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Abbreviations  

5-FU – 5-Fluorouracil  

ABCB – ATP binding Cassette Subfamily B  

ABCC – ATP binding Cassette Subfamily C  

ABCG – ATP-binding Cassette Superfamily G  

ADR – adverse drug reactions 

BC – breast cancer 

ATM – Ataxia-Telangiesctasia Mutated  

BCRP – Breast Cancer Resistance Protein 

BER – Base Excision Repair  

cfDNA – cell-free DNA 

CRC – colorectal carcinoma 

CTCAE – Common Terminology Criteria for 
Adverse Effects 

CYP – Cytochrome P450  

DNA – deoxyribonucleic acid 

DPD – Dihydropyrimidine Dehydrogenase 
Enzyme 

DPYD – Dihydropyrimidine Dehydrogenase 
Gene 

DSB – Double-Strand Break 

EGF – Epidermal Growth Factor 

EGFR – Epidermal Growth Factor Receptor 

ERCC – Excision Repair Cross 
Complementation 

GIT – gastrointestinal tract 

GSTP – Glutathione S-transferase pi  

HFS – Hand-Foot Syndrome 

HGVS – Society for Human Genome Variation  

INDELs – insertions/deletions 

MDR – Multiple Drug Resistance 

MnSOD – Manganese Superoxide Dismutase 

MRP – Multidrug Resistance Protein  

MTHFR – Methylenetetrahydrofolate Reductase 

NER – Nucleotide Excision Repair  

NSCLC – non-small cell lung carcinoma 

OATP – Organic Anion Transporting Polypeptide  

OCT – Organic Cation Transporter  

RNA – ribonucleic acid 

PCR – Polymerase Chain Reaction 

ROS – Reactive Oxygen Species 

SLC – Solute Carrier Gene  

SNP – Single Nucleotide Polymorphism  

SOD – Superoxide Dismutase 

TGFA – Transforming Growth Factor Alpha 

TKI – Tyrosine Kinase Inhibitors  

TP53 – Tumor Protein 53  

UV – Ultraviolet 

VEGF – Vascular Endothelial Growth Factor 

XPC – Xeroderma Pigmentosum, 
Complementation Group C  

XRCC – X-ray Repair Cross-Complementing 
Protein 
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I. Introduction 

“Doctors are men who prescribe medicines of which they know little,  
to cure diseases of which they know less,  

in human beings of whom they know nothing.” 
Voltaire 

Standard clinical practice for choosing an appropriate antibiotic for a 
bacterial infection, such as pneumonia, involves taking a specimen and waiting 
for microbiological results. Accurate information about the causative agent and 
its sensitivity to antibiotics is crucial. Initially, a broad-spectrum antibiotic, chosen 
based on the clinical case, is administedred until the laboratory results become 
available. After receiving the results, a specific antibiotic is prescribed, following 
standart practice. However, the prescription of most other drugs relies on evidence 
from clinical trials, experience, intuition, individual preferences, and the influence 
of pharmaceutical companies’ advertising campaigns. 

Pharmacogenetics relies on genetic information to ascertain the likelihood of 
a drug response (efficacy) or the probability of a significant side effect (adverse 
drug reaction) to that drug. While the science of pharmacogenetics has been in 
existence for over 50 years, only in the last decade have technological advances 
and scientific efforts made it possible to apply this information to clinical 
decision-making in certain areas of medicine, such as oncology. 

Pharmacogenetics also plays a key role in optimizing the treatment of 
malignancies, as many drugs have a narrow therapeutic window. At low doses, 
they are ineffective, while at higher doses, they are more likely to be associated 
with excessive toxicity. Chemotherapeutic regimens are usually toxic, leading to 
side effects. Additionally, several newer agents are very expensive, and, therefore, 
they should be directed thoward those who are most likely to derive a positive 
effect. In individuals unlikely to respond to a particular drug, untargeted 
prescribing can potentially delay a more appropriate alternative regimen, 
exposing them to unnecessary toxicity. 

Pharmacogenetics studies the genetic basis of variations in drug response, 
exploring hereditary genetic differences in the metabolic pathways of drugs that 
may impact individual responses in terms of both therapeutic effects and adverse 
reactions. Pharmacogenomics is an extension of pharmacogenetics that utilizes 
new genomic technologies. While pharmacogenetics focuses on individual genes 
with significant phenotypic effects, determining increased, reduced, or absent 
therapeutic actions of drugs, pharmacogenomics involves whole-genome research 
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to identify numerous low-effect variants within complex biological pathways that 
can trigger adverse drug reactions. 

The basic principle of pharmacogenomics is to investigate genetic variants 
predisposing individuals to adverse drug reactions (ADRs).  

The ultimate goal of pharmacogenomics is personalized medicine, where 
each patient is treated individually based on their genetic makeup, using a specific 
drug and an appropriate therapeutic dose. 
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II. Aim and Objectives 

1. Aim 
The aim of the thesis is to investigate germline pharmacogenetic variants 
associated with drug metabolism in cancer patients. 
 

2. Objectives 

1) To isolate gemomic/cell-free DNA from patients with non-small cell lung 
carcinoma (NSCLC), colorectal carcinoma (CRC), breast cancer (BC), 
and 40 healthy individuals. 

2) To conduct target sequencing of a panel of genes in the isolated samples 
to analyze their genetic makeup. 

3) To identify germline pharmacogenetic variants associated with the 
metabolism of chemotherapeutics used in treatment, utilizing the 
PharmGKB database. 

4) To characterize the frequency and clinical significance of identified 
genetic polymorphisms. 

5) To assess the frequency of genetic polymorphisms in the Bulgarian 
population in comparison to the general human population. 
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III. Materials and Methods 

1. Materials 

Patients 
A total of 140 people initially participated in the study. Of these, 90 

participants completed the study, including 50 cancer patients (26 diagnosed with 
colorectal cancer, 13 with non-small cell lung cancer, and 11 with breast cancer), 
along with 40 healthy individuals. The selection of patients was based on the high 
prevalence of carcinomas in both Bulgaria and worldwide, the frequency of 
adverse drug reactions among patients in these three disease groups, and some 
overlap in the chemotherapy drugs used in treatment regimens. Ethical approval 
for this study was granted by the Institutional Review Board (IRB) at the 
Scientific Ethics Committee of the Medical University of Plovdiv with outgoing 
number C – 09-2/10.04.2020. All participants provided written informed consent, 
either personally or from their guardians, prior to inclusion in the study. The study 
was conducted in accordance with the ethical guidelines and regulations 
determined by the IRB. 

Biological Samples 
To isolate genomic DNA from patients, one Monovette of blood was taken 

with EDTA to prevent coagulation. For the isolation of cell-free DNA (cfDNA), 
two Cell-Free DNA BCT (Streck) Monovettes were collected from each patient. 
DNA extraction was performed using the QIAGEN QIAamp DNA Blood Mini 
Kit to purify genomic DNA. The concentration of isolated genomic DNA was 
measured with a Thermo Scientific™ NanoDrop™ One Microvolume UV-Vis 
Spectrophotometer. The isolation of cell-free DNA took place using BioChain's 
cfPure® Cell-Free DNA Extraction Kit. The concetration of the isolated cell-free 
DNA was measured with a DeNovix fluorimeter. 

2. Methods 
In the present work, the following methods were used: isolation of genomic 

DNA from 50 samples, including 10 from patients and 40 from healthy 
individuals, the isolation of cell-free DNA from 40 patients, and next-generation 
sequencing (NGS). 
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2.1. Isolation of Genomic DNA From Whole Blood 

For the isolation of genomic DNA from whole blood, the QIAGEN QIAamp 
DNA Blood Mini Kit was used. The protocol includes the following steps: 

1) Pipette 20 μl of proteinase K into the bottom of a 1.5 ml Eppendorf-
type tube and add 200 μl of whole blood. 

2) Add 200 μl of buffer AL to the sample. Vortex the reaction for 
15 seconds, then incubate at 56°C for 10 minutes. 

3) Centrifuge the 1.5 ml tube briefly to remove drops from inside the lid. 
4) Add 200 μl of ethanol (96–100%) to the sample and vortex for 

15 seconds.  
5) Centrifuge the tube briefly to remove drops from inside the lid. 
6) Transfer the mixture onto a QIAamp Mini spin column placed in a 2 ml 

collecting tube. 
7) Centrifuge at 8000 rpm for 1 minute and transfer the column to a new 

collection tube, discarding the old one along with the liquid released 
during centrifugation. 

8) Add 500 μl of AW1 buffer to the QIAamp Mini spin column and 
centrifuge at 8000 rpm for 1 minute. 

9) Transfer the column to a new collection tube, disposing of the old one 
along with the liquid separated during centrifugation. 

10) Add 500 μl of buffer AW2 and centrifuge at 14,000 rpm for 3 minutes. 
11) Place the QIAamp Mini spin column in a new 2 ml collection tube and 

dispose of the old one with the filtrate.  
12) Centrifuge at 14,000 rpm for 1 min. 
13) Move the QIAamp Mini spin column to a clean 1.5 ml tube and discard 

the tube containing the filtrate.  
14) Add 200 μl of elution buffer AE. 
15) Incubate at the temperature of 15–25°C for 1 minute. 
16) Centrifuge at 8000 rpm for 1 minute to separate the purified DNA. 
The isolated DNA concentrations were measured using a Thermo 

Scientific™ NanoDrop™ One Microvolume UV-Vis Spectrophotometer.  

2.2. Isolation of Cell-Free DNA 

For the isolation of cell-free DNA, BioChain's cfPure® Cell-Free DNA 
Extraction Kit was used on whole blood collected in Streck Cell-Free DNA BCT. 
First, a double-centrifugation protocol was employed for maximum plasma 
recovery, followed by a protocol for the isolation of cell-free DNA. 
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The double-centrifugation protocol for maximum plasma recovery includes 
the following steps: 

1) Centrifuge the whole blood at 1600 x g for 10 minutes at room 
temperature for plasma separation. 

