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Abstract 

Colorectal cancer (CRC) is the third most commonly occurring cancer globally. One of 

the current therapies used in CRC treatment is the anti-epidermal growth factor receptor (anti-

EGFR) monoclonal antibody, which is commercially marketed as cetuximab. However, 

cetuximab has been seen to be detrimental for patients who have CRC with a mutated KRAS 

gene.  

The RAS signaling pathway is involved in many cellular processes including cell 

proliferation. A driver mutation in the KRAS gene causes the protein to become overactive and 

drives abnormal cell growth and proliferation. Nearly 45% of colorectal cancer (CRC) patients 

harbor a mutation in their KRAS gene, for which despite many years of research, there are still no 

drugs available. Other treatments that indirectly target mutant KRAS are thus highly sought after 

and much needed. 

Protein Arginine Methyltransferase 5 (PRMT5) is a transcription regulator for multiple 

cellular processes that is currently being tested as a potential target/biomarker in several cancer 

types. PRMT5 has been found to be over-expressed in various cancers, and PRMT5 over-

expression is also correlated with increased cell growth and decreased patient survival. 

Herein we have found that not only do KRAS mutant CRC cells respond effectively to 

PRMT5 inhibitor treatment, but that KRAS mutant CRC cells show an even greater degree of 

inhibition, apoptosis, and cell cycle arrest when compared to their KRAS wild type (WT) 

counterparts after being treated with PRMT5 inhibitor.  
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Introduction  

Colorectal cancer (CRC) is the second largest cause of cancer death in the US [1]. It is 

estimated that in 2020 there will be 147,950 new diagnoses and 53,200 new deaths of colorectal 

cancer in the United States alone [1]. Most cases of CRC take over 10 years to fully develop and 

advance through the adenoma-carcinoma sequence [2]. Inactivating mutations of the APC tumor 

suppressor gene are an early step in the process and occur in over 70% of colorectal adenoma 

[3]. Additional activating mutations of the KRAS oncogene and inactivating mutations of the 

TP53 tumor suppressor gene further promote the adenoma-carcinoma sequence [3]. 

 

Epidermal growth factor receptor (EGFR) is a transmembrane receptor tyrosine kinase 

(RTK) that is responsible for sending a downstream signal to initiate cellular division. When 

EGFR is over-expressed, excessive cellular proliferation results [4]. In CRC, EGFR is estimated 

to be significantly over-expressed in 60%-80% of tumors, and EGFR over-expression is 

associated with a poor prognosis [5]. Cetuximab––a monoclonal antibody which binds to the 

extracellular domain of EGFR and prevents ligands from binding––was thus developed as a 

treatment for CRC [6]. 

 

Cetuximab however, has been found to have two key limitations. First, cetuximab only 

works in cells that do not have a mutation in a gene that codes for a protein that is downstream of 

EGFR––such as the KRAS gene [7]. Second, many patients who at first do respond to cetuximab 

treatment, eventually develop resistance to cetuximab due to secondary mutations, which later 

develop downstream of EGFR [8]. In some cases, cetuximab has even been seen to be 

detrimental for patients who have CRC with a mutated KRAS gene [9].  



5  

KRAS is a membrane bound GTPase that plays an early and lead role in many signal 

transduction pathways [10]. Activating mutations in KRAS have been shown to result in 

increased cellular proliferation as well as suppression of apoptosis [11, 12]. As KRAS has been 

determined to be mutated in nearly 45% of CRC patients, much research has been pursued in 

order to develop an inhibitor for mutant KRAS [13]. However, despite many years of research, 

there are still no therapies available that target mutant KRAS in CRC [14]. Other treatments that 

indirectly target mutant KRAS are thus urgently sought after in the clinical setting.  

 

Arginine methylation is an important post-translational modification which functions as 

an epigenetic regulator of transcription, in addition to playing key roles in pre-mRNA splicing, 

DNA damage signaling, and cell signaling [15]. Cancer is progressively being seen to not only 

result from genetic mutations, but also from epigenetic alterations [16]. Increasing evidence is 

indicating that protein arginine methyltransferases (PRMT) play an important role in cancer 

progression and maintenance [17].  

