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colonies data four days post transfection and puromycin treatment.  

 To ensure the cells 

were plated at a low 

enough concentration to 

achieve the desired one-

living-cell-per-well ideally 

needed to create individual 

clonal cell lines, a 

confluency assay was 

performed. The goal was to 

determine the concentration 

of cells that would take 

four days to achieve a confluency of 85-90% (Results in Figure 10). Cells were plated at initial 

concentrations varying from 100-5000 cells per well in a 96-well plate. A 96-well plate was used 

because that was the plate to be used to start our clonal colonies. After four days of growth at 

varying concentrations, the ideal concentration chosen was between 2000 to 3000 cells. Previous 

plating attempts showed that a concentration closer to 3000 cells/well was too concentrated to 

produce single clonal colonies in one well at a high enough frequency, so for our purposes, 

transfected cells were plated at an initial concentration closer to 2000 cells/well. Anecdotally, 

nearly all wells found to have any living cells contained single clonal colonies, with only a 

handful of  wells containing two or three colonies. The 41 cell lines obtained were from 6 plates 

(or 576 total wells), and no single clonal colony was left out.  

 

Figure 8. Confluency assay results of HCT-116. Cells were plated at varying 

concentrations (100-5000 cells/well) and grown for four days. The above results 

show the approximate confluency in that time. For HCT-116, approximately 

2500 (or 2000-3000) cells per well achieved an ideal confluency (approximately 

85-90%) after four days. 
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Observational Data 

 10 days post-transfection and puromycin treatment, individual clonal cell lines were 

selected and evaluated. Speed of growth was ascertained by approximate colony size after 10 

days and categorized into four categories: Fast, Medium, Slow, and Super Slow. Those cell lines 

categorized as Fast and Medium were transferred to a 24-well plate to allow further growth. 

Slow speed cell lines were transferred 7 days later (17 days post-transfection), and Super Slow 

speed cell lines were transferred 2 days after that (19 days post-transfection).  

 Once the cells were 

transferred to culture flasks, the 

growth speed as a measure of 

frequency of passage was taken. 

The parental cell line (with all 

cell lines normalized to its rate of 

passage) was seen to have a 

passage rate of half or less than 

the passage rate of any knockout 

Cell Line 
Growth Speed 

(approximate) 
Abnormal 

Morphology? 
Extra-Large 

Cells 
Abnormal 

Adherance 

Parental Fast No   
1MY1 Medium Yes  * 
1MY2 Medium Yes  * 
1SY1 Slow Yes +  
1SY2 Slow Yes +  
1SY5 Slow Yes +  
1SSY2 Super Slow Yes +  

Table 1. Parental and confirmed knockout cell line observational data. Cell lines are categorized at various 

growth speeds and whether or not they exhibited abnormal morphology. 
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Figure 9. Comparison of passage rates for parental and knockout cell lines. 

The cells were passed at a frequency relative to their growth speed and the rate 

at which they ran out of culture flask surface space. The fewer days between 

passes, the faster the cells grow. All data is normalized to the ratio of passage.  
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cell line, which indicated that it grew at twice (or more) the speed of the knockouts (Figure 11).  

Further evaluation while the cells continued growing was done based on approximate size 

of cells and adherence to the cell culture surfaces. Of the 14 cell lines categorized as Fast (within 

all three sgRNA constructs), no cell line exhibited any abnormal morphology. These cell lines 

Figure 10. Phenotypic differences between cell lines. HCT-116 (A) shows parental cell line 

growth, 1MY2 (B) shows abnormal cell flask adherence, and 1SY5 (C) and 1SY1 (D) display 

abnormally sized cells. All images were taken at 100x.  
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also grew at the approximate speed of the parental cell line in all culture container types (96-

well, 24-well, 6-well, and flask). 8 of 11 Medium speed cell lines exhibited abnormal 

phenotypes, with 7 of 8 exhibiting abnormal adherence (5 less adhered, 2 more adhered), and 3 

of 8 exhibiting extra-large cells among the normal sized cells (as compared to the parental cell 

line) (Examples in Figure 12). The 13 cell lines exhibiting Slow growth speed all exhibited some 

sort of abnormal phenotype. 10 of the 13 exhibited extra-large cell sizes and 6 of the 13 

demonstrate differing surface adherence (3 less and 3 more adhered). All 4 Super Slow cell lines 

exhibited expanded cell size. It should be noted that, depending on the degree of largeness seen 

in the cells, and the percentage of cells with this affliction could potentially interfere with visual 

flask adherence observations, due to sheer inexperience with this type of cell.  