2) Remove the top plasma layer and transfer it to a new Eppendorf-type 
conical tube. 

3) Centrifuge the plasma at 16 000 x g for 10 minutes. 
4) Transfer the separated plasma to new 50 ml tubes for the subsequent 

isolation of cell-free DNA. 
 
The protocol for the isolation of cell-free DNA from plasma includes the 

following steps: 
A. Proteinase K Treatment 
1) Add the appropriate amount of plasma to an appropriately sized tube(s). 
2) Add 15 μl of Proteinase K (20mg/ml) for every 1 ml of plasma used 

(Table 1).  

Table 1. Proteinase K Quantification in Relation to Plasma Quantity 
Plasma Proteinase K 20% SDS Solution 

x (x = ml plasma) 0.015 x 0.050 х 
8 ml 120 μl 400 μl 

10 ml 150 μl 500 μl 

3) Add 50 μl of 20% SDS solution for every 1 ml of plasma used. 
4) Mix by inverting gently 5 times. 
5) Incubate at 60°C for 20 minutes. 
6) After incubation place tube(s) on ice for 5 minutes to cool tube(s) to 

room temperature. 
7) Once tube(s) are at room temperature proceed to step 2 of the 

Lysis/Binding section. 
 
B. Lysis/Binding 
1) Add appropriate amount of plasma to a 50 ml conical tube(s). 
2) Add 1.25 ml of cfPure Lysis/Binding Buffer for every 1 ml of plasma 

used (Table 2). 
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Table 2. Optimizing Lysis/Binding Buffer and Bear Solution Volume Based on 
Plasma Quantity 

Plasma Lysis/Binding Buffer Bead Solution Tube(s) size 
x (x = ml plasma) 1.25х 0.020х n/a 

8 ml 10.00 ml 160 μl 50 ml 
10 ml 12.50 ml 200 μl 50 ml 

3) Add 20 μl cfPure Magnetic Bead Solution for every 1 ml of plasma 
used. 

4) Vortex or shake tube(s) vigorously for 10 minutes at room temperature. 
5) Place tube(s) into a magnet stand for 5 to10 minutes, or until the 

solution clears. 
6) While keeping the tube(s) on the magnet stand, remove supernatant. Be 

careful not to remove magnetic particles. 
7) Keep tube(s) on magnet stand for 1 minute, and remove residual 

supernatant. 

C. First Wash 
1) Add 2000 μl of cfPure Wash Buffer to lysis/binding tube(s). 
2) Resuspend beads by vortexing for 20 seconds or by manually swirling 

tube(s). 
3) Place 50 ml tube(s) on to a magnetic stand for 2 to 5 minutes, or until 

solution clears.  
4) Using a 1000 μl pipette wash tube(s) using the supernatant within the 

tube. 
5) Keep 50 ml tube(s) on to a magnetic stand for an additional 2 minutes.  
6) While keeping the tube(s) on the magnet stand, remore supernatant. Be 

careful not to remove magnetic particles. 
7) Transfer tube(s) to non-magnetic rack and add 1000 μl cfPure Wash 

Buffer. 
8) Resuspend beads by vortexing for 20 seconds or pipetting up and down 

10 times. 
9) Transfer magnetic particle suspension into 1.5 ml micro tube(s) on a 

magnet stand. 
10) Allow beads to attach to magnet stand for 10–30 seconds. 
11) Pipette supernatant from 1.5 ml tubes and use the supernatant to wash 

the lysis/binding tube(s). 
12) Transfer the rest of the magnetic particles in lysis/binding tube(s) to the 

1.5 ml tube(s). 
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13) Resuspend beads by vortexing for 20 seconds or pipetting up and down 
10 times. 

14) Centrifuge tube(s) briefly. 
15) Place tube(s) on magnet stand for 10–30 seconds or until solution is 

clear. 
16) Remove as much buffer as possible using a 1000 μl pipette. 
17) Tap magnet stand on bench 5 times and remove remaining wash buffer 

with 200 μl pipette. 

D. Second Wash 
1) Transfer tube(s) to non-magnetic rack and add 1000 μl of 80% EtOH. 
2) Resuspend beads by vortexing for 20 seconds or pipetting up and down 

10 times. 
3) Centrifuge tube(s) briefly. 
4) Place on magnet stand for 10–30 seconds or until solution clears. 
5) Remove as much buffer as possible using a 1000 μl pipette. 
6) Tap magnet stand on bench 5 times and remove remaining EtOH with 

200 μl pipette. 
7) Transfer tube(s) to non-magnetic rack and add 1000 μl of 80% EtOH. 
8) Resuspend beads by vortexing for 20 seconds or pipetting up and down 

10 times. 
9) Centrifuge tube(s) briefly. 
10) Place on magnet stand for 10–20 seconds. 
11) Remove as much EtOH as possible using a 1000 μl pipette and leave 

cap open. 
12) Tap magnet stand with tube(s) on bench 5 times. 
13) Remove remaining EtOH with 200 μl pipette. 
14) Leave tube(s) open on magnet stand for two minutes and then tap 

tube(s) on bench 5 times and remove any remaining EtOH with 20 μl 
pipette. 

15) Allow magnetic particles to dry for an additional 4 minutes. Be careful 
to not over dry or beads may stick to tube(s). 

E. Elution Step 
1) Transfer microtube(s) to non-magnetic rack and add desired volume of 

cfPure Elution Buffer (a minimum of 100 μl should be used) and 
resuspend beads. 

2) Vortex or shake tube(s) vigorously for 5 minutes. 
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3) Centrifuge tube(s) briefly. 
4) Place tube(s) on magnetic rack for 10 to 30 seconds. 
5) Transfer eluate into a new 1.5 ml tube(s). 

2.3. Next Generation Sequencing (NGS) 

The isolated DNA (genomic and cell-free) in our study was sequenced at 
Novogene Corporation Inc., where the sequencing process was conducted.  

1) Whole Exome Sequencing (WES) (performed on 40 healthy individuals) 
Next generation sequencing involves multiple stages (Fig. 1): 
• Sample preparation: This step involves the isolation of DNA from the 

sample.  
• DNA fragmentation: Once DNA is isolated, it needs to be fragmented into 

smaller particles for easier sequencing. This can be achieved by various methods, 
such as the use of physical or chemical methods to break DNA into shorter 
fragments. 

• Preparation of the sequenced library: DNA fragments must be prepared 
for sequencing, involving the addition of adaptor sequences and molecular 
indices. Adaptors are small DNA sequences that bind to the fragments with a 
specific structure allowing later attachment to the sequencer. Indices are short 
DNA sequences added to adaptors, allowing the identification and differentiation 
of individual samples during sequencing of multiple samples in the same reaction.  

• DNA amplification: DNA fragments are multiplied millions of times using 
polymerase chain reaction. This allows large quantities of DNA to be sequenced 
more easily and efficiently. 

• Checking the quality and quantity of DNA: After amplification, the 
quality and quantity of the resulting DNA library are checked using fluorescence 
methods and DNA analyzers, providing information on fragment size, DNA 
concentration and library quality. 

• Preparation of the final library: Once verified and approved, the final DNA 
library is ready for sequencing and can be stored under appropriate conditions 
until the time of sequencing. 

• Sequencing: Once the library is ready, it is submitted to the sequencer.  
• Sequence Data Processing: After obtaining sequencing results, the data 

must be processed, involving reading and analyzing sequence data using 
specialized computer programs and algorithms. This step includes the assembly 
of readings in the DNA sequence and extraction of information from the genome. 
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• Data analysis: Following the processing of sequence data, data analysis is 
performed, identifying genes, variants in the genome, associated diseases, and 
other molecular markers. Data analysis can be complex and requires specialized 
software and expertise. 

• Interpretation of the results: This includes an assessment of the 
significance of different variants and their influence on health or other studied 
parameters.  

Various databases and resources were utilized for the analysis and 
interpretation of genetic variants, including dbSNP, COSMIC, ClinVar, 1000 
Genomes, NHLBI-ESP, GnomAD, SIFT, PolyPhen and HGMD-PUBLIC. These 
databases provide comprehensive information on genomic variants, molecular 
markers, and genetic associations. 

For the description of the genetic variants, the standardized system of the 
Society for Human Genome Variation (HGVS) was employed. HGVS is a naming 
and description system for genetic sequence variants, incorporating specific rules 
and nomenclature to ensure clear and consistent communication within scientific 
and medical communities. 

 
Fig. 1. NGS – New Generation Sequencing 

2) Targeted Sequencing (conducted in 50 cancer patients) 
A comprehensive target panel for solid tumors, consisting of 484 genes 

(Novogene Precision Medicine 2.0 – NovoPM 2.0), associated with 
pharmacogenetics in cancer patients, was utilized.  



III. Materials and Methods 

15 

Target sequencing involves:  
• Selection of target areas: Identifying specific areas or genes for 

sequencing, such as those associated with a particular disease, molecular 
pathologies, or regions of significant interest. 

• Library preparation: Fragmentation and library preparation are performed, 
similar to whole exome sequencing. The focus, however, is solely on the target 
areas, reducing the volume of sequenced material. 

• Sequencing: Target areas are sequenced using NGS or other techniques. 
Unlike whole exome sequencing, only the target areas are sequenced, allowing 
deeper coverage and increased sensitivity for variants in these areas. 

• Data analysis: Sequence data is analyzed, focusing on target areas for 
easier and faster detection of variants and other molecular markers associated with 
specific genes or areas. 

The distinction between whole exome sequencing and target sequencing lies 
in the scope of genome being sequenced and the methods used for 
implementation.  
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IV. Results 

In the target panel of 484 genes used in our study, different genetic variations 
were identified among the patients studied, including single nucleotide 
polymorphisms (SNPs) and insertions/deletions (INDELs). However, variants 
associated with drug metabolism of chemotherapeutic compounds were found 
only among single nucleotide polymorphisms. 

