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Introduction 
 

Colorectal cancer is one of the most commonly occurring cancers worldwide. It is an 

heterogeneous disease caused by genetic and environmental factors. During the past 

years there is extensive progress in research in molecular level to identify gene 

mutations and alterations, transcriptional and epigenetic modifications, protein and 

biomolecular changes, as well as interactions between them for prognostic, predictive, 

diagnostic and therapeutic purposes. 

In the current study we focused on analyzing the expression of three genes, namely 

SIRT6, FOXO4 and HIF3A, which are connected to the energy metabolic 

reprogramming, a key hallmark of cancer in colorectal tumors. Additionally we 

decided to study the expression levels of five microRNAs, namely miR-143, miR-

101, miR-200c, miR-34b and miR-375 linked to the energy metabolic 

reprogramming, as well. Furthermore, we analyzed the tumors according to the RAS 

mutational status, a standard molecular diagnostic procedure performed routinely in 

our laboratory. Since RAS oncogene is shown to be implicated in cancer energy 

metabolic reprogramming, we chose to correlate the results of the gene and miRNA 

expression analyses to the RAS mutational status of the tumor and the staging of the 

patients. 

In order to approach the molecular status at the closest, we chose to perform the 

analyses on tumor tissues from patients obtained surgically and fixed in formalin and 

embedded in paraffin (FFPE). More specifically, we analyzed the relative expression 

of the mentioned genes and miRNAs compared to healthy colon tissue obtained from 

the resections lines of the surgically resected specimens. The limitations appeared by 

working with such samples were overcome through modifications and improvements 

in the laboratory protocol workflow. 

  



 

Epidemiologic data of incidence and mortality in CRC patients worldwide according to 

Globocan study (2012) by WHO are shown in figure 1. 

 

 

Figure 1: Estimated age-standardised rates (World) per 100,000 (13) 

 

 

 

 

 



 

A schematic representation of interactions between genes and miRNAs correlated to 

colorectal cancer is presented in figure 2 

 

Figure 2: Schematic representation of interaction mechanism between SIRT6, 

FOXO4, HIF3A, miR-134, miR-200c, miR-101, miR-34b and miR-375. 



 

A schematic representation of EGF induced cell growth and proliferation involving 

PI3K/AKT and RAS pathways appears on figure 3. 

 

 

 

Figure 3: RAS and PI3K/AKT signaling cascade in colorectal cancer (76). 

 

 

 

 

  



 

A schematic representation of miRNA production and function appearas on figure 4. 

 

 

Figure 4: Schematic representation of miRNAs synthesis and function (97). 

  



 

Aim and tasks 
 

Aim 
The aim of the current study was to analyze the mutational profile of RAS oncogene, 

correlated to the expression levels of genes related to energy metabolism, hypoxia and 

genomic stability, as well as the expression levels of microRNAs and their role in 

regulating the previously mentioned signaling pathways in colorectal tumors. 

Tasks 
1. Analysis of the RAS oncogene mutational status and profile of patients’ 

colorectal cancer tumors. 

2. Analysis of the expression levels of SIRT6, FOXO4 and HIF3A genes of all 

patients’ tumors compared to healthy colon tissue and correlation to RAS 

mutational status and according to patient staging. 

3. Correlation between the expression of SIRT6, FOXO4 and HIF3A genes in all 

patients’ tumors, according to RAS mutation status and patient staging. 

4. Analysis of the expression levels of miR-143, miR-200c, miR-101, miR-34b 

and miR-375 microRNAs of all CRC patients compared to healthy colon 

tissue and correlation to RAS mutational status and according to patient 

staging. 

5. Correlation between SIRT6, FOXO4, HIF3A genes and miR-143, miR-200c, 

miR-101, miR-34b and miR-375 microRNAs in CRC patients, according to 

RAS mutational status and patient staging. 

Materials and methods 
 

Patient selection 
Patient selection was performed by identifying colorectal cancer patients diagnosed 

and treated in the university hospital St.Marina Medical University of Varna. The 

study was retrospective. Biopsy samples were used from tumor and healthy tissue 

from patients, as FFPE, handled and stored at the Department of general and clinical 

pathology, in the university hospital St.Marina Medical University of Varna. A total 

number of 42 patients were candidates for the analysis. Molecular diagnostics for 

RAS mutation detection and molecular analysis for gene and miRNA expression 

analysis was performed on FFPE tissue samples from each patient. The approval from 

the Ethical Commission permits the use of biopsy samples according to decision 

No.55 of 16.06.16. 

 



 

Tissue sample manipulation and handling 
Several parts from surgically excised human tissue were immersed immediately in 10% 

buffered neutral formalin solution and remain in the solution for 24h before being 

processed and manually embedded in paraffin, according to standard university hospital 

protocol (St. Marina, Varna, Bulgaria). Blocks containing the excision biopsies are 

being stored at room temperature. Tissue sections from FFPE should be kept at 4oC and 

processed soon after being obtained. 

Optimizing Molecular Analysis Protocol 

FFPE tissue sections 

Serial tissue sections were taken using a microtome (LEICA RM2235, Germany). From 

a single block 3 sections of 5μm were cut and placed in a 1.5ml microcentrifuge tube. 

The same procedure was repeated until nine identical tissue samples were prepared 

from the same block. The samples were divided into three groups for each protocol, 

where each group consisted of three tissue samples. Figure 5 presents all steps followed 

for procedural comparison for optimization. 

 

Figure 5: Experimental protocol workflow for comparison of combined methods. 



 

RNA extraction 

As a first step, deparaffinization was performed. To each sample, 1ml xylene was 

added, followed by a brief vortex and spin at maximum speed for 2 min at room 

temperature. Xylene was then removed by pipetting carefully not to dislodge and 

aspirate the pelleted tissue. The procedure was repeated once. The pelleted tissue was 

then washed from residual xylene by adding 1ml of 100% ethanol. Samples were briefly 

mixed by vortex followed by spin for 2 min at room temperature. Ethanol was removed 

by pipetting. The procedure was repeated once more. Deparaffinized tissue was left to 

air dry with open tubes.  

Method A- Lysis Buffer  

The first group, consisting of three identical tissue samples, was initially treated with 

100μl of Quickextract FFPE RNA extraction Lysis buffer (Epicentre, Illumina, USA). 

Samples were incubated at 56oC for 30 min and further heated at 80oC for 10 min (Note: 

Sample tubes are removed and repositioned in the heat block after temperature has been 

reached). Purification process was performed using the RNA Clean and concentrator 5 

spin columns (Zymo Research, USA) according to manufacturers’ protocol: 

immediately after removing samples from the heat block, 200μl of RNA binding 

solution and equal volume of absolute ethanol was added to cool the sample down. 

Sample was passed through the column and the bound RNA is washed twice with the 

respective buffers. Elution of RNA was performed with a volume of 15μl of 

DNAse/RNAse free water and stored at-70oC. 

Method B- Lysis Buffer and Phenol-based extraction 

The second group was initially treated with Lysis buffer in the same manner as the first 

group was. Immediately after completion of final incubation, 1mL of cold Accuzol 

(Bioneer, Republic of Korea) solution was added to cool down samples. Samples were 

mixed by vortex and incubated at room temperature for 8 min. Then 200μl of 

chloroform were added. Samples were mixed by vortex and allowed to sit for 2 min 

and centrifuged for phase separation at 12.000g at 4oC for 15 min. The aqueous phase 

was transferred to a new clear 1.5ml microcentrifuge tube and an equal volume of 

absolute ethanol was added and mixed. Samples were then transferred to RNA Clean 

and Concentrator 5 spin columns (Zymo Research, USA). RNA was purified according 

to manufacturers’ protocol and eluted to 15μl volume H2O, as described in method A. 

Method C- Phenol-based extraction 

1mL of Accuzol (Bioneer, USA) was added directly to the deparaffinized tissue 

samples. The process followed as described in method B. The extracted RNA was 

purified by RNA Clean and Concentrator 5 spin columns (Zymo Research, USA). 

RNA yield and purity 

The concentration and purity of isolated RNA was calculated for each sample. The 

absorption was measured at 260nm, 280nm and 320nm by Spectrophotometry using 

Take3 plate of Synergy 2 instrument (Biotek, USA). Each sample was measured twice. 



 

DNase treatment 

For the removal of contaminating gDNA, a DNase reaction was performed by adding 

2μl of DNase buffer and 2μl of DNase I (1U/μl)  (Epicentre, Illumina, USA) to each 

sample. Samples were incubated at 37oC for 30min, followed by addition of 2μl of Stop 

solution and incubated at 65oC for 10min to inactivate DNase. Concentrated RNA 

samples should be diluted before performing DNase treatment and/or followed by 

second DNAse treatment for the isolated template quantity to be reverse transcribed, as 

suggested by the Revertaid cDNA synthesis kit manufacturer (Thermo Scientific, 

USA). In our experience, DNAse fails to completely degrade small gDNA fragments 

in highly concentrated samples, which can lead to false results during PCR 

amplification, since targeted amplicon sizes are recommended to be less than 100bp. 

cDNA synthesis 

For the synthesis of cDNA molecules 500ng total RNA template and water were added 

to a final volume of 10μl. Three types of reactions were performed for each sample 

using 1μl oligodT primer, 1μl oligodT plus 1μl random hexamer primer and 15pmol of 

gene specific reverse primer (RPL37a) (Table 1). Samples were heated to 65oC for 5min 

and then cooled down to 4oC for 5min in a thermal cycler GeneAmp PCR System 9700 

(Applied Biosystems, USA). Then 4μl Reaction buffer (250mM Tris-HCl, 250mM 

KCl, 20mM MgCl2, 10mM DTT) were added to each sample, 1μl RNase inhibitor 

(20U), 2μl dNTPs (10mM) and 1μl Revertaid reverse transcriptase (200U) (Thermo 

Scientific, USA) to a final volume of 20μl according to manufacturers’ instructions. 