 

Protein arginine methyltransferase 5 (PRMT5) is an enzyme which catalyzes the 

methylation of arginine residues on target proteins [18]. PRMT5 has been found to specifically 

regulate gene expression in two major ways: the methylation of histones, and the methylation of 

key transcription factors such as p53 and E2F1 [18]. It has been reported that PRMT5 is over-

expressed in approximately 75% of CRC cases [17]. 

 

Fibroblast growth factor receptor 3 (FGFR3) is a protein that has been shown to be both 

over-expressed in CRC, and to promote tumor growth [17]. PRMT5 has been found to play a 
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role in regulating FGFR3 by binding to the FGFR3 binding site within the promoter region, and 

thereby enhancing FGFR3’s transcription [17].  

 

Furthermore, PRMT5 has also been seen to play a profound role in regulating the 

downstream targets of FGFR3 such as AKT, ERK and mTOR [17]. Upon silencing PRMT5 in 

CRC cells, FGFR3 expression has been found to be reduced, which thus leads to the reduced 

expression of AKT, ERK, as well as mTOR [17]. These findings suggest that FGFR3 over-

expression in CRC may actually be a result of the over-expression of PRMT5. 

 

Additionally, PRMT5 has also been found to antagonize several pro-apoptotic signaling 

pathways [19]. The tumor necrosis factors (TNF)-related apoptosis-inducing ligand (TRAIL) 

binds to death receptors DR4 and DR5 and induces apoptosis. PRMT5 has been found to 

physically interact with DR4 and DR5, and to inhibit the apoptotic effect of TRAIL [19].  

 

Moreover, PRMT5 has been shown to methylate E2F-1 transcription factor, and thus 

inhibit E2F-1’s ability to induce apoptosis [20]. PRMT5 depletion has also been seen to increase 

E2F-1’s expression levels, causing increased apoptosis and a reduction in cellular proliferation 

[20].  

 

By contrast, inhibition of PRMT5 by AMI-1, or knockdown of PRMT5 by shRNA, has 

been shown to restore key regulatory pathways which are involved in cell growth, survival, 

migration, and tumor suppressor activity [17]. 
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The above examples clearly show that PRMT5’s regulatory activities are largely pro-

proliferation and pro-survival, and thus a PRMT5 inhibitor therapy can be potentially used as a 

new treatment for KRAS mutated CRC.  
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Materials and Methods 

Cell Culture 
Six CRC cell lines: HCT116, SW620, CaCo2, HT29, HKE3, and LIM2405, as well as one 

normal colon cell line: CCD841 were purchased from the American Type Culture Collection and 

cultured for use in this study. HCT116 and SW620 are KRAS mutant cell lines, whereas CaCo2, 

HT29, HKE3, and LIM2405, are KRAS WT cell lines. HCT116 and HKE3 are isogenic cell 

lines––HCT116 differs from HKE3 only by having an activating KRAS mutation. The cell lines 

were grown in media which contained 87% MEM, 10% FBS, 1% NEAA, and 2% HEPES 

buffer. The cells were passaged twice a week.  
 
Quantitative Polymerase Chain Reaction (qPCR) 

HCT116, SW620, CaCo2, HT29, and CCD841 were cultured, and then spun down into cell 

pellets. RNA was then extracted from the cell pellets using the Invitrogen™ PureLink™ RNA 

Mini Kit (Catalog #: 12183018A) as per the manufacturer’s protocol. The concentration of the 

extracted RNA was then quantified using an Invitrogen™ Qubit™ RNA BR Assay Kit (Catalog 

#: Q10211) as per the manufacturer’s protocol. The RNA was then converted into cDNA using 

the Maxima™ H Minus cDNA Synthesis Master Mix (Catalog #: M1661) as per the 

manufacturer’s protocol. A T100™ Thermal Cycler was used to run the reaction.  Next, qPCR 

was performed using the Applied Biosystems™ PowerUp™ SYBR™ Green Master Mix 

(Catalog #: A25918) as per the manufacturer’s protocol. An Applied Biosystems 7300 Real-

Time PCR System was used to run the qPCR. The primers used were purchased from sigma with 

the following sequences.  
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PRMT5 Forward Primer: 5’GTTCTGCTATTCATAACCCCA3’  
PRMT5 Reverse Primer: 5’AATCCAGCACTAATTCCTCA3’  
GAPDH Forward Primer: 5’AGGTGGAGGAGTGGGTGTCGCTGTT3’  
GAPDH Reverse Primer: 5’CCGGGAAACTGTGGCGTGATGGCAA3’  
 
Western Blot Analysis 
HCT116, SW620, CaCo2, HT29, and CCD841 were cultured, and then spun into cell pellets. 