1. Patients With Colorectal Carcinoma (CRC) 
Of the colorectal cancer group, initially comprising 26 patients, three were 

excluded from the cohort due to an indication for radiotherapy without 
chemotherapy.  

The remaining 23 patients with CRC were treated with the following groups 
of medications: platinum-containing chemotherapeutics (Oxaliplatin), folinic acid 
(Leucovorin), pyrimidine analogues (5-Fluorouracil, Capecitabine), 
topoisomerase I inhibitors (Irinotecan), EGFR inhibitors (Panitumumab, 
Cetuximab), monoclonal antibodies (Bevacizumab, Ramucirumab) (Table 3). 
During the course of treatment, the following adverse drug reactions (ADRs) were 
observed: anaemia, leukopenia, thrombocytopenia, hepatotoxicity, 
nephrotoxicity, neurotoxicity and gastrointestinal toxicity, with severity ranging 
from 1st to 4th degree (according to the Common Terminology Criteria for 
Adverse Effects (CTCAE) – https://ctep.cancer.gov/protocoldevelopment/
electronic_applications/docs/ctcae_v5_quick_reference_5x7.pdf). 
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Table 3. Patients With CRC and Observed Adverse Drug Reactions 
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T 

tox
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1 48 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Bevacizumab 1 
  

3 
   

2 68 male Oxaliplatin, Capecitabine, Irinotecan, Bevacizumab 2 
 

1 3 
   

3 70 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Panitumumab 1 
 

1 3 1 
  

4 65 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Bevacizumab, Ramucirumab 2 
  

1 
 

2 
 

5 62 female Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Bevacizumab, Ramucirumab 1 
 

1 
    

6 67 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Panitumumab 2 1 3 1 
   

7 75 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Panitumumab 1 
 

1 3 
   

8 73 female Oxaliplatin, Leucovorin, 5-Fluorouracil 1 
 

1 
  

2 
 

9 75 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Panitumumab 1 
 

1 3 
   

10 64 female Oxaliplatin, Leucovorin, 5-Fluorouracil 1 2 1 1 
   

11 70 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Capecitabine, Panitumumab, 
Cetuximab 

1 3 
     

12 63 male Oxaliplatin, Irinotecan, Capecitabine, Bevacizumab 1 3 1 
    

13 74 male Oxaliplatin, Leucovorin, 5-Fluorouracil 2 3 1 
    

14 63 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Panitumumab, Ramucirumab 3 
 

1 3 1 
 

2 
15 46 female Oxaliplatin, Leucovorin, 5-Fluorouracil 3 2 1 3 

   

16 61 female Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Capecitabine, Panitumumab 2 
 

1 1 
   

17 70 female Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Bevacizumab, Capecitabine, 
Ramicirumab 

3 2 1 
   

2 

18 49 female Oxaliplatin, Leucovorin, 5-Fluorouracil, Irinotecan, Bevacizumab, Capecitabine 4 4 2 3 
  

2 
19 65 female Oxaliplatin, Leucovorin, 5-Fluorouracil 2 3 

 
1 

  
2 

20 52 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Panitumumab, Irinotecan, Capecitabine, 
Bevacizumab 

     
2 2 

21 58 female Oxaliplatin, Leucovorin, 5-Fluorouracil, Bevacizumab, Irinotecan 1 2 
 

3 
 

2 
 

22 67 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Capecitabine, Bevacizumab 3 3 
     

23 63 male Oxaliplatin, Leucovorin, 5-Fluorouracil, Bevacizumab, Irinotecan, Capecitabine 1 2 1 1 1 
  

Toxicity rates range from 1st to 4th degree, according to the Common Terminology Criteria for 
Adverse Effects (CTCAE).  

2. Patients With Non-Small Cell Lung Cancer (NSCLC) 
The non-small cell lung cancer (NSCLC) group included 13 patients treated 

with the following main groups of medications: taxanes (Docetaxel, Paclitaxel), 
platinum-containing chemotherapeutics (Carboplatin, Cisplatin), topoisomerase 
II inhibitors (Etoposid), nucleoside analogues (Gemcitabine), monoclonal 
antibodies (Pembrolizumab, Atezolizumab, Bevacizumab, Nivolumab, 
Ramucirumab), EGFR-inhibitors (Erlotinib), tyrosine kinase inhibitors 
(Alectinib). In this group of patients, the following adverse drug reactions (ADRs) 
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were observed: anaemia, leukopenia, thrombocytopenia, hepatotoxicity, 
nephrotoxicity, and rash, with severity rates ranging from of 1 to 4 (according to 
the Common Terminology Criteria for Adverse Effects (CTCAE) – 
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/ctcae_
v5_quick_reference_5x7.pdf) (Table 4).  

Table 4. Patients With NSCLC and Observed Adverse Drug Reactions 
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1 56 male Pembrolizumab 1      

2 53 female Paclitaxel, Carboplatin, Bevacizumab, Erlotinib, Atezolizumab 1      

3 64 male Etoposid, Carboplatin, Atezolizumab 1   1   

4 54 male Etoposid, Cisplatin, Docetaxel, Ramucirumab, Nivolumab 1   3 1  

5 59 female Paclitaxel, Carboplatin, Pembrolizumab 1   1  2 
6 72 male Etoposid, Carboplatin, Atezolizumab 2 2 1 4   

7 74 male Gemcitabine, Carboplatin, Atezolizumab, Docetaxel 2 4 3  2 2 
8 64 male Gemcitabine, Cisplatin, Docetaxel, Ramucirumab, Nivolumab, Erlotinib 1      

9 63 male Gemcitabine, Cisplatin, Pembrolizumab 2   1   

10 53 female Alectinib 2      

11 52 male Paclitaxel, Carboplatin, Pembrolizumab 1 2     

12 65 male Cisplatin, Vinorelbin, Erlotinib, Docetaxel, Atezolizumab 1    2  

13 69 male Etoposid, Cisplatin 2 4 3  4  

Toxicity rates range from 1st to 4th degree, according to the Common Terminology Criteria for 
Adverse Effects (CTCAE).  

3. Patients With Breast Cancer (BC) 
The third group of patients based on malignancy included 11 women with 

breast cancer treated with taxanes (Docetaxel, Paclitaxel), anthracyclines 
(Farmorubicin), pyrimidine analogues (5-Fluorouracil), platinum-containing 
chemotherapeutics (Carboplatin), ankylating agents (Cyclophosphamide), 
hormone therapy, etc. In the studied patients, the following ADRs were 
observed – anaemia, leukopenia, thrombocytopenia, hepatotoxicity, 
nephrotoxicity, neurotoxicity, cardiotoxicity, gastrointestinal (GIT) toxicity, rash, 
alopecia, lymphangitis, bone and joint pain, with a severity of 1 to 4 (according 
to the Common Terminology Criteria for Adverse Effects (CTCAE) – 
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/ctcae_
v5_quick_reference_5x7.pdf) (Table 5). 
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Table 5. Patients With Breast Cancer and Observed Adverse Drug Reactions 
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1 34 female Farmorubicin, Cyclophosphamide, Docetaxel 1 
      

2 
 

2 
  

2 51 female Paclitaxel, Carboplatin, Docetaxel 2 
  

1 
     

1 
  

3 53 female Farmorubicin, Cyclophosphamide, 5-Fluorouracil, 
Paclitaxel 

      
2 

  
2 2 2 

4 63 female Pertuzumab, Trastuzumab, Docetaxel 
   

2 
     

1 
  

5 31 female Farmorubicin, Docetaxel, Cyclophosphamide 1 
  

1 
     

2 
  

6 58 female Farmorubicin, Docetaxel, Cyclophosphamide 2 2 1 
      

2 
  

7 87 female Arimidex 1 
           

8 37 female Farmorubicin, Cyclophosphamide, Trastuzumab,  
Docetaxel, Tamoxifen, Zolendronic acid, Zoladex,  

Letrozole, Xgeva, Exemestane, Lapatinib 

1 1 1 2 
 

2 2 2 2 2 
  

9 67 female Farmorubicin, Docetaxel, Cyclophosphamide 
   

2 
  

2 2 2 2 
  

10 73 female Farmorubicin, 5-Fluorouracil, Cyclophosphamide 1 3 2 4 1 
    

2 
  

11 53 female Farmorubicin, 5-Fluorouracil, Cyclophosphamide,  
Xgeva, Ibrance, Faslodex 

2 2 1 
      

2 
  

Toxicity rates range from 1st to 4th degree, according to the Common Terminology Criteria for 
Adverse Effects (CTCAE).  

4. Patients Categorized Based on the Type of Chemotherapy 
Administered 
To assess the clinical relevance of genetic variants associated with the 

metabolism of chemotherapy agents used in treatment, and due to similarity in the 
chemotherapy regimens performed in the sampled patients (47 in total), the latter 
were regrouped as follows: 

1. Patients treated with platinum-based chemotherapeutics (Oxaliplatin, 
Carboplatin, Cisplatin) – 35 patients (Tables 6 and 7). 