Samples were incubated at 45oC for 60min followed by inactivation at 70oC for 5min 

and stored at -20oC. 

cDNA preamplification 

Samples were preamplified using a standard 50μl volume PCR reaction for each 

sample. Template cDNA of 5μl volume is used per reaction. To the reaction are added 

5μl of Taq DNA polymerase buffer containing MgCl2, 2μl dNTPs (2,5mM), forward 

and reverse primers to a final concentration of 50nM each (Table 1), 2U of Taq DNA 

polymerase (New England Biolabs, USA) and water. Samples were amplified in a 

thermal cycler GeneAmp PCR System 9700 (Applied Biosystems, USA). Initial 

denaturation was performed at 95oC for 5min, followed by 95oC for 15sec and 60oC for 

4min for 5 cycles. Samples were finally cooled down to 4oC and stored at -20oC. When 

preparing preamplification reactions, the samples should be placed on ice, and after 

completion of the reaction, it is recommended to dilute the samples and keep them on 

ice while handling to eliminate minimal Taq DNA polymerase activity at ambient 

temperatures. 

Table 1: Primer sequences targeting transcript of Ribosomal Protein L37A.  

Primers Forward Reverse 

RPL37A 94bp ATTGAAATCAGCCAGCACGC AGGAACCACAGTGCCAGATCC 

 



 

Real-time qPCR 

Results were validated through qPCR. Per reaction 4μl of 5X diluted in water 

preamplification product was added. Then, 5μl of Maxima SYBR Green qPCR Master 

Mix (Thermo Scientific, USA) was added, containing ROX passive reference dye and 

primers to a final concentration of 0,25μΜ in total 10μl reaction. Amplification was 

performed with initial denaturation step at 95oC for 10min followed by 95oC for 15sec 

denaturation and 63oC annealing-extension step for 1min for 40 cycles. Melting curve 

analysis was also performed from 60oC to 95oC gradually by 0.5oC increments on an 

instrument ABI7500 (Applied Biosystems, USA). To assess gDNA contamination and 

other cross contaminations, non-reverse transcribed RNA template, positive control 

(gDNA template) and negative controls (non-template) were checked.  

 

KRAS/NRAS mutation detection 
For the detection of KRAS/ NRAS mutation in CRC patients, FFPE tissue sample 

sections are obtained post-surgical resection of tumor masses and histological 

diagnosis and staging. Tissue samples are deparaffinized and subjected to DNA 

extraction and purification using the QIAamp DNA FFPE Tissue Kit (Qiagen, USA). 

The isolated DNA is used as a template for detection of mutations using the 

AmoyDx® KRAS/NRAS Mutations Detection Kit (Amoy Diagnostics Co., China). 

The molecular diagnosis is achieved through real-time PCR and is routinely 

performed at the Department of Biochemistry, Molecular Medicine and 

Nutrigenomics, Faculty of Pharmacy, Medical University of Varna. 

FFPE tissue sample 
Tissue samples blocks containing fixed tissue from primary colon tumor as well as 

healthy colon tissue from resection lines for every patient were obtained. Serial tissue 

sections were taken using a microtome (LEICA RM2235, Germany). From a single 

block 5 sections of 10μm were cut and placed in a 1.5ml microcentrifuge tube. 

Deparaffinization 

Deparaffinization of the tissue sections was performed: 

 1ml xylene was added to each microcentrifuge tube. 

 Brief vortex and spin at maximum speed for 2 min at room temperature. 

 Xylene was removed by pipetting carefully not to dislodge and aspirate the 

pelleted tissue. 

 First three steps repeated once. 

 To the pelleted tissue was added 1ml of 100% ethanol. 

 Brief vortex and spin at maximum speed for 2 min at room temperature. 

 Ethanol was removed by pipetting. 

 Last three steps repeated once. 

 Deparaffinized tissue was left to air dry with open tubes. 

 



 

RNA extraction 

To the dry deparrafinized tissue was added: 

 100μl of Quickextract FFPE RNA extraction Lysis buffer (Epicentre, 

Illumina, USA. 

 Incubation at 56oC for 30 min. 

 Incubation at 80oC for 10 min.  

 1mL of Accuzol (Bioneer, Republic of Korea) solution.  

 Samples were mixed by vortex and incubated at room temperature for 8 min.  

 200μl of chloroform  

 Samples were mixed by vortex and allowed to sit for 2 min  

 Centrifugation for phase separation at 12.000g at 4oC for 15 min. 

 The aqueous phase was transferred to a new clear 1.5ml microcentrifuge tube. 

 An equal volume of absolute ethanol was added and samples were mixed. 

 Samples were transferred to RNA Clean and Concentrator 5 spin columns 

(Zymo Research, USA) 

 To each column was added 400μl RNA Prep solution. 

 Columns were centrifuged at 10.000rpm at RT for 2 min and the flow-through 

was discarded. 

 To each column was added 400μl RNA Wash solution. 

 Columns were centrifuged at 10.000rpm at RT for 2 min and the flow-through 

was discarded. 

 To each column was added 700μl RNA Wash solution. 

 Columns were centrifuged at 10.000rpm at RT for 2 min and the flow-through 

was discarded. 

 RNA was finally eluted to 15μl volume HPLC grade H2O. 

RNA samples are stored at -20oC for several days for downstream applications or at -

80oC for long term periods. 

Reverse transcription for gene expression analysis 

For the synthesis of cDNA the following procedure was used: 

 500 ng total RNA template and water were added to a final volume of 20 μl. 

 1 μl containing 15 pmol of gene specific reverse primer (Table2). 

 Samples were heated to 65oC for 5 min and then cooled down to 4oC for 5min 

in a thermal cycler GeneAmp PCR System 9700 (Applied Biosystems, USA). 

 4 μl Reaction buffer (250mM Tris-HCl, 250mM KCl, 20mM MgCl2, 10mM 

DTT) were added to each sample. 

 1 μl RNase inhibitor (20U). 

 2 μl dNTPs (10mM). 

 1 μl Revertaid reverse transcriptase (200U) (Thermo Scientific, USA) to a 

final volume of 20 μl. 

 Samples were incubated at 45oC for 60min followed by inactivation at 70oC 

for 5min and stored at -20oC. 



 

Preamplification for gene expression analysis 

Samples were preamplified in a final 25 μl PCR reaction volume for each sample. 

Template cDNA of 5μl volume was used per reaction. To each reaction was added: 

 2.5 μl of Taq DNA polymerase buffer containing MgCl2, 

 1 μl dNTPs (2,5mM), 

 Forward and reverse primers for genes of interest to a final concentration of 

50nM each (Table2). 

 1U of Taq DNA polymerase (New England Biolabs, USA) and water.  

Samples were amplified in a thermal cycler GeneAmp PCR System 9700 (Applied 

Biosystems, USA). Initial denaturation was performed at 95oC for 5 min, followed by 

95oC for 15 sec and 60oC for 4 min for 5 cycles. Samples were finally cooled down to 

4oC and stored at -20oC. 

Table 2: Primer sequences for SIRT6, FOXO4, HIF3A, RPL37A 

Primers Forward Reverse 
Primer 

bank ID 

SIRT6-

194bp 
CCCACGGAGTCTGGACCAT CTCTGCCAGTTTGTCCCTG 

3007975

96c1 

FOXO4-

113bp 
CCGGAGAAGCGACTGACAC CGGATCGAGTTCTTCCATCCTG 

2834360

81c2 

HIF3A-

156bp 
GGGAAGGTGTCTCTGTGTTTC CCTCGTTGTGCTCAATGCAG 

3268070

23c2 

RPL37A

-94bp 
ATTGAAATCAGCCAGCACGC AGGAACCACAGTGCCAGATCC - 

 

Reverse transcription for miRNA analysis 

For the synthesis of cDNA the following procedure was used: 

 300 ng total RNA template and water were added to a final volume of 20 μl. 

 50 nM of each stem loop primer and 10 pmol Reverse for U6 (Table 3). 

 Samples were heated to 65oC for 5 min and then cooled down to 4oC for 5min 

in a thermal cycler GeneAmp PCR System 9700 (Applied Biosystems, USA). 

 4 μl Reaction buffer (250mM Tris-HCl, 250mM KCl, 20mM MgCl2, 10mM 

DTT) were added to each sample. 

 1 μl RNase inhibitor (20U). 

 2 μl dNTPs (10mM). 

 1 μl Revertaid reverse transcriptase (200U) (Thermo Scientific, USA) to a 

final volume of 20 μl. 

Samples were incubated sequentially at 16oC for 30 min and at 42oC for 30 min. The 

reaction is terminates by incubation at 70oC for 5 min and samples are stored at -20oC 

(144). 



 

Preamplification of cDNAs from miRNAs 

Samples were preamplified in a final 25 μl PCR reaction volume for each sample. 

Template cDNA of 5μl volume was used per reaction. To each reaction was added: 

 2.5 μl of Taq DNA polymerase buffer containing MgCl2, 

 1 μl dNTPs (2,5mM), 

 Forward and universal reverse primers for miRNAs to a final concentration of 

50nM each (Table 3). 

 1U of Taq DNA polymerase (New England Biolabs, USA) and water.  

Samples were amplified in a thermal cycler GeneAmp PCR System 9700 (Applied 

Biosystems, USA). Initial denaturation was performed at 95oC for 5 min, followed by 

95oC for 15 sec and 60oC for 4 min for 5 cycles. Samples were finally cooled down to 

4oC and stored at -20oC. 

Table 3: Primer sequences for miRNAs-U6 

 

Primers Forward Stem Loop 

miR-143 
ACACTCCAGCTGGGTGAGAT

GAAGCACTG 

CTCAACTGGTGTCGTGGAGTCGGCAATTC

AGTTGAGGAGCTACA 

miR-200c 
ACACTCCAGCTGGGTAATAC

TGCCGGGTAAT 

CTCAACTGGTGTCGTGGAGTCGGCAATTC

AGTTGAGTCCATCAT 

miR-101 
ACACTCCAGCTGGGTACAGT

ACTGTGATA 

CTCAACTGGTGTCGTGGAGTCGGCAATTC

AGTTGAGTTCAGTTA 

miR-34b 
ACACTCCAGCTGGGCAATCA

CTAACTCCAC 

CTCAACTGGTGTCGTGGAGTCGGCAATTC

AGTTGAGATGGCAGT 

miR-375 
ACACTCCAGCTGGGTTTGTT

CGTTCGGCTC 

CTCAACTGGTGTCGTGGAGTCGGCAATTC

AGTTGAGTCACGCGA 

Universal 

reverse 
GTCGGCAATTCAGTTGAG 

U6 
GCTTCGGCAGCACATATACT

AAAAT(Forward) 
CGCTTCACGAATTTGCGTGTCAT(Reverse) 

 

Quantitative PCR 

Samples were analyzed with the assistance of real-time quantitative PCR. Per reaction 

was added: 

 4 μl of 10X diluted in water preamplified cDNA product for gene expression 

analysis and U6 and 4 μl of 50X diluted in water preamplified cDNA product 

for miRNAs. 