Determining Knockout 

 PCR program and 

primers were confirmed 

to work by gel 

electrophoresis (Figure 

13). The gel also 

demonstrated that the 

PCR product was ample 

for sequencing (based on 

band brightness) and 

relatively pure. 

 Knockout was suspected in all cells containing an abnormal phenotype and not suspected 

in cell lines that did not exhibit the abnormal phenotype. As a result, only one cell line in the Fast 
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Figure 11. Confirmation of desired PCR product. Primers used to amplify the 

region of intended knockout were used on genomic HCT-116 DNA to ensure 

ample PCR product at the intended length in base pairs. Assumed length is above 

each band, and ladder band values are underlined in red. Primer sets (above their 

respective lanes) can be found in Appendix 1. 
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growth category was evaluated for knockout. As stated, PCR was only performed in the area of 

attempted knockout – three different areas for the three different sgRNA constructs. As knockout 

was only able to be confirmed in six cell lines, all transfected with sgRNA construct #1, those 

results are shown, compared to the one Fast cell line, the parental cell line, and the one cell line 

that does not contain a knockout, 1SSY1. Knockout was obtained in all confirmed cell lines by 

way of frameshift, or indel, mutation. All cell lines show some sort of insert, and three of the six 

also show some sort of deletion (Figure 14).  

 Due to frameshift mutation in all cell lines except 1MY2, the protein product derived 

from the mutant CUL3 mRNA is expected to be largely inaccurate, potentially creating a 

premature STOP codon and translating all amino acids after the site of mutation in the wrong 

open reading frame. 1MY2 would result in the addition of an amino acid to the sequence, which 

could affect protein folding or interactions of the ligase with other proteins.  

Changes in Metabolic Activity 

 MTS is an altered, more accurate form of the MTT assay (both named for the type of 

tetrazolium salt used). This assay measures metabolic activity, and therefore cell growth and 

survival, by the conversion of tetrazolium salt to formazan. This change is catalyzed by the 

Figure 12. Alignment of sequencing results of confirmed knockouts. Six cell lines (1SY1, 1SY2, 1SY5, 1SSY2, 

1MY1, 1MY2) have confirmed knockouts by way of frameshift mutation (highlighted in blue), 1SSY1 can be 

confirmed to have no knockout at this location, and knockout in 1FN1 is unable to be determined. 
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mitochondrial enzyme succinate dehydrogenase, which cleaves the salt to form formazan. The 

cleavage results in a color change that is then read by a spectrophotometer (Buttke et al. 1993, 

Denizot and Lang 1986).  

 Preliminary data (resulting from one run of the assay) suggests that CUL3 knockout has 

resulted in an increase in metabolic activity (Figure 15). All cell lines with a confirmed knockout 

had significantly higher formazan output than the parental cell line for the first two days. By the 

fourth day, the parental cell line had caught up to the knockouts, indicating that all cell lines may 

have tapered off in metabolic activity increase. This is usually the result of reaching spatial 

constraints and commonly seen in the parental cell line.  
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Figure 13. Comparison of the MTS Absorbances of Various Cell Lines. The (490nm – 650nm) absorbances after 

treatment with MTS CellTiter liquid of each knockout cell line (sans 1SY5) are compared day by day. The control 

(HCT 116) is outlined with a dotted line. 
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Off-Target Effects 

 An NCBI Blast search for the target sequence and PAM (both NGG and NAG) was 

performed to locate sites within the human genome that may be targets of off-target cutting. The 

Blast search resulted in five potential off-target cut sites in actual genes. Two other sites were 

found in non-coding regions of the genome (Figure 16). Of the five potentially deleterious off-

target sites, only one had homology of over 90% to the original target sequence. Two had over 

85% homology, but both had the NAG PAM, indicating that they might be less likely to bind 

than a NGG counterpart.  