2. Patients treated with pyrimidine analogues (5-Fluorouracil, 
Capecitabine) – 26 patients (Tables 8 and 9). 

3. Patients treated with folinic acid (Leucovorin) – 21 patients (Table 10). 
4. Patients treated with EGFR-inhibitors (Panitumumab, Cetuximab, 

Erlotinib) – 11 patients (Table 11). 
5. Patients treated with taxanes (Docetaxel, Paclitaxel) – 15 patients (Tables 

12 and 13). 
6. Patients treated with anthracyclines (Farmorubicin) – 8 patients (Table 

14). 
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7. Patients treated with Cyclophosphamide – 8 patients (Table 15). 
In all 35 patients treated with platinum-based chemotherapy 

(Oxaliplatin/Carboplatin/Cisplatin), various adverse reactions (anaemia, 
leukopenia, thrombocytopenia, hepatotoxicity, neurotoxicity, gastrointestinal 
toxicity, rash, alopecia) were observed with severity ranging from of 1 to 4 
according to the CTCAE (Table 6). Polymorphisms (SNPs) found in patients 
associated with the metabolism of this group of medications include: MTHFR 
c.1286A>C, MTHFR c.665C>T, XPC c.2815C>A, XPC c.1496C>T, SLC22A2 
c.808T>G, ABCC2 c.1249G>A, GSTP1 c.313A>G, SLCO1B3 c.334T>G, 
SLCO1B3 c.699G>A, ERCC2 c.2251A>C, ERCC2 c.934G>A (Table 7). Carriers 
of the MTHFR c.1286A>C variant are 13 individuals, all being in heterozygous 
state; of MTHFR c.665C>T, 21 individuals – 16 are homozygotes for the 
pathogenic allele and five heterozygotes. XPC c.2815C>A variant carriers are 25, 
of which 8 are homozygotes and the remaining 17 are heterozygotes; of the XPC 
c.1496C>T variant carriers are 32 individuals, with 15 in the heterozygous state 
and 17 in homozygous state. For SLC22A2 c.808T>G, there are nine cariers – 
eight in the heterozygous state and only one in the homozygous state; for the 
ABCC2 c.1249G>A variant, there are 33 carriers, of which 11 are heterozygotes 
and 22 are homozygotes for the pathogenic allele. GSTP1 c.313A>G variant 
carriers are 33 – 16 heterozygotes and 17 homozygotes; SLCO1B3 c.334T>G 
variant carriers are 30 patients, with 7 in heterozygous state and 23 in the 
homozygous state, and for SLCO1B3 c.699G>A variant carriers, there are 33 – 7 
heterozygotes and 26 homozygotes. Carriers of ERCC2 c.2251A>C variant are 25 
people, of whom 4 are homozygotes and 21 are heterozygotes; for the ERCC2 
c.934G>A variant, there are 27 carriers – 10 homozygotes and 17 heterozygotes.  
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Table 6. Patients Treated With Platinum-Based Chemotherapeutics and 
Associated Adverse Drug Reactions  
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ADRs from 1st to 5th degree 

anaemia leuko- 
penia 

thrombo-
cytopenia 

hepato- 
toxicity 

nephro- 
toxicity 

neuro- 
toxicity 

GIT  
toxicity rash alopecia 

1 48 male CRC Oxaliplatin 1   3      

2 68 male CRC Oxaliplatin 2  1 3      

3 70 male CRC Oxaliplatin 1  1 3 1     

4 65 male CRC Oxaliplatin 2   1  2    

5 62 female CRC Oxaliplatin 1  1       

6 67 male CRC Oxaliplatin 2 1 3 1      

7 75 male CRC Oxaliplatin 1  1 3      

8 73 female CRC Oxaliplatin 1  1   2    

9 75 male CRC Oxaliplatin 1  1 3      

10 64 female CRC Oxaliplatin 1 2 1 1      

11 70 male CRC Oxaliplatin 1 3        

12 63 male CRC Oxaliplatin 1 3 1       

13 74 male CRC Oxaliplatin 2 3 1       

14 63 male CRC Oxaliplatin 3  1 3 1  2   

15 46 female CRC Oxaliplatin 3 2 1 3      

16 61 female CRC Oxaliplatin 2  1 1      

17 70 female CRC Oxaliplatin 3 2 1    2   

18 49 female CRC Oxaliplatin 4 4 2 3   2   

19 65 female CRC Oxaliplatin 2 3  1   2   

20 52 male CRC Oxaliplatin      2 2   

21 58 female CRC Oxaliplatin 1 2  3  2    

22 67 male CRC Oxaliplatin 3 3        

23 63 male CRC Oxaliplatin 1 2 1 1 1     

24 53 female NSCLC Carboplatin 1         

25 64 male NSCLC Carboplatin 1   1      

26 54 male NSCLC Cisplatin 1   3 1     

27 59 female NSCLC Carboplatin 1   1    2  

28 72 male NSCLC Carboplatin 2 2 1 4      

29 74 male NSCLC Carboplatin 2 4 3  2   2  

30 64 male NSCLC Cisplatin 1         

31 63 male NSCLC Cisplatin 2   1      

32 52 male NSCLC Carboplatin 1 2        

33 65 male NSCLC Cisplatin 1    2     

34 69 male NSCLC Cisplatin 2 4 3  4     

35 51 female BC Carboplatin 2 2 1      2 

Toxicity rates range from 1st to 4th degree, according to the Common Terminology Criteria for 
Adverse Effects (CTCAE).  
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Table 7. Patients Treated With Platinum-Based Chemotherapeutics and Genes 
Associated With the Metabolism of These Agents 

Patient Age Sex Disease Treatment 

Genes, associated with the metabolism of platinum-based chemotherapeutics 

MTHFR  
c.1286A>C 

MTHFR  
c.665C>T 

XPC  
c.2815C>A 

XPC  
c.1496C>T 

SLC22A2  
c.808T>G 

ABCC2  
c.1249G>A 

GSTP1  
c.313A>G 

SLCO1B3  
c.334T>G 

SLCO1B3  
c.699G>A 

ERCC2  
c.2251A>C 

ERCC2  
c.934G>A 

rs1801131 rs1801133 rs2228001 rs2228000 rs316019 rs2273697 rs1695 rs4149117 rs7311358 rs13181 rs1799793 

1 48 male CRC Oxaliplatin   HTZ (CA) HMZ (CC)  HTZ (AG) HTZ (AG) HTZ (GT) HTZ (AG)  HMZ (GG) 

2 68 male CRC Oxaliplatin   HTZ (CA) HMZ (CC)  HMZ (GG) HMZ (AA)  HMZ (AA) HTZ (CA)  

3 70 male CRC Oxaliplatin  HTZ (TC)    HMZ (GG) HTZ (AG)  HMZ (AA)  HMZ (GG) 

4 65 male CRC Oxaliplatin  HTZ (TC) HMZ (CC) HMZ (CC)   HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

5 62 female CRC Oxaliplatin HTZ (CA)  HTZ (CA) HTZ (CT) HTZ (TG) HMZ (GG) HMZ (AA)  HMZ (AA) HTZ (CA)  

6 67 male CRC Oxaliplatin  HTZ (TC) HMZ (CC) HMZ (CC) HTZ (TG) HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA)  HTZ (GA) 

7 75 male CRC Oxaliplatin  HMZ (TT)  HTZ (CT)  HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

8 73 female CRC Oxaliplatin HTZ (CA) HTZ (TC) HTZ (CA) HMZ (CC) HMZ (TT)  HTZ (AG) HMZ (GG) HMZ (AA) HTZ (CA) HMZ (GG) 

9 75 male CRC Oxaliplatin  HTZ (TC)  HTZ (CT)  HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

10 64 female CRC Oxaliplatin   HTZ (CA) HTZ (CT)  HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HMZ (CC)  

11 70 male CRC Oxaliplatin HTZ (CA)  HTZ (CA) HTZ (CT) HTZ (TG) HMZ (GG)  HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

12 63 male CRC Oxaliplatin  HTZ (TC)  HMZ (CC)  HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

13 74 male CRC Oxaliplatin HTZ (CA)  HTZ (CA) HMZ (CC)  HMZ (GG) HMZ (AA) HMZ (GG)  HTZ (CA) HTZ (GA) 

14 63 male CRC Oxaliplatin HTZ (CA)   HTZ (CT)  HTZ (AG) HTZ (AG) HMZ (GG) HMZ (AA) HTZ (CA) HMZ (GG) 

15 46 female CRC Oxaliplatin HTZ (CA) HTZ (TC) HTZ (CA) HTZ (CT) HTZ (TG) HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

16 61 female CRC Oxaliplatin HTZ (CA)  HTZ (CA) HMZ (CC) HTZ (TG) HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

17 70 female CRC Oxaliplatin  HMZ (TT) HMZ (CC) HMZ (CC)  HTZ (AG) HTZ (AG) HMZ (GG) HMZ (AA) HMZ (CC)  

18 49 female CRC Oxaliplatin  HMZ (TT) HTZ (CA)   HTZ (AG)  HMZ (GG) HMZ (AA) HTZ (CA)  

19 65 female CRC Oxaliplatin HTZ (CA) HTZ (TC) HTZ (CA) HTZ (CT)  HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA)  HMZ (GG) 

20 52 male CRC Oxaliplatin  HTZ (TC) HTZ (CA) HMZ (CC)  HMZ (GG) HMZ (AA)    HMZ (GG) 

21 58 female CRC Oxaliplatin  HTZ (TC) HTZ (CA) HTZ (CT)  HTZ (AG) HTZ (AG) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

22 67 male CRC Oxaliplatin   HMZ (CC) HTZ (CT)  HMZ (GG) HMZ (AA) HTZ (GT) HTZ (AG) HTZ (CA) HTZ (GA) 

23 63 male CRC Oxaliplatin  HTZ (TC) HMZ (CC) HMZ (CC) HTZ (TG) HTZ (AG) HTZ (AG) HTZ (GT) HTZ (AG) HTZ (CA)  

24 53 female NSCLC Carboplatin HTZ (CA)  HTZ (CA) HMZ (CC) HTZ (TG) HMZ (GG) HTZ (AG) HTZ (GT) HTZ (AG) HMZ (CC)  

25 64 male NSCLC Carboplatin  HTZ (TC) HMZ (CC) HMZ (CC)  HTZ (AG) HTZ (AG) HMZ (GG) HMZ (AA)  HMZ (GG) 

26 54 male NSCLC Cisplatin  HTZ (TC)  HTZ (CT)  HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

