrease in viability due to an 

increase in the level of apoptosis.  We have also shown that depletion in a non-cancerous 

cell human cell line shows the same phenotype.  This result suggests that CNOT1 and 

CNOT2 could be essential genes, whose depletion is lethal to the cell.  However, this 

does not preclude them from being oncogenes as they could be both an essential gene and 

an oncogene.  To clarify this issue, the overexpression of CNOT1 and CNOT2 still needs 

to be performed and the resulting phenotypes assayed.   

 If the CNOTs are confirmed as CRC oncogenes this finding would be consistent 

with some previous published reports of CNOT activity.  Winkler et al. demonstrated 

CNOT1’s ability to repress ERα-mediated transcription and ERα has been previously 

implicated as a tumor suppressor in CRC.  That would mean that when activated, CNOT1 

might increase repression of ERα, which could inhibit its tumor suppression functions 

and contribute to tumorigenesis. 

 CNOT2 is purported to function in repression of RNA pol II-mediated transcription 

(Zwartjes et al., 2004; Jayne et al., 2006).  While it is not yet known how an oncogenic 

CNOT2 could increase tumorigenesis through this repression function, dysregulation of 
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RNA Pol II-mediated transcription might be selected for in some cancer cells. 

 In order to classify the status of these two candidate genes as validated CIS, much 

work remains to be done.  In particular, achieving overexpression with CNOT1 and 

CNOT2 in a non-cancerous cell line and evaluating the phenotype is the next step.  Three 

strategies are currently being investigated as possible methods to evaluate overexpression 

while solving the issue of low transfection efficiency.  The first method involves using a 

reporter plasmid, possibly similar to pRL-TK in the beta-catenin assay, to normalize 

assay results to a renilla luciferase signal (representing the number of transfected cells).  

The second method uses flow cytometry to gate sort the transfected cells that are 

expressing GFP for purposes of cell-cycle analysis. Finally, the third option involves the 

creation of stable transfected cell lines continually overexpressing our target genes. Also, 

while knockdown of CNOT mRNA was verified by RT-PCR analysis, proving sufficient 

protein knockdown through western blot analysis would be informative, if only to 

determine how long after siRNA transfection true knockdown occurs (although this issue 

is minor compared to achieving overexpression). 

 In addition to achieving established overexpression, being able to accurately assay 

for β-catenin activity is another assay required for future research.  While we have been 

able to detect a valid signal with the dual luciferase reporters, there are still many issues 

that need troubleshooting.  Specifically, we need to: A, be able to reproduce results more 

reliably; B, determine the best way to transfect siRNA oligos alongside the reporter 

plasmids without disrupting the assay results; and C, determine the best time points for 

harvesting the transfected cells to accurately view the effects of knockdown on β-catenin 
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activity. 

 Finally, in the future it would be helpful to investigate the relationship between 

CNOT1 knockdown/overexpression and ERα.  This relationship currently seems to be the 

most promising in terms of discovering how the CNOTs contribute to CRC oncogenesis.   

 The ultimate application of this research is to create better, more individualized 

treatments for CRC.  With the knowledge that the genetic makeup of one patient’s tumor 

can be different than the next patient’s tumor, it is important to know which tumors 

respond best to which treatments.  Currently, cancer therapy offers little in the way of 

personalized treatments for CRC.  Once the CIS genes have been characterized 

individually, they can then be characterized in groups to determine how multiple genes or 

even entire pathways are affected and contribute to CRC carcinogenesis.  Eventually, the 

scientific community aims to fully catalog all of the genes and pathways that contribute 

to CRC and determine what role each plays in the process of carcinogenesis.  With this 

knowledge, an individual patient can be tested to figure out which genes and pathways 

are mutated in their specific cancer, and which drugs and/or therapies will be most 

effective for treatment of that type of cancer.   
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APPENDIX   

Sequencing Primers: 

 
Sequencing Results: 
 