Total protein was then extracted from the cell pellets by freeze-thawing the cell pellets five times 

in liquid nitrogen for 30 seconds each time. The concentration of the extracted protein was then 

quantified using an Invitrogen™ Qubit™ Protein Assay Kit (Catalog #: Q33212) as per the 

manufacturer’s protocol. A western blot was then performed using the Invitrogen™ Western 

Devices Benchtop Bundle (Catalog #: IW3000S) as per the manufacturer’s protocol. The 

primary antibody used for PRMT5 detection was the Invitrogen PRMT5 Recombinant Rabbit 

Monoclonal Antibody (ST51-06) (Catalog #: MA5-32160). The secondary antibody used for 

PRMT5 detection was the Invitrogen Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP 

(Catalog #: 31460). Beta-actin, as well as the Invitrogen™ No-Stain™ Protein Labeling Reagent 

(Catalog #: A44449) was used for normalization. A ChemiDoc™ MP Imaging System was used 

for blot imaging.  

 
PrestoBlue™ HS Cell Viability Assay  
HCT116, SW620, HKE3 and LIM2405 cell lines were cultured in 96-well plates. 24 hours later 

the plates were treated with 1uM and 10uM concentrations of PRMT5 inhibitor (EPZ015666) 

and then incubated for 60 hours in a 37°C/5% CO2 incubator. Invitrogen™ PrestoBlue™ HS Cell 
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Viability Reagent (Catalog #: P50200) was then added to the plates, and the plates were then 

incubated for 2 hours in a 37°C/5% CO2 incubator. Fluorescence readings were then measured in 

a Beckman Coulter DTX 880 Multimode Detector plate reader at fluorescence excitation 535nm 

and emission 595nm wavelengths as per the manufacturer’s protocol. 
 
Guava® Annexin Red Kit Assay. 
HCT116, SW620, HKE3 and LIM2405 cell lines were cultured in 6-well plates. 24 hours later 

the plates were treated with a 10uM concentration of PRMT5 inhibitor (EPZ015666) and then 

incubated for 60 hours in a 37°C/5% CO2 incubator. An annexin assay was then performed using 

The Guava® Annexin Red Kit (Catalog #: FCCH100108) as per the manufacturer's protocol. The 

samples were run in a Guava® EasyCyte™ mini. 
 
Guava® Cell Cycle Assay. 
HCT116, SW620, HKE3 and LIM2405 cell lines were cultured in 6 well plates. 24 hours later 

the plates were treated with a 10uM concentration of PRMT5 inhibitor (EPZ015666) and then 

incubated for 60 hours in a 37°C/5% CO2 incubator. A cell cycle assay was performed using The 

Guava® Cell Cycle Reagent (Catalog #: 4500-0220) as per the manufacturer's protocol. The 

samples were run in a Guava® EasyCyte™ mini.  
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Results 

PRMT5 mRNA is over-expressed in CRC cells 

A qPCR Assay was first performed to demonstrate whether PRMT5 is over-expressed at the 

transcriptional level in CRC cells. Our results show that PRMT5 is over-expressed in CRC cells 

in general by 5.2-Fold (p=0.0198) when compared to normal colon CCD841 cell line. More 

specifically, PRMT5 is over-expressed in KRAS mutant CRC cells by 7.0-Fold (p=0.00599), and 

PRMT5 is over-expressed in KRAS WT CRC cells by 3.7-Fold (p=0.0355). When comparing the 

PRMT5 expression of KRAS mutant CRC cells directly to KRAS WT CRC cells, it was seen that 

KRAS mutant CRC cells have a 1.9-Fold greater over-expression of PRMT5 (p=0.0256) (n=3) 

[Figure 1 a & b]. 
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Fig. 1 PRMT5 is seen to be over-expressed in CRC cells at the transcriptional level by qPCR 

Analysis a PRMT5 is 5.2-Fold over-expressed in CRC cells when compared to normal colon 