 5 μl of Maxima SYBR Green qPCR Master Mix (Thermo Scientific, USA) 

containing ROX passive reference dye  

 primers to a final concentration of 0,25μΜ each in total 10 μl reaction. 



 

Amplification was performed with initial denaturation step at 95oC for 10min 

followed by 95oC for 15 sec denaturation and 63oC annealing-extension step for 1 min 

for 40 cycles for gene expression analysis and 60oC for miRNAs. 

Melting curve analysis was also performed from 60oC to 95oC gradually by 0.5oC 

increments on an instrument ABI7500 (Applied Biosystems, USA). 

Statistical analysis 
 

Data are expressed as mean ± standard error (SE) of the means of 2-ΔΔCt for gene and 

miRNA expression analysis and mean ± standard deviation (SD) for molecular 

analysis protocol optimization. Two-tailed paired Students t-test and single/two-way 

ANOVA was used to determine statistical significance with confidence interval (CI) 

95%. Statistical significance was defined as * for p value < 0.05, ** for p value < 0.01 

and *** for p value < 0.001. Correlation analysis was performed by calculating the 

non-parametric Spearman correlation coefficient r, since the sample does not follow 

Gaussian distribution. Strong correlation is considered when 0.8±≤r≤±1, moderate 

correlation when 0.3±≤r≤±0.9 and weak correlation when r≤±0.3. All data presented 

have been processed using Microsoft Excel 2013 and Graphpad Prism V6 software. 

 

Results 
 

Optimized Molecular Analysis Protocol 

RNA yield and purity  

Analysis of RNA concentration showed clearly that the combination of lysis buffer with 

phenol-chloroform extraction outperformed the other methods (A and C methods) 

(Table 4). Solely, lysis buffer resulted to significant lower yield and phenol-chloroform 

extraction to extremely low yield and purity; consequently the latter failed the necessary 

criteria for additional applications and thus was banned from further analysis in our 

study.  

  



 

Table 4: Comparison of RNA quantity and purity isolated using three different 

extraction methods.  

Method RNA Concentration  

[ng/μl] 

RNA yield 

[ng] 

A 260/280 p value  

A 163,36 ± 17,96 *** 2450.40 ± 269.43 2,03 ± 0,07 0.00014 

B 259,87 ± 38,60 # 3898.00 ± 579.02 2,02 ± 0,02 0.01716 

C 15,51 ± 2,06 $$$ 232,60 ± 30.90 1,83 ± 0,21 0.00040 

Data are presented as mean ±SD of three identical FFPE tissue samples. ***p < 0.001 

vs. C, #p < 0.01 vs. A, $$$p < 0.01 vs. B.  

Legend: A – Lysis Buffer RNA extraction, B – Lysis Buffer and Phenol-based RNA 

extraction, C – Phenol-based RNA extraction.  

  

Quantitative RT-PCR 

The extraction efficiency of methods A and B was analyzed through quantitative RT-

PCR. The results showed that gene specific primed cDNA synthesis gave much lower 

Ct values for both methods compared to oligodT and combination of oligodT and 

random hexamer primers, for both non-preamplified (Table 5) and preamplified 

template (Table 6). Melting curve analysis for gene specific primed cDNA resulted in 

clear peaks for all repetitions for both methods A and B, while some reactions for the 

rest two priming strategies did not give consistent melting curves. 

Table 5: Comparison of Ct values obtained through two-step Real-Time qPCR of non-

preamplified cDNA samples.  

Non-preamplified  
Ct A Ct B ΔCt  

(CtB-CtA) 

p value 

oligodT 27.93 ± 0.69 31.50 ± 0.46 3.57** 0.0017 

oligodT+random 

hexamer 

26.40 ± 0.62 27.26 ± 0.60 0.86 0.1611 

gene specific 20.20 ± 0.53 20.89 ± 0.46 0.69 0.1622 

Data are presented as mean ±SD of FFPE tissue samples for both methods utilizing 

three different reverse transcription priming strategies (oligodT, oligodT+random 

hexamer and gene specific Reverse primer), of non-preamplified cDNA templates. **p 

< 0.01 RNA extraction method A vs. B. 

Legend: A – Lysis Buffer RNA extraction; B – Lysis Buffer and Phenol-based RNA 

extraction.  

Table 6: Comparison of Ct values obtained through two-step Real-Time qPCR of 

preamplified cDNA samples.  



 

Preamplified  
Ct A Ct B ΔCt  

(CtB-CtA) 

p value 

oligodT 26.14 ± 0.39 28.54 ± 0.49 2.41** 0.0026 

oligodT+random 

hexamer 

18.89 ± 2.09 19.29 ± 1.49 0.41 0.7971 

gene specific 17.17 ± 0.62 16.99 ± 0.46 0.18 0.7132 

Data are presented as mean ±SD of FFPE tissue samples for both methods utilizing 

three different reverse transcription priming strategies (oligodT, oligodT+random 

hexamer and gene specific Reverse primer), of preamplified cDNA templates. **p < 

0.01 RNA extraction method A vs. B. 

Legend: A – Lysis Buffer RNA extraction; B – Lysis Buffer and Phenol-based RNA 

extraction.  

When comparing oligodT priming strategy between method A and B there is a 

statistically significant higher efficiency for RNA extracted with method A, than with 

B, on non-preamplified (p=0.001) and preamplified templates (p=0.002). This could be 

attributed to the ability of Lysis buffer extraction, solely, to result in higher ratio of 

intact to fragmented, short RNAs, compared to concomitant phenol-based extraction 

(145).  

 

Figure 6: Comparison of Ct values obtained through two-step Real-Time qPCR of 

non-preamplified and preamplified cDNA samples. Data are presented as mean ±SD 

of FFPE tissue samples for both RNA extraction methods utilizing three different 

reverse transcription priming strategies (oligodT; oligodT+random hexamer; gene 

specific reverse primer). **p < 0.01 vs. RNA extraction method A; #p<0.05, ##p<0.01, 
###p<0.001 vs. respective priming strategy and RNA extraction method w/o 

preamplification. Legend: A – Lysis Buffer RNA extraction (grey); B – Lysis Buffer 

and Phenol-based RNA extraction (dark grey). 

By analyzing the ΔCt of the mean values between method A and method B 

templates for oligodT+random hexamer primed cDNA, we noticed that there was no 



 

statistically significant difference on non-preamplified (p=0.161) and preamplified 

templates (p=0.797). Similarly for genes specific primed cDNA, we found no 

statistically significant difference on non-preamplified (p=0.162) and preamplified 

templates (p=0.713). Comparing ΔCt values between non-preamplified and 

preamplified for all three priming strategies to assess the efficacy of preamplification, 

we noticed statistically significant improvement for both methods A (p<0.0001) and B 

(p<0.0001) (Figure 2). ΔCt value for oligodT and gene specific primed cDNA is 

2.37±0.82 and 3.46±0.61, respectively. This is close to an expected value, taking into 

consideration the dilution of cDNA template (10X) used for preamplification and 

carried over to the qPCR. On the other side, oligodT+random hexamer primed cDNA 

gave a ΔCt value of 7.74±0.32, which corresponds to a higher efficiency than expected, 

thus compromising validity of the analysis. Therefore, an absolute quantification is 

needed to assess efficiency of preamplification. 

Relative standard curve 

By performing an absolute quantification, a standard curve was created to assess 

preamplification efficacy of gene specific primed cDNA strategy for RNA isolation 

methods A (figure 3 A) and B (figure 3 B), hence most consistent and accurate. A serial 

decimal dilution of the non-preamplified cDNA was used as standard. By calculating 

the initial concentration of the template before preamplification (C=2.5ng/μl) and 

running the same template volume of preamplified product, we found a ΔCt value of 

5.5 for method A, corresponding to 5.5 cycles of preamplification, although the 

preamplification run was performed for 5 cycles. Similarly for method B, the ΔCt value 

appeared to be 5.5. This can be attributed to pipetting errors, diminished DNA 

polymerase activity during sample thawing, high dilution factors, although outliers 

were excluded (146). Evaluation of quantification efficiency was confirmed by high r2 

score for RNA isolation methods A and B where r2=0.9915 and r2=0.9653 respectively.  

  



 

A.  

B.  

Figure 7: Relative quantification for construction of standard curve of gene specific-

primed cDNA for calculation of the preamplification efficiency, by taking r2 value. A) 

RNA extraction method A; B) RNA extraction method B.  

  



 

CRC patient staging 
 

The staging of the analyzed patients was performed by the Department of General and 

Operative Surgery and the Department of General and Clinical Pathology, Forensics 

and Deontology, St. Marina Hospital, Medical University of Varna. 

 

 

Figure 8: Schematic representation of patient staging as percentages. 

RAS mutational status 
 

We analyzed the molecular diagnostics results from 42 CRC patient tumors for 

KRAS/NRAS mutation existence and exon localization of the mutation. According to 

the results, 48% of patients were RAS wild –type, 36% were positive for KRAS 

mutation and 7% for NRAS mutation. Results from 4 patients failed to give definite 

result for mutation existence with confidence. 
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Figure 9: Schematic representation of RAS wild type and KRAS/NRAS mutant 

patient tumors expressed as percentages. 

RAS mutational profile 
 

We analyzed the results of exons harboring mutations in KRAS/NRAS mutant patient 

tumors. According to the results, 72% of RAS mutant tumors were harboring 

mutation in exon 2 of KRAS, 11% in exon 4 of KRAS, 11% in exon 2 of NRAS and 

6% in exon 3 of NRAS. 

 

 

Figure 10: Schematic representation of KRAS/NRAS mutant patient tumors 

according mutation localization in the respective exon expressed as percentages. 
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SIRT6, FOXO4, HIF3A expression in CRC 
 

The expression levels of SIRT6, FOXO4, HIF3A genes in colorectal cancer tumors 

were compared to healthy adjacent tissue obtained from the resection lines. Results 

consider all patients, RAS mutant and wild-type and according to staging. The 

expression was measured through qPCR and normalized against RPL37A gene. 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, from all CRC 

patients are shown in figure 11. 