 

 

 

 

 

 

 

  

Figure 14. Possible Off-Target Effects. The potential off target sequences compared to the P1 CUL3 

target sequence used in the sgRNA CRISPR. NC1 & 2 are non-coding regions, RAVER2 is 

Ribonucleotide PTB-binding 2, PEX1 is Peroxisomal biogenesis factor 1, LRPPRC is Leucine-rich PPR 

motif containing protein, BBX is an HMG box transcription factor, and FOX1 is Forkhead box protein 1.  
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DISCUSSION 

EXPERIMENTAL FINDINGS 

Morphological Changes 

 In every cell line with a confirmed knockout, morphological changes were seen. While 

the specific changes vary from cell line to cell line, the majority of cell lines with confirmed 

knockout exhibit a phenotype that would be expected of a CUL3 knockout.  

 The morphology seen could be due to CUL3’s effects on monoubiquitination of Aurora B 

kinase, an enzyme involved in mitotic spindle stability and cytokinesis. Because of the function 

of monoubiquitination as a modulator of protein function and localization (as opposed to 

degradation targeted by 

polyubiquitination), a CUL3 

knockout essentially results in 

knockout of Aurora B’s 

secondary function and 

localization (Maerki et al. 

2010, Sumara et al. 2007). 

Sumara et al.’s results using 

RNAi to inhibit CUL3 

translation best exemplifies visually the resultant multinucleation and inhibited cytokinesis, seen 

in Fig. 17 (2007). The mechanism by which this is occurring is elucidated by Maerki et al. (2009, 

2010), where they posit a role for Aurora B monoubiquitination in aligning chromosomes to the 

divisional plane. Aurora B degradation, similar to inactivation, has been shown to result in faulty 

cytokinesis and multinucleation. Additionally, there is evidence that inhibition of normal Aurora 

Figure 15. Multinucleation due to CUL3 knockdown. (Sumara et al. 2007; 

Used with permissions from Elsevier) RNAi that inhibits CUL3 function 

results in multinucleated cells due to interference with normal Aurora B 

function. 
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B activity results in excess microtubule formation, increasing especially astrally (from the 

centrosome but not connecting to a kinetochore) (Figure 4) (Kallio et al. 2002).  

 Because multinucleation and failed cytokinesis halts the cell cycle, Aurora B inhibition 

could also be seen to slow the overall growth rate of a cell culture, which may explain the need 

for less frequent passage in the knockout cell lines. We expect that if Aurora B was completely 

inhibited, no cytokinsese would occur and the cells would not survive. However, though Aurora 

B monoubiquitination is critical for cytokinesis and its inhibition, in all literature reviewed, it 

does not seem to effect all cells in the culture identically. In this way, CUL3 knockout to disable 

Aurora B monoubiquitination is more similar to a knockdown of Aurora B monoubiquitination. 

This means that Aurora B function is severely inhibited, but not completely gone, allowing some 

cells to survive and reproduce.  

Metabolic Activity 

 The MTS assay used in this study is traditionally used as a method of ascertaining 

proliferation of cells. Changes in metabolic activity can easily be correlated with changes in cell 

growth in culture. This is assuming a relatively homogenized culture, with cells with equivalent 

ATP requirements and mitochondrial output. However, if a mutation causes abnormal metabolic 

activity, this assay no longer accurately measures the number and rate of cell proliferation.  

 Due to time constraints, the MTS assay had only one trial, with six individual wells 

measured per cell line. Given that only one assay was performed, this assay will need to be 

replicated to determine if the effects seen are reproducible. The trends here indicate that 

metabolic activity increases in knockout cell lines, but one trial gives the conclusions drawn little 

confidence. Therefore the first step before any concrete conclusions are drawn would be to rerun 

the assay to the point where statistics can be run.  
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 None of the afore-mentioned substrates of CUL3 give an ideal explanation for why 

CUL3 knockout cells would suddenly have higher metabolic activity. Likely, if the effects are 

due to the knockout, the substrate responsible for increased metabolic activity has yet to be 

discovered. There is also the possibility that the abnormal metabolic activity is due to off-target 

Cas9 cutting.  