27 59 female NSCLC Carboplatin  HMZ (TT)  HTZ (CT)  HTZ (AG) HMZ (AA) HMZ (GG) HMZ (AA)  HMZ (GG) 

28 72 male NSCLC Carboplatin   HMZ (CC) HMZ (CC) HTZ (TG) HMZ (GG) HTZ (AG)  HMZ (AA) HMZ (CC)  

29 74 male NSCLC Carboplatin HTZ (CA)     HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA) HTZ (CA) HMZ (GG) 

30 64 male NSCLC Cisplatin HTZ (CA) HTZ (TC) HMZ (CC) HMZ (CC)  HTZ (AG) HMZ (AA) HTZ (GT) HTZ (AG) HTZ (CA) HTZ (GA) 

31 63 male NSCLC Cisplatin   HTZ (CA) HTZ (CT)  HTZ (AG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

32 52 male NSCLC Carboplatin  HMZ (TT)  HMZ (CC)  HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA)  HMZ (GG) 

33 65 male NSCLC Cisplatin HTZ (CA) HTZ (TC)  HTZ (CT)  HMZ (GG) HMZ (AA) HTZ (GT) HTZ (AG)  HTZ (GA) 

34 69 male NSCLC Cisplatin HTZ (CA) HTZ (TC) HTZ (CA) HTZ (CT)  HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) HTZ (GA) 

35 51 female BC Carboplatin   HTZ (CA) HMZ (CC)  HTZ (AG) HTZ (AG) HTZ (GT) HTZ (AG)  HTZ (GA) 

HMZ – homozygote; HTZ – heterozygote. 
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The group of patients treated with pyrimidine analogues (5-FU, 
Capecitabine) included 26 patients who experienced varying degrees of severity 
in adverse drug reactions (ADRs) ranging from Grade 1 to Grade 4 according to 
the CTCAE. Adverse reactions included myelosuppression, hepato-, nephro-, 
neuro-, cardio- and gastrointestinal toxicity, rash, alopecia, lymphangitis, bone 
and/or joint pain (Table 8). Polymorphisms (SNPs), associated with the 
metabolism of pyrimidine analogues found in the study group of patients are: 
MTHFR c.1286A>C, MTHFR c.665C>T, DPYD c.2194G>A, DPYD c.1627A>G, 
DPYD c.496A>G, DPYD c.85T>C, CYP1B1 c.1294G>C, ABCG2 c.421C>A, 
ABCB1 c.2677T>G, ABCC2 c.1249G>A, GSTP1 c.313A>G, TP53 c.215C>G, 
XRCC1 c.1196A>G, ERCC2 c.2251A>C (Table 9). The MTHFR c.1286A>C 
variant was detected in 9 heterozygous patients. The c.665C>T variant of the 
MTHFR gene was detected in 15 patients, with four in the homozygous state and 
eleven in the heterozygous. Carriers of c.2194G>A variant of the DPYD gene are 
9 (2 homozygotes and 7 heterozygotes); the c.1627A>G variant carriers are also 
9 (2 homozygotes and 7 heterozygotes); for the c.496A>G variant, there are five 
carriers (four heterozygotes and one homozygote), and for the c.85T>C variant – 
24 (12 homozygotes and 12 heterozygotes). The CYP1B1 c.1294G>C variant is 
found in 20 people in this group, 8 being homozygotes, and 12 heterozygotes. 
Carriers of the c.421C>A variant of the ABCG2 gene are four patients in 
heterozygous state, and 24 are carriers for the c.2677T>G variant of the ABCB1 
gene – 18 are homozygous for the pathogenic allele, 6 are heterozygous. ABCC2 
c.1249G>A variant is found in 24 of the 26 patients in this group, with 
17 homozygotes and 7 heterozygotes. GSTP1 c.313A> G variant was found in 
24 individuals – 12 homozygotes and 12 heterozygotes, and TP53 c.215C>G 
variant – in 23 patients (12 homozygotes and 11 heterozygotes). Carriers of the 
c.1196A>G variant of the XRCC1 gene are 24, of which 11 are homozygous for 
the pathogenic allele and the remaining 13 are heterozygous. Carriers of the 
variant ERCC2 c.2251A>C are 20 individuals – two homozygotes, and 
18 heterozygotes. 
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Table 8. Patients Treated With Pyrimidine Analogues (5-Fluorouracil, 
Capecitabine) and Associated Adverse Drug Reactions 
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1 48 male CRC 5-Fluorouracil 1 
  

3 
        

2 68 male CRC Capecitabine 2 
 

1 3 
        

3 70 male CRC 5-Fluorouracil 1 
 

1 3 1 
       

4 65 male CRC 5-Fluorouracil 2 
  

1 
 

2 
      

5 62 female CRC 5-Fluorouracil 1 
 

1 
         

6 67 male CRC 5-Fluorouracil 2 1 3 1 
        

7 75 male CRC 5-Fluorouracil 1 
 

1 3 
        

8 73 female CRC 5-Fluorouracil 1 
 

1 
  

2 
      

9 75 male CRC 5-Fluorouracil 1 
 

1 3 
        

10 64 female CRC 5-Fluorouracil 1 2 1 1 
        

11 70 male CRC 5-Fluorouracil, 
 Capecitabine 

1 3 
          

12 63 male CRC Capecitabine 1 3 1 
         

13 74 male CRC 5-Fluorouracil 2 3 1 
         

14 63 male CRC 5-Fluorouracil 3 
 

1 3 1 
  

2 
    

15 46 female CRC 5-Fluorouracil 3 2 1 3 
        

16 61 female CRC 5-Fluorouracil,  
Capecitabine 

2 
 

1 1 
        

17 70 female CRC 5-Fluorouracil,  
Capecitabine 

3 2 1 
    

2 
    

18 49 female CRC 5-Fluorouracil,  
Capecitabine 

4 4 2 3 
   

2 
    

19 65 female CRC 5-Fluorouracil 2 3 
 

1 
   

2 
    

20 52 male CRC 5-Fluorouracil,  
Capecitabine 

     
2 

 
2 

    

21 58 female CRC 5-Fluorouracil 1 2 
 

3 
 

2 
      

22 67 male CRC 5-Fluorouracil,  
Capecitabine 

3 3 
          

23 63 male CRC 5-Fluorouracil,  
Capecitabine 

1 2 1 1 1 
       

24 53 female BC 5-Fluorouracil 
      

2 
  

2 2 2 
25 73 female BC 5-Fluorouracil 1 3 2 4 1 

    
2 

  

26 53 female BC 5-Fluorouracil 2 2 1 
      

2 
  

Toxicity rates range from 1st to 4th degree, according to the Common Terminology Criteria for 
Adverse Effects (CTCAE).  
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Table 9. Patients Treated With Pyrimidine Analogues (5-Fluorouracil, 
Capecitabine) and Genes Associated With the Metabolism of These Agents 

Pa
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e 

Treatment 

Genes, associated with the metabolism of 5-FU/Capecitabine 

MTHFR  
c.1286A>C 

MTHFR  
c.665C>T 

DPYD  
c.2194G>A 

DPYD  
c.1627A>G 

DPYD  
c.496A>G 

DPYD  
c.85C>T 

CYP1B1  
c.1294G>C 

ABCG2  
c.421C>A 

ABCB1  
c.2677T>G 

ABCC2  
c.1249G>A 

GSTP1  
c.313A>G 

TP53  
c.215C>G 

XRCC1  
c.1196A>G 

ERCC2  
c.2251A>C 

rs1801131 rs1801133 rs1801160 rs1801159 rs2297595 rs1801265 rs1056836 rs2231142 rs2032582 rs2273697 rs1695 rs1042522 rs25487 rs13181 

1 48 male CRC 5-Fluorouracil 
    

HTZ (GA) HTZ (TC) HTZ (CG) 
 

HTZ (GT) HTZ (AG) HTZ (AG) HMZ (GG) HTZ (AG) 
 

2 68 male CRC Capecitabine 
     

HMZ (TT) HTZ (CG) 
 

HMZ (GG) HMZ (GG) HMZ (AA) HTZ (GC) HTZ (AG) HTZ (CA) 

3 70 male CRC 5-Fluorouracil 
 

HTZ (TC) 
   

HTZ (TC) 
   

HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA) 
 

4 65 male CRC 5-Fluorouracil 
 

HTZ (TC) HTZ (AG) HTZ (GA) 
 

HMZ (TT) HTZ (CG) 
 

HTZ (GT) 
 

HMZ (AA) HMZ (GG) HTZ (AG) HTZ (CA) 

5 62 female CRC 5-Fluorouracil HTZ (CA) 
 

HTZ (AG) 
  

HMZ (TT) 
  

HMZ (GG) HMZ (GG) HMZ (AA) 
 

HTZ (AG) HTZ (CA) 

6 67 male CRC 5-Fluorouracil 
 

HTZ (TC) 
   

HTZ (TC) HTZ (CG) 
 

HTZ (GT) HMZ (GG) HMZ (AA) HTZ (GC) HTZ (AG) 
 

7 75 male CRC 5-Fluorouracil 
 

HMZ (TT) HMZ (AA) 
     

HTZ (GT) HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) 

8 73 female CRC 5-Fluorouracil HTZ (CA) HTZ (TC) HTZ (AG) 
  

HTZ (TC) HMZ (CC) 
 

HTZ (GT) 
 

HTZ (AG) HTZ (GC) HMZ (AA) HTZ (CA) 

9 75 male CRC 5-Fluorouracil 
 

HTZ (TC) HTZ (AG) HTZ (GA) 
 

HTZ (TC) 
  

HTZ (GT) HMZ (GG) HMZ (AA) HMZ (GG) HMZ (AA) HTZ (CA) 

10 64 female CRC 5-Fluorouracil 
  

HMZ (AA) 
  

HMZ (TT) HMZ (CC) 
 

HTZ (GT) HMZ (GG) HMZ (AA) HTZ (GC) HTZ (AG) HMZ (CC) 