…gtaggtcagggtggtcacgagggtgggccagggcacgggcagcttgccggtggtgcagatgaacttcagggtcagcttgc
cgtaggtggcatcgccctcgccctcgccggacacgctgaacttgtggccgtttacgtcgccgtccagctcgaccaggatgggc
accaccccggtgaacagctcctcgcccttgctca(green)ccatggttgtggccatattatcatcgtgtttttcaaaggaaa
accacgtccccgtggttcggggggcctagacgtttttttaacctcgactaaacacatgtaaagcatgtgcaccgaggccc
cagatcagatcccatacaatggggtaccttctgggcatccttcagccccttgttgaatacgcttgaggagagccatttgac
tctttccacaactatccaactcacaacgtggcactggggttgtgccgcctttgcaggtgtatcttatacacgtggcttttggc
cgcagaggcacctgtcgccaggtggggggttccgctgcctgcaaagggtcgctacagacgttgtttgtcttcaagaagct
tccagaggaactgcttccttcacgacattcaacagaccttgcattcctttggcgagaggggaaagacccctaggaatgct
cgtcaagaagacagggccaggtttccgggccctcacattgccaaaagacggcaatatggtggaaaataacatatagac
aaacgcacaccggccttattccaagcggcttcggccagtaacgttaggggggggggagggagaggggcggatctcga
gagcgggtttaaactcaatggtgatggtgatgatgaccggtacgcgtagaatcgagaccgaggagagggttagggata
ggcttaccttcgaaccgcgggccctctagatcaaccactttgtacaagaaagctgaacgagaaacgtaaaatgatataaata
tcaatatattaaattagattttgcataaaaaacagactacataatactgtaaaacacaacatatccagtcactatg(blue)ATGA
ATCTTGACTCGCTCTCGCTGGCCTTGTCTCAAATCAGCTACCTGGTGGACAAT
TTAACCAAGAAAAATTACCGAGCCAGCCAGCAGGAAATACAGCATATTGTGA
ATCGGCACGGTCCTGAGGCAGACAGGCATTTATTACGCTGCCTATTTTCGCAT
GTGGATTTCAGTGGCGATGGTAAAAGCAGTGGCAAAGATTTCCATCAGACTC
AGTTTCTGATTCAGGAGTGTGCGTTGCTGATTACAAAGCCAAATTTTATCTCG
ACGCTTCCTATGCCATTGATAATCCATTGCACTATCAGAAGAGTTTAAAGCCT
GCACCCCACTTATTTGCCCAGCTGAGTAAAGTGCTCAAATTAAGCAAAGTAC
AAGAG…ATGCAGGGAACCTTTGCTCATGAGCATATCTACCAACTTAAAAAAC
AGTTTTGCCTCAGCCCTTCGTGTAAGTTGGCTATTTCCTTGGTATAGGTACAA
AACGTATTACTGCTTGTCTGTAATAATT(red)TTTTTCTTTGTCTATATATGGCA
CTGGGCGTTACCACTTATTCTTAATAATCACCATATTTGTTTGATGTCTTCCAT
CATTTTAGATTGTAATTCTGTGAGGCAAAGCATCATGTCTGTGTGTTTTTTTTT
TTTTCTGTTATATTCTCAACACGATGTTTGAcatagtgactggatatgttgtgttttacagtattatgtag
tctgttttttatgcaaaatctaatttaatatattgatatttatatcattttacgtttctcgttca(purple)gcttttttgtacaaacttgttg
atagcttaactagccagcttgggtctccctatagtgagtcgtattaatttcgataagccagtaagcagtggataacttcgta
taatgtatgctatacgaagttatggctagccagggcctttcttaatattcttggcatcctccatggtggaagctactgtacac
caacctgtcaggagaggaaagagaagaaggttagtacaattgtctagggctgcagggttcatagtgccacttttcctgca
ctgccccatctcctgcccaccctttcccaggcatagacagtcagtgacttaccaaactcacaggagggagaaggcagaa
gcttgaatgttcacagagactactgcacttatatatggttctcccccaccctggggaaaaaggtggagccagtacaccac
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atcactttcccagtttacccaagccccaccttctctaggcaccagttcaattgcccacccctccccccaacttctcagggac
tgtgggccatgtgctctctgcccactgaggggcactcagccctcaagcatgctcttctccactagtcacccctattgacctt
atgtatgtgccaataatgggaaaaacccattgactcaccccctattgaccttttgtactgggcaaaacccaatggaaagt
ccctattgactcagtgtacttggctccaatgggactttcctgttgattcacccctattgaccttatgtactgggcaaaaccca
ttggaaagtccctaatgactcagtatacatgtcagtaatgggaaaaacccattggcttacctcccattgaccttatgtactggg
caaaacccattggaaagtccctattgactcaatgtacttggctccaatgggactttcctgttgactcaccccctattgaccttatgtac
tgggcaaaacccaatggaaagtccctattgagtcagtgtacttggctccaatgggtttttcccattgactcctgcaggaattggggg
cgcgccctaccgggta… 
 
Appendix Figure 1. Sequencing primers and results of CNOT1 insert in expression 
clone sequencing.  
 
Key:  
RED TEXT: FOR_12 Primer results    green: FOR_12 reverse compliment strand 
BLUE TEXT: REV_1 Primer results   purple: REV_1 reverse compliment strand 
lowercase: Expression clone sequence  UPPERCASE: CNOT ORF sequence 
Highlighted: attR recombination sites 
 
Sequence on Display:  
Bases 3763 of Vector to insert shown 
Bases 1-377 of CNOT ORF shown 
Deleted: 377-3988 of CNOT ORF not shown 
Bases 3989-4278 of ORF shown 
Bases 1136 of vector after insert shown 
Deleted 4,479 of vector not shown 
 

 

 

 