 

Figure 11: Relative gene expression of SIRT6, FOXO4, HIF3A from CRC tumors of 

all patients expressed as relative units (RU), where value 1 on Y axis is the baseline as 

opposed to calibrator healthy tissue. Statistical significance for SIRT6 and FOXO4 

was p=0.038 and p=0.031, respectively. Expression levels as measured by qPCR, 

normalized against RPL37. 

  



 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, from RAS mutant 

patients are shown in figure 12. 

 

 

Figure 12: Relative gene expression of SIRT6, FOXO4, HIF3A from CRC tumors of 

RAS mutant patients expressed as relative units (RU), where value 1 on Y axis is the 

baseline as opposed to calibrator healthy tissue. Expression levels as measured by 

qPCR, normalized against RPL37A. 

 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, from RAS wild-

type patients are shown in figure 13. 

 

 

Figure 13: Relative gene expression of SIRT6, FOXO4, HIF3A from CRC tumors of 

RAS Wild-type patients expressed as relative units (RU), where value 1 on Y axis is 

the baseline as opposed to calibrator healthy tissue. Expression levels as measured by 

qPCR, normalized against RPL37A. 



 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, from RAS mutant 

and wild-type patients are shown in figure 14. 

 

 

Figure 14: Comparison of relative gene expression of SIRT6, FOXO4, HIF3A from 

CRC tumors between RAS Mutant and Wild-type patients expressed as relative units 

(RU), where value 1 on Y axis is the baseline as opposed to calibrator healthy tissue. 

Expression levels as measured by qPCR, normalized against RPL37A. 

  



 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, for patients staged 

IIa are shown in figure 15. 

 

 

Figure 15: Relative gene expression of SIRT6, FOXO4, HIF3A from CRC tumors of 

stage IIa patients expressed as relative units (RU), where value 1 on Y axis is the 

baseline as opposed to calibrator healthy tissue. Statistical significance for FOXO4 

was p=0.015. Expression levels as measured by qPCR, normalized against RPL37A. 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, for patients staged 

IIIb are shown in figure 16. 

 

 

Figure 16: Relative gene expression of SIRT6, FOXO4, HIF3A from CRC tumors of 

all stage IIIb patients expressed as relative units (RU), where value 1 on Y axis is the 

baseline as opposed to calibrator healthy tissue. Statistical significance for FOXO4 

was p=0.006. Expression levels as measured by qPCR, normalized against RPL37A. 



 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, for patients staged 

IV are shown in figure 17. 

 

 

Figure 17: Relative gene expression of SIRT6, FOXO4, HIF3A from CRC tumors of 

all stage IV patients expressed as relative units (RU), where value 1 on Y axis is the 

baseline as opposed to calibrator healthy tissue. Statistical significance for HIF3A was 

p=0.032. Expression levels as measured by qPCR, normalized against RPL37A. 

The levels of expression of the genes associated to genomic stability, energy 

metabolism and hypoxia SIRT6, FOXO4 and HIF3A, respectively, for all CRC 

patients according to staging are shown in figure 18. 

 

Figure 18: Comparison of relative gene expression of SIRT6, FOXO4, HIF3A from 

CRC tumors of stages IIa, IIIb and IV patients expressed as relative units (RU), where 

value 1 on Y axis is the baseline as opposed to calibrator healthy tissue. Statistical 

significance for FOXO4 at IIa stage was p=0.015, for FOXO4 at stage IIIb was 

p=0.006 and for HIF3A for stage IV was p=0.032 Expression levels as measured by 

qPCR, normalized against RPL37A. 



 

Correlation analysis of SIRT6, FOXO4, HIF3A 
 

Correlation analysis was performed between SIRT6, FOXO4 and HIF3A in pairs for 

all patients, RAS mutant/wild-type and according to staging. The analysis was 

performed by calculating nonparametric Spearman correlation since the sample does 

not follow Gaussian distribution. The correlation coefficient is shown on each figure 

and level of significance for confidence interval 95% where applicable. 

 

The expression levels of SIRT6 were correlated to those of FOXO4 for all patients. 

Moderate correlation is found by calculating the correlation coefficient r=0.6649 with 

high statistical significance p<0.0001. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A). 

 

 

Figure 19: Correlation of SIRT6 to FOXO4 for all patients. Spearman correlation 

coefficient r=0.6649 with statistical significance p<0.0001. The relative gene 

expression units appear as normalized against RPL37A. 

  



 

The expression levels of SIRT6 were correlated to those of HIF3A for all patients. 

Moderate correlation is found by calculating the correlation coefficient r=0.7202 with 

high statistical significance p<0.0001. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 20: Correlation of SIRT6 to HIF3A for all patients. Spearman correlation 

coefficient r=0.7202 with statistical significance p<0.0001. The relative gene 

expression units appear as normalized against RPL37A. 

The expression levels of FOXO4 were correlated to those of HIF3A for all patients. 

Moderate correlation is found by calculating the correlation coefficient r=0.384 with 

statistical significance p=0.0326. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A). 

 

 

Figure 21: Correlation of FOXO4 to HIF3A for all patients. Spearman correlation 

coefficient r=0.384 with statistical significance p=0.0326. The relative gene 

expression units appear as normalized against RPL37A. 



 

The expression levels of SIRT6 were correlated to those of FOXO4 for RAS mutant 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.7846 with high statistical significance p=0.0014. Expression levels are 

normalized against endogenous Ribosomal Protein L37A (RPL37A).  

 

Figure 22: Correlation of SIRT6 to FOXO4 for RAS mutant patients. Spearman 

correlation coefficient r=0.7846 with statistical significance p=0.0014. The relative 

gene expression units appear as normalized against RPL37A. 

 

The expression levels of SIRT6 were correlated to those of HIF3A for RAS mutant 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.325 with no statistical significance p=0.2370. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A).  

 

Figure 23: Correlation of SIRT6 to HIF3A for RAS mutant patients. Spearman 

correlation coefficient r=0.325 with statistical significance p=0.2370. The relative 

gene expression units appear as normalized against RPL37A. 



 

The expression levels of FOXO4 were correlated to those of HIF3A for RAS mutant 

patients. Weak correlation is found by calculating the correlation coefficient r=0.2615 

with no statistical significance p=0.3656. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A).  

 

 

Figure 24: Correlation of FOXO4 to HIF3A for RAS mutant patients. Spearman 

correlation coefficient r=0.2615 with statistical significance p=0.3656. The relative 

gene expression units appear as normalized against RPL37A. 

The expression levels of SIRT6 were correlated to those of FOXO4 for RAS wild-

type patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.5107 with no statistical significance p=0.0543. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 25: Correlation of SIRT6 to FOXO4 for RAS wild-type patients. Spearman 

correlation coefficient r=0.5107 with statistical significance p=0.0543. The relative 

gene expression units appear as normalized against RPL37A. 



 

The expression levels of SIRT6 were correlated to those of HIF3A for RAS wild-type 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.6429 with statistical significance p=0.0116. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 26: Correlation of SIRT6 to HIF3A for RAS wild-type patients. Spearman 

correlation coefficient r=0.6429 with statistical significance p=0.0116. The relative 

gene expression units appear as normalized against RPL37A. 

The expression levels of FOXO4 were correlated to those of HIF3A for RAS wild-

type patients. Weak correlation is found by calculating the correlation coefficient 

r=0.25 with statistical significance p=0.367. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 27: Correlation of FOXO4 to HIF3A for RAS wild-type patients. Spearman 

correlation coefficient r=0.25 with statistical significance p=0.367. The relative gene 

expression units appear as normalized against RPL37A. 



 

The expression levels of SIRT6 were correlated to those of FOXO4 for stage IIa 

patients. Moderate negative correlation is found by calculating the correlation 

coefficient r=-0.6 with no statistical significance p=0.2417. Expression levels are 

normalized against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 28: Correlation of SIRT6 to FOXO4 for stage IIa patients. Spearman 

correlation coefficient r=-0.6 with statistical significance p=0.2417. The relative gene 

expression units appear as normalized against RPL37A. 

The expression levels of SIRT6 were correlated to those of HIF3A for stage IIa 

patients. Weak correlation is found by calculating the correlation coefficient r=0.1429 

with no statistical significance p=0.8028. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 29: Correlation of SIRT6 to FOXO4 for stage IIa patients. Spearman 

correlation coefficient r=0.1429 with statistical significance p=0.8028. The relative 

gene expression units appear as normalized against RPL37A. 



 

The expression levels of FOXO4 were correlated to those of HIF3A for stage IIa 

patients. Moderate negative correlation is found by calculating the correlation 

coefficient r=-0.4286 with no statistical significance p=0.4194. Expression levels are 

normalized against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 30: Correlation of FOXO4 to HIF3A for stage IIa patients. Spearman 

correlation coefficient r=-0.4286 with statistical significance p=0.4194. The relative 

gene expression units appear as normalized against RPL37A. 

The expression levels of SIRT6 were correlated to those of FOXO4 for stage IIIb 

patients. Weak correlation is found by calculating the correlation coefficient r=0.25 

with no statistical significance p=0.5948. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 31: Correlation of SIRT6 to FOXO4 for stage IIIb patients. Spearman 

correlation coefficient r=0.25 with statistical significance p=0.5948. The relative gene 

expression units appear as normalized against RPL37A. 



 

The expression levels of SIRT6 were correlated to those of HIF3A for stage IIIb 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.7143 with no statistical significance p=0.0881. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 32: Correlation of SIRT6 to HIF3A for stage IIIb patients. Spearman 

correlation coefficient r=0.7143 with statistical significance p=0.0881. The relative 

gene expression units appear as normalized against RPL37A. 

The expression levels of FOXO4 were correlated to those of HIF3A for stage IIIb 

patients. Weak correlation was found by calculating the correlation coefficient 

r=0.0714 with no statistical significance p=0.9063. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A). 

 

 

Figure 33: Correlation of FOXO4 to HIF3A for stage IIIb patients. Spearman 

correlation coefficient r=0.0714 with statistical significance p=0.9063. The relative 

gene expression units appear as normalized against RPL37A. 



 

The expression levels of SIRT6 were correlated to those of FOXO4 for stage IV 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.6429 with no statistical significance p=0.1389. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 34: Correlation of SIRT6 to FOXO4 for stage IV patients. Spearman 

correlation coefficient r=0.6429 with statistical significance p=0.1389. The relative 

gene expression units appear as normalized against RPL37A. 