CCD841 cells b PRMT5 is 1.9-Fold further over-expressed in KRAS mutant CRC cells when 

compared to KRAS WT CRC cells   

 

PRMT5 protein is over-expressed in KRAS mutant cells 

Western Blot Analysis was then performed to ascertain whether this over-expression of PRMT5 

at the transcriptional level in CRC cells effected an over-expression of PRMT5 at the 

translational level in CRC cells. While our data showed that PRMT5 is 6.1-Fold (p=0.119) over-

expressed in CRC cells in general, when compared to normal colon CCD841 cell line, the results 

do not meet significance. Similarly, our data shows that while PRMT5 is 2.7-Fold (p=0.191) 

over-expressed in KRAS WT CRC cells, the results do not meet significance. However, when 

looking specifically at PRMT5 expression in KRAS mutant CRC cells, our results show that 
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PRMT5 does indeed show over-expression by 11.3-Fold (p=0.00439). Moreover, when 

comparing the PRMT5 expression of KRAS mutant CRC cells directly to KRAS WT CRC cells, it 

was further seen that KRAS mutant CRC cells have a 4.2-Fold greater over-expression of 

PRMT5 (p=0.00107) (n=3) [Figure 2 a & b].  

 

 

 
 

 
 

 

Fig. 2 PRMT5 is seen to be over-expressed in KRAS mutant CRC cells at the translational level 

by Western Blot Analysis. a Western blot results showing PRMT5 and Beta-actin bands b 

PRMT5 is 4.2-Fold further over-expressed in KRAS mutant CRC cells when compared to KRAS 

WT CRC cells  
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Inhibiting PRMT5 lowers cell viability in KRAS mutant cells 

We next sought to determine whether this further over-expression of PRMT5 in KRAS mutant 

CRC cells has clinical applicability. Our PrestoBlue™ HS Cell Viability Assay data indicated 

that the further over-expression of PRMT5 observed in the KRAS mutant CRC cells resulted in a 

2.8-fold and 2.0 fold (p=0.0000342, & p=0.00452, respectively) decrease in metabolic activity at 

1 µM & 10µM PRMT5 inhibitor concentrations, respectively, in the KRAS mutant CRC cells 

when compared to the KRAS WT CRC cells (n=3) [Figure 3 a & b].  
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Fig. 3 PRMT5 inhibitor treatment showed a significant reduction in cell viability in KRAS 

mutant CRC cells when compared to KRAS WT CRC cells post 60 hours of PRMT5 inhibitor 

treatment by High-Throughput Presto Blue™ HS Cell Viability Assay. a 1µM PRMT5 Inhibitor 

treatment showed a further 2.8-Fold inhibition in KRAS mutant CRC cells b 10µM PRMT5 

Inhibitor treatment showed a further 2.0-Fold inhibition in KRAS mutant CRC cells  

 

PRMT5 inhibition stimulates apoptosis in KRAS mutant cells 

We then examined whether part of the decrease in metabolic activity seen previously was due to 

cell death or controlled apoptosis. A Guava® Annexin Red Assay was therefore performed. A 

5.9-fold (p = 0.0470) increase in apoptosis was seen in the KRAS mutant CRC cells when 

compared to the KRAS WT CRC cells post 60 hours of 10µM PRMT5 inhibitor treatment via 

Guava® Annexin Red Kit Assay (n=4) [Figure 4 a & b]. 
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Fig. 4 PRMT5 inhibitor treatment showed a significant increase in apoptosis in KRAS mutant 

CRC cells when compared to KRAS WT CRC cells post 60 hours of 10µM PRMT5 inhibitor 

treatment by Guava® Annexin Red Kit Assay a Flow cytometry dot plots displaying annexin 

assay results b A 5.9-fold increase in apoptosis is seen in the KRAS mutant CRC cells  

 

Inhibiting PRMT5 triggers G2 Phase arrest in KRAS mutant cells 

Finally, a Cell Cycle Assay was then performed to determine whether any of the decrease in 

metabolic activity seen above was due to cells fixed in cell cycle arrest. Our results documented 

that a 9.2% increase (p = 0.0201) in G2 phase cell cycle arrest was seen in the KRAS mutant 

CRC cells when compared to the KRAS WT CRC cells post 60 hours of 10µM PRMT5 inhibitor 

treatment via Guava® Cell Cycle Assay (n=4) [Figure 5 a & b]. 