11 70 male CRC 5-Fluorouracil, 
 Capecitabine 

HTZ (CA) 
    

HMZ (TT) HTZ (CG) HTZ (AC) HMZ (GG) HMZ (GG) 
 

HTZ (GC) HMZ (AA) HTZ (CA) 

12 63 male CRC Capecitabine 
 

HTZ (TC) 
  

HMZ (GG) 
 

HMZ (CC) 
 

HTZ (GT) HMZ (GG) HTZ (AG) HTZ (GC) HTZ (AG) HTZ (CA) 

13 74 male CRC 5-Fluorouracil HTZ (CA) 
 

HTZ (AG) HMZ (GG) 
 

HMZ (TT) 
  

HTZ (GT) HMZ (GG) HMZ (AA) 
 

HMZ (AA) HTZ (CA) 

14 63 male CRC 5-Fluorouracil HTZ (CA) 
    

HTZ (TC) HTZ (CG) 
 

HTZ (GT) HTZ (AG) HTZ (AG) 
 

HMZ (AA) HTZ (CA) 

15 46 female CRC 5-Fluorouracil HTZ (CA) HTZ (TC) 
 

HTZ (GA) 
 

HTZ (TC) HTZ (CG) HTZ (AC) HMZ (GG) HMZ (GG) HMZ (AA) HMZ (GG) 
 

HTZ (CA) 

16 61 female CRC 5-Fluorouracil,  
Capecitabine 

HTZ (CA) 
   

HTZ (GA) HTZ (TC) 
 

HTZ (AC) 
 

HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA) HTZ (CA) 

17 70 female CRC 5-Fluorouracil,  
Capecitabine 

 
HMZ (TT) 

   
HMZ (TT) HMZ (CC) HTZ (AC) HTZ (GT) HTZ (AG) HTZ (AG) HTZ (GC) HTZ (AG) HMZ (CC) 

18 49 female CRC 5-Fluorouracil,  
Capecitabine 

 
HMZ (TT) HTZ (AG) HTZ (GA) 

 
HMZ (TT) HMZ (CC) 

 
HTZ (GT) HTZ (AG) 

 
HTZ (GC) HTZ (AG) HTZ (CA) 

19 65 female CRC 5-Fluorouracil HTZ (CA) HTZ (TC) 
 

HTZ (GA) 
 

HMZ (TT) HMZ (CC) 
 

HTZ (GT) HMZ (GG) HTZ (AG) HMZ (GG) HMZ (AA) 
 

20 52 male CRC 5-Fluorouracil,  
Capecitabine 

 
HTZ (TC) 

   
HMZ (TT) HTZ (CG) 

 
HTZ (GT) HMZ (GG) HMZ (AA) HTZ (GC) HMZ (AA) 

 

21 58 female CRC 5-Fluorouracil 
 

HTZ (TC) 
 

HTZ (GA) 
 

HTZ (TC) HTZ (CG) 
 

HMZ (GG) HTZ (AG) HTZ (AG) HMZ (GG) 
 

HTZ (CA) 

22 67 male CRC 5-Fluorouracil,  
Capecitabine 

  
HTZ (AG) HTZ (GA) HTZ (GA) HTZ (TC) HMZ (CC) 

 
HMZ (GG) HMZ (GG) HMZ (AA) HTZ (GC) HTZ (AG) HTZ (CA) 

23 63 male CRC 5-Fluorouracil,  
Capecitabine 

 
HTZ (TC) 

  
HTZ (GA) HMZ (TT) HTZ (CG) 

 
HTZ (GT) HTZ (AG) HTZ (AG) HMZ (GG) HTZ (AG) HTZ (CA) 

24 53 female BC 5-Fluorouracil HTZ (CA) 
    

HTZ (TC) HTZ (CG) 
 

HTZ (GT) HMZ (GG) HTZ (AG) HMZ (GG) HTZ (AG) HTZ (CA) 

25 73 female BC 5-Fluorouracil 
     

HMZ (TT) HTZ (CG) 
 

HTZ (GT) HMZ (GG) HTZ (AG) HMZ (GG) HTZ (AG) HTZ (CA) 

26 53 female BC 5-Fluorouracil 
 

HTZ (TT) 
 

HMZ (GG) 
 

HTZ (TC) HMZ (CC) 
 

HTZ (GT) HTZ (AG) HMZ (AA) HTZ (GC) HMZ (AA) 
 

HMZ – homozygote; HTZ – heterozygote. 

Twenty-one patients were treated with folinic acid (Leucovorin). Some of 
the side effects that occurred include myelosuppression, hepato-, nephro-, neuro- 
and gastrointestinal toxicity in grades 1 to 4 according to the CTCAE (Table 10). 
The polymorphisms (SNPs) associated with Leucovorin metabolism found in 
patients are as follows: MTHFR c.1286A>C, MTHFR c.665C>T, ERCC2 
c.2251A>C (Table 10). Carriers of the 1286A>C variant of the MTHFR gene 
include 8 patients in the heterozygous state, while for the c.665C>T variant of the 
MTHFR gene 13 people are carriers – 10 heterozygotes and 3 homozygotes. For 
ERCC2 c.2251A>C variant 16 patients are carriers, of which 14 are heterozygotes 
and two are homozygotes for the pathogenic allele. 
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Table 10. Patients Treated With Folinic Acid (Leucovorin), Associated Adverse 
Drug Reactions and Genes Associated With the Metabolism of These Agents 
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c.1286A>C 

MTHFR  
c.665C>T 

ERCC2  
c.2251A>C 

rs1801131 rs1801133 rs13181 

1 48 male CRC Leucovorin 1   3       
2 70 male CRC Leucovorin 1  1 3 1    HTZ (TC)  
3 65 male CRC Leucovorin 2   1  2   HTZ (TC) HTZ (CA) 
4 62 female CRC Leucovorin 1  1     HTZ (CA)  HTZ (CA) 
5 67 male CRC Leucovorin 2 1 3 1     HTZ (TC)  
6 75 male CRC Leucovorin 1  1 3     HMZ (TT) HTZ (CA) 
7 73 female CRC Leucovorin 1  1   2  HTZ (CA) HTZ (TC) HTZ (CA) 
8 75 male CRC Leucovorin 1  1 3     HTZ (TC) HTZ (CA) 
9 64 female CRC Leucovorin 1 2 1 1      HMZ (CC) 
10 70 male CRC Leucovorin 1 3      HTZ (CA)  HTZ (CA) 
11 74 male CRC Leucovorin 2 3 1     HTZ (CA)  HTZ (CA) 
12 63 male CRC Leucovorin 3  1 3 1  2 HTZ (CA)  HTZ (CA) 
13 46 female CRC Leucovorin 3 2 1 3    HTZ (CA) HTZ (TC) HTZ (CA) 
14 61 female CRC Leucovorin 2  1 1    HTZ (CA)  HTZ (CA) 
15 70 female CRC Leucovorin 3 2 1    2  HMZ (TT) HMZ (CC) 
16 49 female CRC Leucovorin 4 4 2 3   2  HMZ (TT) HTZ (CA) 
17 65 female CRC Leucovorin 2 3  1   2 HTZ (CA) HTZ (TC)  
18 52 male CRC Leucovorin      2 2  HTZ (TC)  
19 58 female CRC Leucovorin 1 2  3  2   HTZ (TC) HTZ (CA) 
20 67 male CRC Leucovorin 3 3        HTZ (CA) 
21 63 male CRC Leucovorin 1 2 1 1 1    HTZ (TC) HTZ (CA) 

HMZ – homozygote; HTZ – heterozygote. Toxicity rates range from 1st to 4th degree, according 
to the Common Terminology Criteria for Adverse Effects (CTCAE).  

In our group of studied patients, only one variant of the EGFR gene 
associated with the metabolism of EGFR inhibitors – c.1562G>A – was found. It 
was detected in all 11 patients treated with EGFR inhibitors, with two being 
carriers in the heterozygous state and the remaining 9 being homozygotes (Table 
11). 
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Table 11. Patients Treated With EGFR Inhibitors (Panitumumab, Cetuximab, 
Erlotinib), Associated Adverse Drug Reactions and Genes Associated With the 
Metabolism of These Agents 
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ty EGFR c.1562G>A 

rs2227983 

1 70 male CRC Panitumumab 1 
 

1 3 1 
  

HMZ (GG) 
2 67 male CRC Panitumumab 2 1 3 1 

   
HMZ (GG) 

3 75 male CRC Panitumumab 1 
 

1 3 
   

HMZ (GG) 
4 75 male CRC Panitumumab 1 

 
1 3 

   
HMZ (GG) 

5 70 male CRC Panitumumab, 
Cetuximab 

1 3 
     

HMZ (GG) 

6 63 male CRC Panitumumab 3 
 

1 3 1 
 

2 HMZ (GG) 
7 61 female CRC Panitumumab 2 

 
1 1 

   
HMZ (GG) 

8 52 male CRC Panitumumab 
     

2 2 HMZ (GG) 
9 53 female NSCLC Erlotinib 1 

      
HMZ (GG) 

10 64 male NSCLC Erlotinib 1 
      

HTZ (GA) 
11 65 male NSCLC Erlotinib 1 

   
2 

  
HTZ (GA) 

HMZ – homozygote; HTZ – heterozygote. Toxicity rates range from 1st to 4th degree, according 
to the Common Terminology Criteria for Adverse Effects (CTCAE).  