The expression levels of SIRT6 were correlated to those of HIF3A for stage IV 

patients. Strong correlation is found by calculating the correlation coefficient 

r=0.8214 with statistical significance p=0.0341. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 35: Correlation of SIRT6 to HIF3A for stage IV patients. Spearman correlation 

coefficient r=0.8214 with statistical significance p=0.0341. The relative gene 

expression units appear as normalized against RPL37A. 



 

The expression levels of FOXO4 were correlated to those of HIF3A for stage IV 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.5714 with no statistical significance p=0.200. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A). 

 

Figure 36: Correlation of FOXO4 to HIF3A for stage IV patients. Spearman 

correlation coefficient r=0.5714 with statistical significance p=0.200. The relative 

gene expression units appear as normalized against RPL37A. 



 

Expression levels of miR-143, miR-200c, miR-101, miR-34b and miR-

375 
 

The expression levels of miR-143, miR-200c, miR-101, miR-34b and miR-375 in 

colorectal cancer tumors were compared to healthy adjacent tissue obtained from the 

resection lines. Results consider all patients, RAS mutant and wild-type and according 

to staging. The expression was measured through qPCR and normalized against U6 

gene. 

Results of each miRNA associated with cancer cell proliferation from all CRC 

patients are shown in figure 37 and depict the relative expression miR-143, miR-200c, 

miR-101, miR-34b and miR-375. 

 

 

Figure 37: Relative expression of miR-143, miR-200c, miR-101, miR-34b and miR-

375 from CRC tumors of all patients expressed as relative units (RU), where value 1 

on Y axis is the baseline as opposed to calibrator healthy tissue. Expression levels as 

measured by qPCR, normalized against U6. *p<0.05  



 

Results of each miRNA associated with cancer cell proliferation from RAS mutant 

patients are shown in figure 38 and depict the relative expression miR-143, miR-200c, 

miR-101, miR-34b and miR-375. 

 

Figure 38: Relative expression of miR-143, miR-200c, miR-101, miR-34b and miR-

375 from CRC tumors of RAS mutant expressed as relative units (RU), where value 1 

on Y axis is the baseline as opposed to calibrator healthy tissue. Expression levels as 

measured by qPCR, normalized against U6. 

Results of each miRNA associated with cancer cell proliferation from RAS wild-type 

patients are shown in figure 39 and depict the relative expression miR-143, miR-200c, 

miR-101, miR-34b and miR-375. 

 

 

Figure 39: Relative expression of miR-143, miR-200c, miR-101, miR-34b and miR-

375  from CRC tumors of RAS wild type patients expressed as relative units (RU), 

where value 1 on Y axis is the baseline as opposed to calibrator healthy tissue. 

Statistical significance for miR-34b was p=0.023. Expression levels as measured by 

qPCR, normalized against U6. 



 

Results of each miRNA associated with cancer cell proliferation from IIA staged 

patients are shown in figure 40 and depict the relative expression miR-143, miR-200c, 

miR-101, miR-34b and miR-375. 

 

Figure 40: Relative expression of miR-143, miR-200c, miR-101, miR-34b and miR-

375 from CRC tumors of stage IIa patients expressed as relative units (RU), where 

value 1 on Y axis is the baseline as opposed to calibrator healthy tissue. Expression 

levels as measured by qPCR, normalized against U6. 

Results of each miRNA associated with cancer cell proliferation from IIIB staged 

patients are shown in figure 41 and depict the relative expression miR-143, miR-200c, 

miR-101, miR-34b and miR-375. 

 

Figure 41: Relative expression of miR-143, miR-200c, miR-101, miR-34b and miR-

375 from CRC tumors of stage IIIb patients expressed as relative units (RU), where 

value 1 on Y axis is the baseline as opposed to calibrator healthy tissue. Expression 

levels as measured by qPCR, normalized against U6. 



 

Results of each miRNA associated with cancer cell proliferation from IV staged 

patients are shown in figure 42 and depict the relative expression miR-143, miR-200c, 

miR-101, miR-34b and miR-375. 

 

 

Figure 42: Relative expression of miR-143, miR-200c, miR-101, miR-34b and miR-

375 from CRC tumors of stage IV patients expressed as relative units (RU), where 

value 1 on Y axis is the baseline as opposed to calibrator healthy tissue. Expression 

levels as measured by qPCR, normalized against U6. 

  



 

Correlation analysis between miRNAs and SIRT6, FOXO4 and HIF3A 
 

The expression levels of miR-143, miR-101, miR-200c, miR-34b and miR-375 were 

correlated to expression levels of SIRT6, FOXO4 and HIF3A considering all patients 

and according to RAS mutational status. The following results include the correlations 

with statistical significance p>0.05. 

The expression levels of SIRT6 were correlated to those of miR-34b for all patients. 

Statistically significant moderate level of correlation was found r=0.4557 (p=0.0252). 

Expression levels are normalized against endogenous Ribosomal Protein L37A 

(RPL37A) for SIRT6 and U6 for miR-34b. 

 

Figure 43: Correlation of SIRT6 to miR-34b for all patients. Spearman r=0.4557 

(*p=0.0252). The relative gene expression units appear as normalized against 

RPL37A and U6. 

  



 

The expression levels of SIRT6 were correlated to those of miR-375 for all patients. 

Moderate correlation is found by calculating the correlation coefficient r=0.4539 with 

statistical significance p=0.0259. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A) for SIRT6 and U6 for miR-375. 

 

Figure 44: Correlation of SIRT6 to miR-375 for all patients. Spearman correlation 

coefficient r=0.4539 with statistical significance p=0.0259. The relative gene 

expression units appear as normalized against RPL37A and U6. 

The expression levels of FOXO4 were correlated to those of miR-375 for all patients. 

Moderate correlation is found by calculating the correlation coefficient r=0.4157 with 

statistical significance p=0.0434. Expression levels are normalized against 

endogenous Ribosomal Protein L37A (RPL37A) for SIRT6 and U6 for miR-375. 

 

Figure 45: Correlation of FOXO4 to miR-375 for all patients. Spearman correlation 

coefficient r=0.4157 with statistical significance p=0.0434. The relative gene 

expression units appear as normalized against RPL37A and U6. 



 

The expression levels of SIRT6 were correlated to those of miR-34b for RAS mutant 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.604 with statistical significance p=0.032. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A) for SIRT6 and U6 for miR-

34b. 

 

Figure 46: Correlation of SIRT6 to miR-34b for RAS mutant patients. Spearman 

correlation coefficient r=0.604 with statistical significance p=0.032. The relative gene 

expression units appear as normalized against RPL37A and U6. 

The expression levels of FOXO4 were correlated to those of miR-34b for RAS mutant 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.594 with statistical significance p=0.046. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A) for SIRT6 and U6 for miR-

34b. 

 

Figure 47: Correlation of FOXO4 to miR-34b for RAS mutant patients. Spearman 

correlation coefficient r=0.594 with statistical significance p=0.046. The relative gene 

expression units appear as normalized against RPL37A and U6. 



 

The expression levels of FOXO4 were correlated to those of miR-34b for RAS mutant 

patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.629 with statistical significance p=0.032. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A) for SIRT6 and U6 for miR-

375. 

 

Figure 48: Correlation of FOXO4 to miR-375 for RAS mutant patients. Spearman 

correlation coefficient r=0.629 with statistical significance p=0.032. The relative gene 

expression units appear as normalized against RPL37A and U6. 

The expression levels of FOXO4 were correlated to those of miR-143 for RAS wild 

type patients. Moderate correlation is found by calculating the correlation coefficient 

r=0.758 with statistical significance p=0.015. Expression levels are normalized 

against endogenous Ribosomal Protein L37A (RPL37A) for SIRT6 and U6 for miR-

143. 

 

Figure 49: Correlation of FOXO4 to miR-143 for RAS wild type patients. Spearman 

correlation coefficient r=-0.758 with statistical significance p=0.015. The relative 

gene expression units appear as normalized against RPL37A and U6. 



 

Discussion 
 

Optimized Molecular Analysis Protocol 
For many years, formalin fixation has been employed and is still the most commonly 

used method for the preservation of mostly morphological features of tissues to assist 

the diagnostic process (147).  Since the development of analytical methods for 

quantitative analysis of nucleic acids, an increased interest was raised for improved 

isolation of nucleic acids from FFPE tissue samples, in order to compare gene 

expression levels (146). However, it is widely noticed, proven and already clear that 

nucleic acids show extensive degradation and fragmentation due to formalin fixation 

(148). Additionally, when studying mRNA, it is well known that another limitation is 

the protein-RNA cross-link formation (149). Therefore, a lot of modifications are 

required on standard protocols, when utilizing such material for analytical studies, in 

order to achieve maximum quality and quantity of extracted RNA. 

RNA isolation is mostly performed by a proteinase K digestion lysis step and has been 

widely the cornerstone of many commercial kits (150). An additional heating step is 

included to improve cDNA synthesis, as it removes RNA-protein cross-links (151). 

However, it has been proposed that an additional step of phenol-based purification 

facilitates extraction and improves isolation yield (152). 

In this study, we evaluated three different RNA extraction methods to determine their 

efficiency in total RNA extraction from FFPE tissue for use in downstream 

applications. These methods included the basic techniques involving a tissue lysis 

buffer and a phenol-based extraction, as well as the combination of these two. The 

combination gave the highest yield, as expected, and the phenol-based extraction failed 

to achieve high yield to an acceptable level, and as a result it was excluded from further 

analysis in this study. By replacing traditional ethanol precipitation with the more 

advantageous silica based spin columns, we managed to provide maximum efficiency 

and purity of the extracted RNAs.  

As mentioned before, the degradation and modification of RNA compromises the 

reverse transcription reaction and affects directly the produced cDNA. Several methods 

have been tested on such RNAs, which vary primarily in different priming strategies. 

Modified protocols using oligodT and combination of oligodT and random hexamer 

primers have been compared (153). Also, the cDNA synthesis efficiency has been 

previously compared to gene specific primed cDNA for a set of genes; the use of qPCR 

assays has shown high sensitivity (154). 

 

Currently, we compared three priming strategies for cDNA synthesis. OligodT primed 

reverse transcription resulted in the least effective cDNA synthesis as estimated by Ct 

values obtained through qPCR amplification, due to extensive degradation of RNA 

molecules in FFPE tissue. On the contrary, oligodT and random hexamer primer 



 

combination, as well as gene specific primed reverse transcription managed to 

overcome this issue, with gene specific primed strategy outperforming the remaining 

two for both lysis buffer and concomitant lysis buffer-phenol based extractions (Table 

3).  