Off-Target Effects 

 As previously stated, occasional off-target effects are unavoidable. Sequencing data of 

the 1SSY1 cell line shows that no knockout occurred at the expected site. However, this cell line 

still exhibited abnormal morphology and a substantially slowed growth rate (anecdotally). This 

cell line is the most likely candidate for off-target cleavage. Of the seven off-target sites 

identified in Figure 16, only four fit the criteria outlined by Ran et al. (2013), which includes 

over 85% homology with the mutations at least 4 bp away from the PAM sequence. Only one is 

within a non-coding region of DNA. The other three, PEX1, BBX, and FOX1, are the most 

likely sites of off-target cutting, with priority to PEX1, as it retains the NGG PAM sequence and 

has a higher percent homology (91% v. 86%) to the target sequence. Further study is needed to 

determine whether or not these off-target sites are responsible for the abnormal morphology seen 

in 1SSY1, and potentially other cell lines.  

 

PERFECTING THE CUL3 KNOCKOUT 

Alterations to the Current Approach 

 The CRISPR/Cas9 system, as described in the methods portion, produced six successful 

KO-CUL3 cell lines. However, since six out of 41 total cell lines is a 14% success rate, the 

knockout efficiency could be increased with alterations to the approach.  
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Another option would be to introduce multiple protospacers within the gene of interest 

per transfection in hopes that, if one target does not work, another may do better. In the archaea 

and bacteria from which this system is derived, multiple protospacers targeting the same plasmid 

or virus will be integrated into their genomes (Jinek et al. 2012). This gives the Cas9 more target 

sequences at which to cleave and, theoretically, a more successful neutralization of the invasive 

DNA. The beauty of the Cas9 enzyme is that once the template DNA for Cas9 is in the target 

cell’s genome, the enzyme can cut anywhere, and in multiple places, as long as a crRNA 

template(s) are provided.  

Genome Editing versus Gene Silencing 

In this study, gene silencing was the goal of the transfection process - mutation in the 

gene to either shift its reading frame into nonsense or produce a premature stop codon. However, 

another option exists - gene editing. This is done very similarly to gene silencing, where 

transfection occurs, introducing the Cas9 enzyme and two sgRNA constructs, resulting in two 

double-stranded breaks and excision of the area of interest. It also requires transfection of a 

repair template, as the major difference occurs in the repair process. Where single DNA breaks 

prefers the mutation-prone NHEJ (non-homologous end joining) process, DNA excision uses 

homologous recombination. Homologous recombination uses the transfected template to repair 

the break in a guided way. This template contains the gene edits. Single nucleotide differences 

can be introduced with a single break, and large portions of the gene can be rewritten with two 

breaks (caused by two differently targeted sgRNAs) (Ran et al. 2013).   

With regards to CUL3, gene editing could be used to check the opposite of gene 

knockout - a knockin - by altering the promoter to turn the gene constitutively on. If a knockout 

results in slower growth, a knockin could result in accelerated growth. A knockin would likely 
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not demonstrate the same morphological changes seen in this study, as Aurora B function should 

be uninhibited, and potentially better. Knockin would also likely increase resistance of cells to 

CPT (camptothecin chemotherapy) by decreasing cellular TOP1 concentration.  

Temporary CUL3 Knockout 

 The use of a catalytically inactive Cas9 has been seen to create a reversible knockout, or 

knockdown. The Cas9 still targets the gene of interest by way of sgRNA guidance, but instead of 

catalyzing a double-stranded break, the Cas9 will bind to the target site and inhibit transcription 

by simply getting in the way. Because no permanent mutation has occurred, the process, called 

CRISPRi, is reversible (Qi et al. 2013). This could allow the researcher to inhibit CUL3, and 

then remove the inhibition to see if the various phenotypes rectify themselves.  

 

CUL3’S KNOWN ROLE IN CANCER 

Database Results 

 CUL3 itself has been implicated as a driver gene in several types of human cancers, 

including head and neck squamous cell carcinoma; lung, stomach, and prostate adenocarcinoma; 

cutaneous melanoma; and esophageal carcinoma. In all cancers, the driver mutation resulted in a 

loss of function of CUL3 (IntOGen). Many of the mutations (72.5%, according to COSMIC) 

catalogued both by IntOGen and COSMIC result in a missense substitution mutation within the 

CUL3 gene. In addition to missense mutations of the gene itself, mutation in the neddylation 

protein Nedd8 has been found to affect cancer by way of controlling CUL3 function (IntOGen). 