 
 

 

a 
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Fig. 5 PRMT5 inhibitor treatment showed a significant increase in G2 phase cell cycle arrest in 

KRAS mutant CRC cells when compared to KRAS WT CRC cells post 60 hours of 10µM 

PRMT5 inhibitor treatment by Guava® Cell Cycle Assay a Flow cytometry dot plots displaying 

cell cycle assay results b A 9.2% increase in G2 phase cell cycle arrest is seen in the KRAS 

mutant CRC cells  
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Discussion   
 

As nearly 45% of CRC patients have a KRAS mutation, for which no targeted therapy is 

currently available, we performed this study to determine whether PRMT5, a transcription 

regulator for multiple cellular processes, could show efficacy towards treating KRAS mutant 

CRC [13, 18]. 
 

We first investigated whether PRMT5 is indeed over-expressed at the transcriptional level 

in CRC cells. Our qPCR data showed that not only is PRMT5 mRNA over-expressed in CRC 

cells in general, but that PRMT5 mRNA is further over-expressed in KRAS mutant CRC cells 

when compared to KRAS WT CRC cells. This data therefore demonstrates that KRAS mutant 

CRC cells produce a significantly higher amount of PRMT5 mRNA compared to KRAS WT 

CRC cells. 
 

Upon determining that PRMT5 is over-expressed in CRC cells at the transcriptional level 

by qPCR, a Western Blot Assay was then performed to assess whether this additional PRMT5 

mRNA that is synthesized in CRC cells is then translated to produce excess PRMT5 protein. 

Our Western Blot data established that PRMT5 expression at the translational level was 

significantly upregulated in KRAS mutant CRC cells when compared to KRAS WT CRC cells. 

This data thus corroborated the results of the qPCR and showed that PRMT5 is over-expressed 

at both the transcriptional and translational levels in KRAS mutant CRC cells when compared to 

KRAS WT CRC cells.  
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After verifying that PRMT5 is over-expressed at both the transcriptional and translational 

levels in KRAS mutant CRC cells, we next sought to determine whether this upregulation of 

PRMT5 in KRAS mutant CRC cells could be advantageously used as a treatment modality for 

KRAS mutant CRC. Our PrestoBlue™ HS Cell Viability Assay data confirmed that the 

upregulation of PRMT5 in KRAS mutant CRC was indeed clinically significant. PRMT5 

inhibition resulted in a marked decrease in cell viability in CRC cells, and further displayed a 

substantially greater decrease in cell viability in the KRAS mutant CRC cells when compared to 

the KRAS WT CRC cells.  

   

Having ascertained that inhibiting PRMT5 results in a substantial decrease in cell viability, 

a Guava® Annexin Red Assay was then performed to identify whether this decrease in cell 

viability seen previously was due in part to an increase in the number of apoptotic cells. The 

results of our Guava® Annexin Red Assay supported that the KRAS mutated CRC cells 

underwent a significantly greater degree of apoptosis when compared to the KRAS WT CRC 

cells.  
 

Finally, we examined whether any additional decrease in cell viability observed in our 

PrestoBlue™ HS Cell Viability Assay was due in part to an increase in the number of cells 

undergoing cell cycle arrest. The data from our Guava® Cell Cycle Assay verified that the 

KRAS mutant CRC cells showed a greater number of cells arrested in the G2 cell cycle phase 

when compared to the KRAS WT CRC cells.  
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Our research strongly supports that PRMT5 is highly over-expressed in KRAS mutant 

CRC cells when compared to KRAS WT CRC cells. Moreover, PRMT5 inhibition in KRAS 

mutant CRC cells results in a significantly higher decrease in cell viability, and an increase in 

apoptosis and G2 phase cell cycle arrest, when compared to KRAS WT CRC cells. Our research 

thus suggests that a PRMT5 inhibiting treatment may prove to be effective for KRAS mutant 

CRC patients. 

 

Further research is currently underway to determine how exactly PRMT5 and KRAS 

interact. Any information found regarding the exact molecular mechanism behind which 

PRMT5 and KRAS crosstalk can be therapeutically utilized towards developing new effective 

treatments for KRAS mutant CRC patients.  
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