To increase the sensitivity of the analysis, we evaluated the effect of targeted 

preamplification of cDNAs. By comparing Ct values obtained through qPCR on 

preamplified and non-preamplified templates of all cDNA primed strategies for both 

extraction methods, we conclude that preamplification can be safely used on gene 

specific primed cDNAs (Table 4), taking into consideration the strict conditions, under 

which the preamplification reaction is performed. More specifically, the 5μl cDNA 

volume corresponding to 125ng of transcribed total RNA together with a small number 

of amplification cycles (n=5) was chosen to avoid fluctuations due to Poisson noise. 

Low primer final concentration, for instance 50nM, and annealing-extension 

temperature of 60oC have been suggested to decrease nonspecific amplification. To 

compensate for the low primer concentration, annealing time should be increased at 

≥3min (155).  

In order to verify the consistency of preamplification efficiency, the preamplified 

template should be quantified by standard curve. This way any of the inconsistencies 

and variations will be evaluated and corrected. A higher Ct value of 5.5 was 

estimated, compared to the 5 run cycles. This might be due to pipetting errors or low 

DNA polymerase activity during sample thawing. Additionally, high dilution factors 

could introduce errors, which could lead to deviations in the standard curve (146). 

Thus, we recommend that a standard curve should be created selectively for 

endogenous control and specific genes of interest, when performing gene expression 

analysis to confirm consistency of ΔCt values, in case preamplification is used. 

Patient staging and RAS mutational status and profile 
CRC patients chosen for the current analyses were staged according to tumor size, 

lymph node invasion and metastasis according to pathological settings. Out of 42 total 

number of patients: 5% of patients were staged I with local small size in situ tumor, 

19% were staged IIa with locally advanced larger tumor size, 24% were staged IIIb 

with advanced tumor and invasion of several (<3) regional lymph nodes, 5% were 

staged IIIc with advanced tumor and invasion of more (>3) regional lymph nodes and 

26% were staged IV with advanced tumor, lymph node invasion and distant 

metastasis (Figure 8). 

Patient tumors were analyzed for RAS mutational status and profile on molecular 

diagnostics settings. According to RAS mutational status, 48% of the tumors were 

RAS wild type, 36% were KRAS mutant, 7% were NRAS mutant and for 9% of the 

tumors the results were inconclusive (Figure 9). According to mutational profile of 

RAS mutant tumors, 72% of tumors were bearing mutation in exon 2 of KRAS, 11% 

mutation in exon 4 of KRAS, 11% in exon 2 of NRAS and 6% in exon 3 of NRAS 



 

(Figure 10). These results are consistent with the already observed and studied 

prevalence of RAS mutational status and profile (78,79,89,156). 

SIRT6 expression analysis 
There is emerging evidence suggests that SIRT6 functions as a longevity assurance 

gene by promoting genomic stability, regulating metabolic processes and attenuating 

inflammation (157). SIRT6 functions as an ADP-ribosylase and NAD+- dependent 

deacetylase of both acetyl groups and long-chain fatty acyl groups and regulates DNA 

repair, telomere maintenance and glucose and lipid metabolism, thus affecting 

metabolic and age related diseases such as cancer (42). As already mentioned 

enhanced glycolysis under aerobic conditions is a characteristic process of metabolic 

reprogramming in cancer cells (43).  It is shown that SIRT6 overexpression induces 

massive apoptosis in a variety of cancer cell lines but not in normal, non-transformed 

cells. This cell death requires the mono-ADP-ribosyltransferase activity of SIRT6 and 

is mediated by the activation of both the p53 and p73 apoptotic signaling cascades in 

cancer cells by SIRT6 (157). 

Many studies on different types of human cancer show downregulation or 

overexpression of SIRT6 and such changes appear even on different stages of the 

same type of cancer (42). As a result, SIRT6 can act as an oncogene and tumor 

suppressor. This function of SIRT6 with effect on metabolism can be secondary to 

overexpression of SIRT6 to provide genomic stability. Probably at early cancer 

stages, low expression causes genomic instability and metabolic reprogramming, 

which leads to accumulation of mutations and swift enhancement towards metabolic 

pathways and metabolites necessary for cancer cell proliferation (42). Additionally, 

the accelerated proliferation together with genomic instability could allow for 

subsequent mutations in oncogenes, such as KRAS. At advanced stages, high SIRT6 

activity may protect against accumulation of further mutations, which could affect 

negatively tumor growth (42). 

In the current study, by comparing SIRT6 expression levels between tumors and 

adjacent healthy colon epithelial tissue from CRC patients, we found that there is 

significantly increased expression of SIRT6 in all patients (p<0.05) (Figure 11). When 

dividing the patients according to RAS mutational status, we found higher expression 

in RAS wild type cancer (Figure 13), approximately two times higher than in RAS 

mutant cancer Figure 12, Figure 14). This result is consistent with the above mentioned 

assumption, that tumors may suppress the genomic stability promoting function of 

SIRT6 in order to allow cancer cells to acquire mutations. These mutations will 

further promote proliferation and invasiveness. According to cancer staging, in locally 

advanced tumors of staged IIa patients the expression of SIRT6 appears decreased 

(Figure 15). On the other hand, in IIIb staged patients with advanced invasive tumors 

SIRT6 shows significantly increased expression (Figure 16). Additionally, in patients 

of stage IV with metastatic tumors, SIRT6 shows limited but increased expression 

(Figure 17, Figure 18). These results are consistent with the assumed pattern of SIRT6 



 

expression in cancer progression proposed by Kugel and Mostoslavsky (2014). At 

early stages, the downregulation of SIRT6 leads to accumulation of mutations through 

genomic instability and causes metabolic reprogramming. At later stages SIRT6 

appears upregulated, a choice that provides protection from further mutations, which 

could be potentially lethal for the cancer cells. 

FOXO4 expression analysis 
Under epidermal growth factor positive influence, FOXO4 is phosphorylated leading 

to downregulation of ANXA8 expression, an event responsible for epithelial-to-

mesenchymal transformation (59). EGFR activates PI3K and AKT leading to the 

phosphorylation of FOXO4, which in turn inhibits the transcription of ANXA8.  As a 

result the phosphorylated FOXO4 abolishes the ability of ANXA8 to inhibit the cell 

migratory and metastatic characteristics of colorectal cancer cells. Thus FOXO4 plays 

key roles in growth factor-mediated tumor metastasis during the epithelial-to-

mesenchymal transition change in colorectal cancer (59). 

According to this study, by comparing FOXO4 expression levels between tumors and 

adjacent healthy colon epithelial tissue from CRC patients, we found that there is 

significantly increased expression of FOXO4 for all patients (p<0.05) (Figure 11). 

When dividing the patients according to RAS mutational status, we found higher 

expression in RAS wild type cancer (Figure 13), approximately two times higher than 

the healthy colon tissue. In RAS mutant cancer there was limited increase of 

expression compared to healthy colon tissue (Figure 12). This shows that the 

permanently activated RAS oncogene, although activating the downstream PI3K gene 

leading to inactivation of FOXO4 transcription factor, the expression of the latter 

remains unchanged (Figure 2). On the other side, FOXO4 expression levels are 

elevated in RAS wild type cancer. This leads to the assumption that upon activation of 

EGFR, the activation of PI3K leads to deactivation of FOXO4 transcription factor, 

which in turn upregulates the expression of FOXO4 gene. According to cancer 

staging, in locally advanced tumors of staged IIa patients the expression of FOXO4 

appears significantly decreased (p<0.05) (Figure 15). On the other hand, in IIIb staged 

patients with advanced invasive tumors FOXO4 shows significantly increased 

expression (p<0.01) (Figure 16). Additionally, in patients of stage IV with metastatic 

tumors, FOXO4 shows decreased expression (Figure 17, Figure 18). This could 

probably be attributed to the fact that in locally advanced tumors, the FOXO4 

transcription factor may be highly active preventing the cancer cells to rapidly invade 

extramural tissues, such as lymph nodes. This could lead to a negative feedback on 

transcription of FOXO4 gene. In the more advanced IIIb stage cancer cells may 

extensively deactivate be phosphorylation the FOXO4 transcription factor and in an 

attempt to compensate for the inactivation, the expression of FOXO4 gene is 

enhanced. In IV stage tumors the insignificant changes in FOXO4 expression levels 

could be attributed to the fact that cancer cells have developed mechanism to bypass 

FOXO4 invasiveness and metastatic inhibitory effects. 



 

HIF3A expression analysis 
HIF3A is induced by hypoxia, but effects on cell response showed to be indirect, as 

overexpression of HIF3A inhibited the transcriptional activation of hypoxia reporter 

by HIF-1 and HIF-2 (70). One study showed that overexpression of HIF-3α1 greatly 

increases colorectal tumor cell growth by activating the pro-survival STAT3 signaling 

through binding to the upstream JAK (62). 

According to this study, by comparing HIF3A expression levels between tumors and 

adjacent healthy colon epithelial tissue from CRC patients, we found that there was 

increased expression of HIF3A for all patients (Figure 11). When dividing the patients 

according to RAS mutational status, we found similarly higher expression in RAS 

wild type cancer and RAS mutant (Figure 12, Figure 13, Figure 14). This shows that 

probably the expression of HIF3A is not influenced by the RAS signaling cascade. 

According to cancer staging, in locally advanced tumors of staged IIa patients the 

expression of HIF3A appeared increased (Figure 15). At the same time, in IIIb staged 

patients with advanced invasive tumors HIF3A showed increased as well (Figure 16). 

Contrarily, in patients of stage IV with metastatic tumors, HIF3A showed 

significantly decreased expression (p<0.05) (Figure 17, Figure 18). This can be 

explained by the ability of HIF3A to inhibit HIF1A, responsible for cellular 

proliferation in hypoxic conditions. In stages IIa and IIIb the increase expression of 

HIF3A inhibits the over-proliferative properties of cancer cells as a protection 

mechanism. On the other hand, in stage IV metastatic cancer the inhibitory effect of 

HIF3A is abolished probably due to the further evolution of cancer cells rendering 

them unaffected by hypoxia inducible factor mediated spreading, invasion and 

proliferation. However, the effects of HIF3A remain to be further investigated since 

there have been studies showing that expression of different variants produce opposite 

effects and affect differently patient prognosis (70). 