The frequency of CUL3/Nedd8 mutation in any of the experiments reporting CUL3/Nedd8 

mutation was no more than 3-4% of the genotyped cancers. While CUL3 does seem to have a 

role in driving cancer, it does so at a relatively infrequent rate. 



- 39 - 

 

 IntOGen does not classify CUL3 as a driver gene for colorectal cancer. It does, however, 

reference the data found in COSMIC indicating that CUL3 is known to mutate in CRC. While 

the status of CUL3 as a driver gene in cancer is weak, CUL3 is still an intriguing therapeutic 

target and diagnostic tool. 

Cancer Treatments 

 Substrates of CUL3 have been linked to the effectiveness of certain types of 

chemotherapies, giving CUL3 knockout cancers certain properties. CUL3 knockout makes it less 

likely that an individual will acquire resistance to antitumor camptothecins (CPTs), a type of 

chemotherapy. Sometimes, a cancer cell will become resistant to CPTs by down-regulating the 

expression of topoisomerase I (TOP1), the target of the drug. This is sometimes done by 

upregulating CUL3 and the ubiquitin-based degradation of TOP1 (Zhang et al. 2004B). Studies 

have shown that ubiquitination of TOP1 is an important determinant in CPT sensitivity (Beretta 

et al. 2013). This implies that inhibition of TOP1 degradation may be able to restore CPT 

sensitivity to resistant cancers. CUL3 knockout inhibits TOP1 degradation by removing the 

machinery to ubiquinate the TOP1, thus providing us with a potential avenue for rectifying CPT 

resistance.  

 Cyclin E cellular concentration has been inversely correlated with breast cancer patient 

survivability (Keyomarsi et al. 2002). Since cyclin E production is not really tissue specific, the 

likelihood is high that colon cancers would demonstrate the same trends seen in breast cancer. 

This indicates that a CUL3 knockout in colon cancer, which increases the cellular cyclin E by 

not degrading it, will likely result in more aggressive cancers and higher overall lethality.  

 Aurora B kinase overexpression has been recently correlated with lung cancer lethality 

(Takeshita et al. 2012). Again, Aurora B expression is also not tissue-specific, making the trends 
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seen in lung cancer likely to be seen in CRC. Aurora B overexpression is correlated with 

aneuploidy, or abnormal numbers of chromosomes, which often leads to increased malignancy 

(Masafumi et al. 2012). By inhibiting Aurora B chromosomal localization by CUL3 knockout, an 

Aurora B overexpression could be rectified.  

 Nrf2 expression has very recently been linked to gastric cancer and patient survivability. 

The higher the expression of Nrf2, the more aggressive the cancer (Kawasaki et al. 2015). In 

non-small-cell lung cancer, diallelic inactivation of KEAP1 (Nrf2’s adapter protein), and 

therefore inhibition of Nrf2 degradation, results in higher rates of chemoresistance (Singh et al. 

2006). A CUL3 knockout would increase expression of Nrf2, which should make the cancer 

more aggressive overall, and more resistant to oxidative stress. CUL3 overexpression has 

conversely been seen to decrease Nrf2 expression and increase breast cancer sensitivity to 

oxidative stress and chemotherapies (Loignon et al. 2009). In this way, CUL3 overexpression 

might become a therapeutic tool.  

 There is also the potential for utilizing the CUL3 ubiquitination mechanism as a type of 

target. For example, to ensure overexpression of a gene, like TOP1, one would only need to 

inhibit its adapter protein to turn off its degradation and increase cellular concentrations of TOP1 

(Unfortunately, the adapter protein of TOP1 is as of yet undiscovered). CUL3’s many substrates 

have different effects regarding cancer growth, many of which are contradictory to one another 

when it comes to cancer growth and patient survivability. Therefore, CUL3 is likely not a good 

target for cancer treatment, but rather its individual substrates are. 
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