Treated with taxanes (Paclitaxel, Docetaxel) were 15 patients who 
experienced any of the following side effects – myelosuppression, hepato-, 
nephro-, neuro-, cardio- and gastrointestinal toxicity, rash, alopecia, lymphangitis, 
bone and/or joint pain in grades 1 to 4 according to the CTCAE (Table 12). In 
these patients, 5 polymorphisms (SNPs) related to the metabolism of taxanes – 
SOD2 c.47T>C, ABCB1 c.2677T>G, SLCO1B3 c.334T>G, SLCO1B3 
c.699G>A, ERCC2 c.2251A>C – were identified (Table 13). Carriers of the SOD2 
c.47T>C variant are 10 people – 3 homozygotes for the pathogenic allele and 7 
heterozygotes. ABCB1 c.2677T>G variant was found in 10 of the patients – 2 
homozygotes and 8 heterozygotes. All patients in this group were carriers of both 
detected variants of the SLCO1B gene – c.334T>G (7 heterozygotes and 8 
homozygotes) and c.699G>A (7 heterozygotes and 8 homozygotes). ERCC2 
c.2251A>C polymorphism was found in 13 patients – 8 were heterozygous and 5 
were homozygous for the pathogenic allele.  
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Table 12. Patients Treated With Taxanes (Docetaxel, Paclitaxel) and Associated 
Adverse Drug Reactions 
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1 34 female BC Docetaxel 1 
      

2 
 

2 
  

2 51 female BC Paclitaxel,  
Docetaxel 

2 
  

1 
     

1 
  

3 53 female BC Paclitaxel 
      

2 
  

2 2 2 
4 63 female BC Docetaxel 

   
2 

     
1 

  

5 31 female BC Docetaxel 1 
  

1 
     

2 
  

6 58 female BC Docetaxel 2 2 1 
      

2 
  

7 37 female BC Docetaxel 1 1 1 2 
 

2 2 2 2 2 
  

8 67 female BC Docetaxel 
   

2 
  

2 2 2 2 
  

9 53 female NSCLC Paclitaxel 1 
           

10 54 male NSCLC Docetaxel 1 
  

3 1 
       

11 59 female NSCLC Paclitaxel 1 
  

1 
    

2 
   

12 74 male NSCLC Docetaxel 2 4 3 
 

2 
   

2 
   

13 64 male NSCLC Docetaxel 1 
           

14 52 male NSCLC Paclitaxel 1 2 
          

15 65 male NSCLC Docetaxel 1 
   

2 
       

Toxicity rates range from 1st to 4th degree, according to the Common Terminology Criteria for 
Adverse Effects (CTCAE).  

Table 13. Patients Treated With Taxanes (Docetaxel, Paclitaxel) and Genes 
Associated With the Metabolism of These Agents  

Patient Age Sex Disease Treatment 

Genes, associated with the matabolism of taxanes 
SOD2  

c.47T>C 
ABCB1  

c.2677T>G 
SLCO1B3  
c.334T>G 

SLCO1B3  
c.699G>A 

ERCC2  
c.2251A>C 

rs4880 rs2032582 rs4149117 rs7311358  rs13181 
1 34 female BC Docetaxel  HTZ (AC) HTZ (TG) HTZ (GT) HTZ (AG) HTZ (AC) 
2 51 female BC Paclitaxel, Docetaxel HTZ (AC) HTZ (TG) HTZ (GT) HTZ (AG) HMZ (AA) 
3 53 female BC Paclitaxel HMZ (AA) HTZ (TG) HMZ (GG) HMZ (AA) HTZ (AC) 
4 63 female BC Docetaxel HMZ (AA) HMZ (TT) HMZ (GG) HMZ (AA)  
5 31 female BC Docetaxel HTZ (AC) HTZ (TG) HMZ (GG) HMZ (AA) HMZ (AA) 
6 58 female BC Docetaxel  HTZ (TG) HMZ (GG) HMZ (AA) HTZ (AC) 
7 37 female BC Docetaxel HMZ (AA) HTZ (TG) HTZ (GT) HTZ (AG) HTZ (AC) 
8 67 female BC Docetaxel HTZ (AC)  HTZ (GT) HTZ (AG) HTZ (AC) 
9 53 female NSCLC Paclitaxel   HTZ (GT) HTZ (AG)  

10 54 male NSCLC Docetaxel   HMZ (GG) HMZ (AA) HTZ (AC) 
11 59 female NSCLC Paclitaxel HTZ (AC) HMZ (TT) HMZ (GG) HMZ (AA) HMZ (AA) 
12 74 male NSCLC Docetaxel   HMZ (GG) HMZ (AA) HTZ (AC) 
13 64 male NSCLC Docetaxel HTZ (AC)  HTZ (GT) HTZ (AG) HTZ (AC) 
14 52 male NSCLC Paclitaxel HTZ (AC) HTZ (TG) HMZ (GG) HMZ (AA) HMZ (AA) 
15 65 male NSCLC Docetaxel  HTZ (TG) HTZ (GT) HTZ (AG) HMZ (AA) 

HMZ – homozygote; HTZ – heterozygote. 
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Eight of the patients were treated concomitantly with Farmorubicin and 
Cyclophosphamide and experienced ADRs with the following CTCAE grade 1 to 
4 reactions: myelosuppression, hepato-, nephro, neuro-, cardio-, gastrointestinal 
toxicity, rash, alopecia, lymphangitis, bone/joint pain. Polymorphisms (SNPs) 
associated with the metabolism of both chemotherapeutics are CYP1B1 
c.1294G>C, ABCG2 c.421C>A, ABCC2 c.1249G>A, GSTP1 c.313A>G, ATM 
c.5557G>A, TP53 c.215C>G, XRCC1 c.1196A>G (Tables 14 and 15). For 
CYP1B1 c.1294G>C variant, there are 7 people – three homozygotes for the 
pathogenic allele and four heterozygotes. ABCG2 c.421C>A polymorphism was 
found in two patients in the homozygous state, and ABCC2 c.1249G>A in all 8 
patients (two heterozygotes and six homozygotes). GSTP1 c.313A>G carriers 
were all patients, with four heterozygotes and four homozygotes. The ATM 
c.5557G>A variant is found in only three patients in the heterozygous state, the 
TP53 c.215C>G variant in 7 patients (three heterozygotes and four homozygotes). 
XRCC1 c.1196A>G polymorphism was also detected in 7 patients (five 
heterozygotes and two homozygotes). 

Table 14. Patients Treated With Anthracyclines (Farmorubicin), Associated 
Adverse Drug Reactions and Genes Associated With the Metabolism of These 
Agents 
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CYP1B1  
c.1294G>C 

ABCG2  
c.421C>A 

ABCC2 
c.1249G>A 

GSTP1  
c.313A>G 

ATM  
c.5557G>A 

TP53  
c.215C>G 

XRCC1  
c.1196A>G 

rs1056836 rs2231142 rs2273697 rs1695 rs1801516 rs1042522 rs25487 

1 34 female BC Farmorubicin 1       2  2   HMZ (CC)  HMZ (GG) HTZ (AG)  HTZ (GC) HTZ (AG) 

2 53 female BC Farmorubicin       2   2 2 2 HTZ (CG)  HMZ (GG) HTZ (AG) HTZ (AG) HMZ (GG) HTZ (AG) 

3 31 female BC Farmorubicin 1   1      2   HTZ (CG) HTZ (AC) HMZ (GG) HMZ (AA)  HTZ (GC) HMZ (AA) 

4 58 female BC Farmorubicin 2 2 1       2   HTZ (CG)  HMZ (GG) HMZ (AA)  HMZ (GG) HTZ (AG) 

5 37 female BC Farmorubicin 1 1 1 2  2 2 2 2 2   HMZ (CC)  HTZ (AG) HMZ (AA)  HMZ (GG) HTZ (AG) 

6 67 female BC Farmorubicin    2   2 2 2 2    HTZ (AC) HMZ (GG) HTZ (AG) HTZ (AG)   

7 73 female BC Farmorubicin 1 3 2 4 1     2   HTZ (CG)  HMZ (GG) HTZ (AG) HTZ (AG) HMZ (GG) HTZ (AG) 

8 53 female BC Farmorubicin 2 2 1       2   HMZ (CC)  HTZ (AG) HMZ (AA)  HTZ (GC) HMZ (AA) 

HMZ – homozygote; HTZ – heterozygote. Toxicity rates range from 1st to 4th degree, according 
to the Common Terminology Criteria for Adverse Effects (CTCAE).  
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Table 15. Patients Treated With Cyclophosphamide, Associated Adverse Drug 
Reactions and Genes Associated With the Metabolism of These Agents  
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CYP1B1  
c.1294G>C 

ABCG2  
c.421C>A 

ABCC2 
c.1249G>A 

GSTP1  
c.313A>G 

ATM  
c.5557G>A 

TP53  
c.215C>G 

XRCC1  
c.1196A>G 

rs1056836 rs2231142 rs2273697 rs1695 rs1801516 rs1042522 rs25487 

1 34 female BC Cyclophosphamide 1       2  2   HMZ (CC)  HMZ (GG) HTZ (AG)  HTZ (GC) HTZ (AG) 

2 53 female BC Cyclophosphamide       2   2 2 2 HTZ (CG)  HMZ (GG) HTZ (AG) HTZ (AG) HMZ (GG) HTZ (AG) 

3 31 female BC Cyclophosphamide 1   1      2   HTZ (CG) HTZ (AC) HMZ (GG) HMZ (AA)  HTZ (GC) HMZ (AA) 

4 58 female BC Cyclophosphamide 2 2 1       2   HTZ (CG)  HMZ (GG) HMZ (AA)  HMZ (GG) HTZ (AG) 

5 37 female BC Cyclophosphamide 1 1 1 2  2 2 2 2 2   HMZ (CC)  HTZ (AG) HMZ (AA)  HMZ (GG) HTZ (AG) 

6 67 female BC Cyclophosphamide    2   2 2 2 2    HTZ (AC) HMZ (GG) HTZ (AG) HTZ (AG)   

7 73 female BC Cyclophosphamide 1 3 2 4 1     2   HTZ (CG)  HMZ (GG) HTZ (AG) HTZ (AG) HMZ (GG) HTZ (AG) 

8 53 female BC Cyclophosphamide 2 2 1       2   HMZ (CC)  HTZ (AG) HMZ (AA)  HTZ (GC) HMZ (AA) 

HMZ – homozygote; HTZ – heterozygote. Toxicity rates range from 1st to 4th degree, according 
to the Common Terminology Criteria for Adverse Effects (CTCAE).  