Correlation analysis of expression between SIRT6, FOXO4, HIF3A 
By performing correlation analysis between SIRT6, FOXO4 and HIF3A we found 

significantly strong correlation between SIRT6 and FOXO4 (p<0.001) as well as 

between SIRT6 and HIF3A in all patients (p<0.001) (Figure 19, Figure 20). 

Additionally we found significant medium correlation between FOXO4 and HIF3A in 

all patients (p<0.05) (Figure 21). This partially proves the hypothesis that FOXO4 

recruits SIRT6, which in combination with HIF3A inhibit the proliferative effect of 

HIF1A in cancer cells (Figure 2). 

The medium correlation between SIRT6 and FOXO4 (p>0.05) and significant 

medium correlation between SIRT6 and HIF3A (p<0.05) is also prominent for RAS 

wild type (Figure 25, Figure 26) and for RAS mutant cancers there was significant 

medium correlation between SIRT6 and FOXO4 (p<0.01) and medium correlation 

between SIRT6 and HIF3A (p>0.05) (Figure 22, Figure 23). This could be attributed to 

the fact that both SIRT6 and FOXO4 are further in the RAS signaling cascade, with 

many preceding steps and factors affecting their expression (Figure 2). 



 

According to staging, for patient stage IIa we found medium negative correlation 

between SIRT6 and FOXO4 as well as medium negative correlation between FOXO4 

and HIF3A (Figure 28, Figure 30). This could explain that in early stages decreased 

expression of FOXO4 is accompanied with decreased phosphorylation of FOXO4, 

thus highly active transcription factor able to reach the cellular nucleus and cause 

expression of target genes, namely SIRT6. For patients of stage IIIb we found 

medium correlation between SIRT6 and HIF3A (Figure 32). This shows the possible 

synergistic action of SIRT6 and HIF3A to suppress HIF1A (Figure 2) in an attempt to 

limit tumor proliferation and/or provide genomic stability to the already aggressive 

cancer cells. Respectively, for stage IV patients we found significantly medium 

towards high correlation between SIRT6 and HIF3A (p<0.05) (Figure 35), as well as 

medium correlation between SIRT6 and FOXO4 and between FOXO4 and HIF3A 

(Figure 34, Figure 36). In most advanced metastatic cancer increased expression of 

SIRT6 provides genomic stability and prevents accumulation of more mutations and 

the expression of FOXO4 is increased to compensate for the increased rate of 

phosphorylation and thus deactivation. 

miRNA-143 expression analysis 
According to studies, miR-143 appears downregulated and reduces glucose 

metabolism and inhibits cancer cell proliferation and tumor formation through 

targeting hexokinase 2 (103). Additionally, miRNA-143 has been found to be 

involved in KRAS signaling cascade through targeting KRAS mRNA to influence 

CRC cell proliferation and survival (105). Studies have been performed describing 

that miRNA-143 appears to be down-regulated in CRC (104) 

In our study, miR-143 appears downregulated in all patients compared to healthy 

colon tissue (Figure 37). However, in RAS mutant patients miR-143 expression 

appears unchanged (Figure 38) and in RAS wild type patients appears decreased 

(Figure 39). This could mean that mutations in RAS genes except from leading to 

permanent activation, also adds immunity to miR-143 by an unknown suppression 

mechanism. According to staging, IIa patients’ tumors appear with decreased 

expression of miR-143 (Figure 40) and tumors of stage IIIb and IV patients appear 

with unchanged expression levels (Figure 41, Figure 42). The reason could be that 

patients of the most advanced stages are in majority RAS mutant. 

miRNA-200c expression analysis 
Studies have already shown that overexpression of miR-200c in CRC cell lines causes 

reduced expression of putative gene targets, and results in increased E-cadherin and 

reduced vimentin expression (111). miR-200c plays an important role in mediating 

EMT and metastatic behavior in the colon. Liver metastasis tissues show higher 

expression of miR-200c, than primary CRCs, which is significantly associated with 

hypomethylation of its promoter region (111). 

According to our studies, there is no change in expression levels of miR-200c in 

tumor tissue compared to adjacent healthy colon tissue for all patients (Figure 37). 



 

However, in RAS mutant tumors there is slight increase in expression (Figure 38) and 

contrarily decreased expression in RAS wild type tumors (Figure 39). This could mean 

that in RAS wild type tumors miR-200c is a factor that promotes metastasis. For 

tumors from patients staged IIa and IV we noticed decreased expression (Figure 40, 

Figure 42). Contrarily, for stage IIIb tumors, there is increased miR-200c expression 

(Figure 41). This is probably the checkpoint of obtaining metastatic potential by the 

cancer cells. 

miRNA-101 expression analysis 
According to studies miR-101 inhibits COX-2 mRNA translation in colorectal cancer 

cell lines and patients (117). Additionally, miR-101 down-regulates SphK1 mRNA 

and protein expression, causing pro-apoptotic ceramide production in CRC cell lines 

and miR-101 expression increases the in vitro anti-CRC activity of conventional 

chemo-agents paclitaxel and doxorubicin (118). Furthermore, the pro-tumorigenic 

activity of the prostanoid EP4 receptor is negatively regulated by miR-101 at the post-

transcriptional level. Also, miR-101 inhibits cell proliferation and migration of colon 

cancer cells in vitro and there is an inverse correlation between the levels of miR-101 

and expression of EP4 receptor protein in human colon cancers (158). 

According to our study, the expression levels of miR-101 were downregulated in all 

CRC tumors compared to healthy adjacent tissue (Figure 37). When tumors were 

divided according to RAS mutational status, RAS mutant tumors appear with no 

change in expression (Figure 38). Contrarily, the expression of miR-101 appears 

decreased in RAS wild type tumors (Figure 39). This means that the RAS signaling 

cascade could affect tumor proliferation by implicating miR-101. In tumors from 

patients staged IIa and IV we noticed decreased expression (Figure 40, Figure 42). 

Conversely, in stage IIIb tumors there is greatly increased miR-200c expression 

(Figure 41). At this stage miR-101 could be upregulated in an attempt to inhibit the 

accelerated proliferation. 

miRNA-34b expression analysis 
miR-34b has been shown to inhibit cell proliferation, colony formation, 

migration/invasion and to trigger G0/G1 cell cycle arrest and apoptosis by directly 

targeting the AKT and its downstream proliferative genes. The expression of miR-34b 

decreases Vimentin, ZO1, N-cadherin and Snail and increase E-cadherin expression. 

In this manner miR-34b inhibits epithelial to mesenchymal transition, as well as 

shows antitumor effect in vivo. Patients with high miR-34b levels had longer survival 

(121). 

According to our study, the expression levels of miR-34b were marginally 

downregulated in all CRC tumors compared to healthy adjacent colon tissue (Figure 

37). When tumors were divided according to RAS mutational status, in RAS mutant 

tumors miR-34b appears moderately upregulated in expression (Figure 38). Contrarily, 

the expression of miR-34b appears significantly decreased in RAS wild type tumors 

(Figure 39). This is consistent with the decreased expression of SIRT6 in RAS wild 



 

type tumors and does not indicate an inhibitory effect of SIRT6 on the expression of 

miR-34b the same way with miR-34a, which belongs to the same group (47). In 

tumors from patients staged IIa we noticed marginally decreased expression (Figure 

40). For stage IIIb and IV tumors approximately no changes were observed in 

expression levels of miR-34b compared to the healthy adjacent tissue (Figure 41, Figure 

42). 

miRNA-375 expression analysis 
There is evidence that miR-375 is downregulated in human colorectal cancer cell lines 

and tissues when compared to normal human colon tissues (126). Overexpression of 

miR-375 in SW480 and HCT15 cells reduces PIK3CA protein expression. 

Additionally, miR-375 suppressed CRC cell proliferation and colony formation and 

led to cell cycle arrest. Furthermore, miR-375 overexpression is shown to inhibit the 

phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway and may provide a 

selective growth inhibition for CRC cells (126). 

Our results suggest that in CRC tumors from all patients miR-375 appears 

downregulated compared to healthy adjacent colon tissue (Figure 37). By comparing 

expression levels between RAS mutant and wild type tumors, we found marginally 

decreased expression levels for RAS mutant (Figure 38) and decreased levels for RAS 

wild type patients. In tumors from patients staged IIa we noticed decreased expression 

(Figure 40). The importance of decrease levels of expression of miR375 can be noted, 

since there is increased activity of PI3K/Akt signaling pathway. This pathway causes 

the deactivation through phosphorylation of the potential tumor suppressor FOXO4 

(Figure 2). For stage IIIb there was no change in expression levels (Figure 41). In stage 

IV tumors marginally decreased expression levels of miR-34b were observed 

compared to the healthy adjacent tissue (Figure 42). 

Correlation analysis of miRNAs and SIRT6, FOXO4, HIF3A 
In order to identify possible functional interaction between the studied miRNAs and 

SIRT6, FOXO4 and HIF3A, we chose to perform correlation analysis. By performing 

a correlation matrix we identified the significant correlations. 

The results showed a significant medium positive correlation between SIRT6 and 

miR-375 concerning all patients (Figure 44). This can be explained by the ability of 

miR-375 to inhibit the PI3K/AKT pathway, which in turns fails to deactivate FOXO4 

through phosphorylation. This points towards the direction that FOXO4 may indeed 

recruit SIRT6 to provide genomic stability as hypothesized. We further identified 

significant medium positive correlation between FOXO4 and miR-375 for all patients 

(Figure 45) and even higher correlation for RAS mutant patient tumors (Figure 48), 

which in addition shows the positive effect of high miR-375 levels in FOXO4 

expression. 

By correlating the expression levels of SIRT6 and miR-34b, we identified significant 

medium correlation for all patients (Figure 43) and RAS mutant tumors (Figure 46), 



 

with the correlation for mutant tumors being higher. Additionally, we identified 

significant correlation between FOXO4 and miR-34b for RAS mutant tumors (Figure 

47), as expected. This shows that there is a great possibility that miR-34b and the 

SIRT6-FOXO4 interaction are connected in a functionally synergistic manner, 

prominent in RAS mutant tumors. 

Furthermore, we identified a significant medium negative correlation between 

FOXO4 and miR-143 for RAS wild type tumors (Figure 49). As already mentioned, 

low levels of miRNA-143 expression are an independent negative prognostic factor 

for cause-specific survival (CSS). Additionally, low levels of miRNA-143 expression 

are associated with a shorter PFS in patients with KRAS wild-type CRC who are 

treated with EGFR-targeted agents. However, miRNA-143 is not useful as a 

predictive biomarker in KRAS wild-type CRC patients treated with EGFR-targeting 

agents (106). Furthermore, the inhibition of miRNA-143 stimulates cell proliferation, 

whereas miRNA-143 overexpression has an opposite effect and the inhibition of 

KRAS expression by miRNA-143 inhibits the constitutive phosphorylation of 

ERK1/2 (105) This shows that probably increased levels of miR-143 could affect the 

PI3K/AKT pathway leading to downregulation of FOXO4 expression. 

Conclusion 
 

In the current study we analyzed the relative expression levels of SIRT6, FOXO4 and 

HIF3A as well as the expression levels of miR-143, miR-200c, miR-101, miR-34b 

and miR-375 microRNAs in colorectal cancer tumors compared to healthy adjacent 

colon tissue. We also analyzed statistically the patients’ tumors according to RAS 

mutational status and profile according to the molecular diagnostics results. We 

noticed the compliance of our patients results to the worldwide status. 

By analyzing the results collectively for all patient tumors, RAS wild type and mutant 

and according to stages IIa, IIIb and IV we noticed the following results. There is 

increased expression of SIRT6 in all patients and the expression in RAS wild type 

cancer approximately two times higher than in RAS mutant cancer. According to 

staging, in early stage patients the expression of SIRT6 appears decreased compared 

to advanced stage patients SIRT6 shows significantly increased expression. We also 

noticed increased expression levels of FOXO4 for all patients mostly due to higher 

expression in RAS wild type cancer and almost no change in RAS mutant patients. 

According to cancer staging, in stage IIa and IV patients the expression of FOXO4 

appears decreased. On the other hand, in stage IIIb patients FOXO4 shows 

significantly increased expression. Furthermore, there was increased expression of 

HIF3A for all patients and similarly high expression in RAS wild type cancer and 

RAS mutant. Tumors from stage IIa and IIIb patients showed increased expression of 

HIF3A oppositely to stage IV, where HIF3A showed decreased expression. 



 

By correlating the expression levels of SIRT6, FOXO4 and HIF3A we found medium 

to high correlation between SIRT6 and FOXO4, SIRT6 and HIF3A as well as 

medium correlation between FOXO4 and HIF3A in all patients and for both RAS 

wild type and mutant cancers. For tumors of stage IIa patients we found medium 

negative correlation between SIRT6 and FOXO4 and FOXO4 and HIF3A. For 

patients of stage IIIb we found medium correlation between SIRT6 and HIF3A. 

Respectively, for stage IV patients we found significantly medium towards high 

correlation between SIRT6 and HIF3A, as well as medium correlation between SIRT6 

and FOXO4 and between FOXO4 and HIF3A. 

By analyzing the expression levels of miR-143, miR-200c, miR-101, miR-34b and 

miR-375 from all patient tumors we found decrease expression of miR-143, miR-101,  

miR-34b and miR-375 and no change in miR-200c levels compared to healthy 

adjacent colon tissue. For RAS mutant tumors we found increased levels for miR-

200c and miR-34b, decreased levels for miR-375 and no change in expression levels 

of miR-143 and miR-101. For RAS wild type tumors we found decreased levels for 

all miR-143, miR-200c, miR-101, miR-34b and miR-375. According to staging, for 

IIa tumors we found decrease levels of all miR-143, miR-200c, miR-101, miR-34b 

and miR-375. For IIIb tumors we found increased levels of miR-200c and miR-101 

and no change for miR-143, miR-34b and miR-375. Respectively, for IV stage tumors 

we found decrease levels for miR-200c, miR-101 and miR-375 and no change for 

miR-143 and miR-34b. 

By correlating the expression levels of the SIRT6, FOXO4 and HIF3A genes to the 

levels of miR-143, miR-200c, miR-101, miR-34b and miR-375, we found significant 

moderate correlation between SIRT6 and miR-375 concerning all patients. We further 

identified significant moderate correlation between FOXO4 and miR-375 for all 

patients and even higher correlation for RAS mutant patient tumors. We identified 

significant moderate correlation for all patients and RAS mutant tumors between 

SIRT6 and miR-34b, with the correlation for mutant tumors being higher. 

Additionally, we identified significant moderate correlation between FOXO4 and 

miR-34b for RAS mutant patients and a significant moderate negative correlation 

between FOXO4 and miR-143 for RAS wild type tumors. 

Finally, we improved greatly the molecular analysis workflow by applying 

modifications on protocols’ sequence. The combination of lysis buffer with phenol-

based RNA extraction, together with gene specific primed cDNA synthesis is of great 

superiority, as well as increasing the target gene template by preamplification 

decreases Ct value and thus sensitivity of detection and accuracy. 

  



 

Inferences and contributions 
 

Inferences 
 

By analyzing the expression levels of SIRT6, FOXO4 and HIF3A genes in 

colorectal tumors compared to healthy adjacent colon tissue from CRC patients, 

according to RAS mutational status and according to patient staging we noticed: 

1. There is increased expression of SIRT6 in all patients. The expression in RAS 

wild type cancer is approximately two times higher than in RAS mutant 

cancer. In early stage patients the expression of SIRT6 appears decreased 

compared to advanced stage patients SIRT6 shows significantly increased 

expression. 

2. There are increased expression levels of FOXO4 for all patients with higher 

expression in RAS wild type cancer and almost no change in RAS mutant 

patients. In stage IIa and IV patients the expression of FOXO4 appears 

decreased. In stage IIIb patients FOXO4 shows significantly increased 

expression. 

3. There is increased expression of HIF3A for all patients and similarly high 

expression in RAS wild type cancer and RAS mutant. Tumors from stage IIa 

and IIIb patients showed increased expression of HIF3A oppositely to 

decreased expression at stage IV. 

By correlating the expression levels of SIRT6, FOXO4 and HIF3A we found: 

4. Significant moderate correlation between SIRT6 and FOXO4, SIRT6 and 

HIF3A and in all patients. 

5. Significant moderate correlation between SIRT6 and FOXO4 for RAS mutant 

and between SIRT6 and HIF3A for RAS wild type tumors.  

6. Significant strong correlation between SIRT6 and HIF3A for stage IV 

patients. 

By analyzing the expression levels of miR-143, miR-200c, miR-101, miR-34b and 

miR-375 of tumors from CRC patients, according to RAS mutational status and 

according to patient staging we noticed we found: 

7. For all patients decreased expression of miR-143, miR-101,  miR-34b and 

miR-375 and no change in miR-200c levels compared to healthy adjacent colon 

tissue  

8. For RAS mutant tumors increased levels of miR-200c and miR-34b, decreased 

levels for miR-375 and no change in expression levels of miR-143 and miR-101. 



 

9. For RAS wild type tumors we found decreased levels for all miR-143, miR-

200c, miR-101, miR-34b and miR-375. 

10. For IIa stage, we found decrease levels of all miR-143, miR-200c, miR-101, 

miR-34b and miR-375. For IIIb stage, we found increased levels of miR-200c and 

miR-101 and no change for miR-143, miR-34b and miR-375.For IV stage tumors, 

we found decrease levels for miR-200c, miR-101 and miR-375 and no change for 

miR-143 and miR-34b. 

By correlating the expression levels of the SIRT6, FOXO4 and HIF3A genes to 

the levels of miR-143, miR-200c, miR-101, miR-34b and miR-375, we found: 

11. Significant moderate correlation between SIRT6 and miR-375 concerning all 

patients, significant moderate correlation between FOXO4 and miR-375 for all 

patients and for RAS mutant tumors. 

12. Significant moderate correlation between SIRT6 and miR-34b for all patients 

and RAS mutant tumors. 

13. Significant moderate correlation between FOXO4 and miR-34b for RAS 

mutant patients and significant moderate negative correlation between FOXO4 

and miR-143 for RAS wild type tumors. 

By applying modifications on protocols’ sequence, we improved greatly the 

molecular analysis workflow. 

14. The combination of lysis buffer with phenol-based RNA extraction resulted in 

the highest yields. 

15. Gene specific primed cDNA synthesis resulted in increased number of 

targeted cDNAs. 

16. Preamplification increased the target gene template and decreased Ct value 

and thus sensitivity of detection. 

 

Contributions 
 

For the first time the expression levels of SIRT6, FOXO4 and HIF3A genes  were 

determined in combination for all patients, RAS mutant vs wild type and according to 

patient stages IIa, IIIb and IV from CRC tumors. 

For the first time the correlation between SIRT6, FOXO4 and HIF3A genes’ 

expression was determined for all patients, RAS mutant vs wild type and according to 

patient stages IIa, IIIb and IV from CRC tumors. 



 

For the first time the expression levels of miR-143, miR-200c, miR-101, miR-34b and 

miR-375 miRNAs were determined in combination for all patients, RAS mutant vs 

wild type and according to patient stages IIa, IIIb and IV from CRC tumors. 

For the first time the correlation between miR-143, miR-200c, miR-101, miR-34b and 

miR-375 expression levels and SIRT6, FOXO4 and HIF3A genes’ expression was 

determined for all patients, RAS mutant vs wild type and according to patient stages 

IIa, IIIb and IV from CRC tumors.  



 

 Abbreviations 
CRC  colorectal cancer 

AKT   PKB-Protein kinase B 

AMPK  AMP-activated protein kinase 

ASR  Age standardized ratio 

COX-2  cyclooxygenase 2 

CSS  cause- specific survival 

DNMT3 DNA methyltransferase 3 

EGFR  epidermal growth factor receptor 

EMT  epithelial-mesenchymal transformation 

FFPE  formalin fixed paraffin embedded tissue 

FOXO4 Forkhead box 4 

HIF3A  Hypoxia-inducible factor 3A 

FOBT  fecal occult blood test 

HR  hazard ratio 

mAb  monoclonal antibody 

MAPK  mitogen-activated protein kinase 

OS  overall survival 

PFS  progression free survival 

PI3K  phosphatidylinositol-3-kinase 

RT-qPCR reverse transcription- quantitative polymerase chain reaction 

RAS MUT RAS mutant 

RAS WT RAS wild-type 

SIRT6  sirtuin 6 

TCA  tricarboxylic acids 

UTR  untranslated region 
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