5. Comparing the Frequency of Genetic Variants in Our Studied Patients 
With That in Our Group of Healthy Individuals and With Non-Cancer 
Patients in GnomAD 
The frequency of genetic variants found in the studied patients was compared 

with that in the 40 healthy subjects, as well as with the global incidence of a non-
cancer group in GnomAD, using Fisher's exact test and Z-score at a confidence 
interval of a p-value of 0.05. 

The group treated with platinum-based chemotherapeutics included 35 
patients. The genes and their variants associated with the metabolism of these 
chemotherapeutics were as follows: MTHFR c.1286A>C, MTHFR c.665C>T, 
XPC c.2815C>A, XPC c.1496C>T, SLC22A2 c.808T>G, ABCC2 c.1249G>A, 
GSTP1 c.313A>G, SLCO1B3 c.334T>G, SLCO1B3 c.699G>A, ERCC2 
c.2251A>C, ERCC2 c.934G>A (Table 16). 
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Table 16. Genes Associated With the Metabolism of Platinum-Based 
Chemotherapeutics 
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MTHFR  c.1286A>C rs1801131 13 (out of 35) 0.3714 0.1857 18 0.45 0.2375 0.5497 0.4413 0.2884 0.0643 0.05744 
MTHFR  c.665C>T rs1801133 21 (out of 35) 0.6 0.3714 28 0.7 0.425 0.6165 0.50286 0.3148 0.3055 0.30772 

XPC  c.2815C>A rs2228001 25 (out of 35) 0.7143 0.4714 34 0.85 0.6625 0.0212 0.01828 0.3647 0.0812 0.06432 
XPC  c.1496C>T rs2228000 32 (out of 35) 0.9143 0.7 40 1 0.85 0.031 0.0271 0.7565 0.267 0.27134 

SLC22A2  c.808T>G rs316019 9 (out of 35) 0.257 0.1429 3 0.075 0.0375 0.0383 0.02202 0.1014 0.2351 0.25014 
ABCC2  c.1249G>A rs2273697 33 (out of 35) 0.9429 0.7857 38 0.95 0.775 1 0.87288 0.8091 0.6476 0.61708 
GSTP1  c.313A>G rs1695 33 (out of 35) 0.9429 0.7143 38 0.95 0.6875 0.8584 0.71884 0.6614 0.3792 0.34722 

SLCO1B3  c.334T>G rs4149117 30 (out of 35) 0.8571 0.7571 38 0.95 0.8875 0.0507 0.03572 0.8084 0.287 0.27572 
SLCO1B3  c.699G>А rs7311358 33 (out of 35) 0.9429 0.8429 37 0.925 0.875 0.6408 0.56868 0.8085 0.545 0.4654 

ERCC2  c.2251A>C rs13181 25 (out of 35) 0.7143 0.4143 29 0.725 0.425 1 0.89656 0.323 0.1242 0.1031 
ERCC2  c.934G>A rs1799793 27 (out of 35) 0.7714 0.5286 30 0.75 0.5625 0.7432 0 .67448 0.7105 0.0014 0.0008 

P-values with a statistically significant difference are marked in red. 

In this group, 13 individuals were carriers (homozygous and heterozygous) 
of the MTHFR c.1286A>C variant (37%) and 21 individuals carried the MTHFR 
c.665C>T variant (60%). In the group of 40 healthy individuals, carriers 
(homozygous and heterozygous) for MTHFR c.1286A>C were 18 individuals 
(45%), and for MTHFR c.665C>T – 28 (70%). When comparing the allele 
frequency of MTHFR c.1286A>C between our group of patients (0.1857) and the 
40 healthy individuals (0.2375), no statistically significant difference was found 
between the two groups (p-value = 0.5497; 0.4413). The allelic incidence of 
noncancer patients in GnomAD (0.2884) and that of our group of patients also did 
not show a statistically significant difference (p-value = 0.0643; 0.05744). When 
comparing the allelic frequency of MTHFR c.665C>T between our group of 
patients (0.3714) and the 40 healthy individuals (0.425), no statistically 
significant difference was found between the two groups (p-value = 0.6165; 
0.50286). The allelic frequency of noncancer patients in GnomAD (0.3148) and 
that of our group of patients also did not show a statistically significant difference 
(p-value = 0.3055; 0.30772) (Table 16). 
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Of the 35 patients treated with platinum-containing drugs, 25 were carriers 
of XPC c.2815C>A (71%) and 32 were carriers of XPC c.1496C>T (91%). The 
allele frequency of XPC c.2815C>A among patients is 0.4714, and among the 40 
healthy (34 people, 85%), it is 0.6625. When comparing the two groups, a 
statistically significant difference exists between them – p-value = 0.0212; 
0.01828, and among the healthy individuals the frequency of the variant is higher. 
However, such a correlation was not observed when comparing the patients with 
the healthy controls from the world database (with an allele frequency of 
0.3647) – p-value = 0.0812; 0.06432 (Table 16). 

The XPC c.1496C>T variant has an allelic frequency of 0.7 among the 
patients in our study group, while all 40 healthy individuals are carriers, with an 
allelic frequency of 0.85. A statistically significant difference is observed in this 
variant – p-value = 0.031; 0.0271, indicating a higher incidence among healthy 
individuals. However, when comparing the allele frequency of patients with that 
in GnomAD (0.7565), no statistically significant difference is found (p-value = 
0.267; 0.27134) (Table 16). 

The SLC22A2 c.808T>G variant occurred in 9 of the 35 patients treated with 
platinum-containing medications (26%). The allele frequency among patients was 
0.1429. In the group of 40 healthy subjects studied, only three were carriers of the 
variant (7.5%) and its allele frequency was 0.0375. Fisher's exact test p-value and 
Z-score p-value calculations revealed a statistically significant difference between 
patients and healthy subjects (p-value = 0.0383; 0.02202) (Table 16). However, 
no significant difference was observed when comparing our group of patients with 
healthy individuals from GnomAD (allele frequency 0.1014) – p-value = 0.2351; 
0.25014 (Table 16). 

Among the thirty-five individuals treated with platinum-containing 
chemotherapeutics, 33 (95%) carried the ABCC2 c.1249G>A variant, resulting in 
a variant allele frequency of 0.7857. This frequency did not exhibit a statistically 
significant difference compared to our healthy study group (0.775) with a p-value 
of 1.0. Additionally, there was no statistical difference in allelic frequency 
between our patients and healthy individuals in GnomAD (with an allelic 
frequency of 0.8091), as indicated by a p-value of 0.6476 (Table 16). 

Of the 35 carriers treated with platinum-containing chemotherapeutics, 33 
(94.29%) had the GSTP1 c.313A>G variant, resulting in an allele frequency of 
0.7143. This frequency did not show a statistically significant difference 
compared to that in the healthy group of our population (0.6875), as indicated by 
a p-value of 0.8584; 0.71884 (Table 16). Additionally, there was no statistical 
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difference between our patients and the healthy individuals from GnomAD, with 
a p-value of 0.3792; 0.34722 (Table 16). 

In the same group of patients, 30 were carriers of the SLCO1B3 c.334T>G 
variant (86%), and 33 of the SLCO1B3 c.699G>A (94%). The allele frequency of 
SLCO1B3 c.334T>G is 0.7571, indicating a statistically significant difference 
from that of our group of 40 healthy individuals (38 carriers, 95%; allele 
frequency – 0.8875) with a p-value of 0.0507; 0.03572. However, no statistically 
significant difference was observed between the studied patients and the healthy 
group from GnomAD, with an allelic frequency of 0.8084 – p-value = 0.287; 
0.27572. The allele frequency of c.699G>A SLCO1B3 in the studied patient group 
was 0.8429, and there was no statistically significant difference between them and 
the healthy group of 40 people – p-value = 0.6408; 0.56868 (37 carriers – 92.5%; 
allelic frequency – 0.875), as well as when compared with the group of healthy 
subjects in GnomAD (allele frequency 0.8085) – p-value = 0.545; 0.4654 (Table 
16). 

Carriers of ERCC2 c.2251A>C variant in the group of patients treated with 
platinum-containing chemotherapeutics are 25 (71%), with an allele frequency of 
0.4143, which, compared to that of the healthy individuals from our population 
(29 carriers out of 40 people – 72.5%, allele frequency 0.425), does not show a 
statistically significant difference – p-value = 1; 0.89656. There was no 
statistically significant difference between the patients and the healthy group of 
GnomAD carriers (with an allelic frequency of 0.323) – p-value = 0.1242; 0.1031. 
For the ERCC2 c.934G>A variant, carriers are 27 patients (77%) with an allelic 
frequency of 0.5286, which statistically does not differ from the healthy ones 
studied by us (30 carriers – 75%; allele frequency – 0.5625) – p-value = 0.7432; 
0.67448. However, a statistically significant difference is found between the allele 
frequency of the patients and that of the healthy individuals in GnomAD 
(0.7105) – p-value = 0.0014; 0.0008 (Table 16). 

The group treated with 5-FU-Capecitabine included 26 patients, and the 
genes along with their variants associated with the metabolism of these 
chemotherapeutics were as follows: MTHFR c.1286A>C, MTHFR c.665C>T, 
DPYD c.2194G>A, DPYD c.1627A>G, DPYD c.496A>G, DPYD c.85T>C, 
CYP1B1 c.1294G>C, ABCG2 c.421C>A, ABCB1 c.2677T>G, ABCC2 
c.1249G>A, GSTP1 c.313A>G, TP53 c.215C>G, XRCC1 c.1196A>G, ERCC2 
c.2251A>C (Table 17). 
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Table 17. Genes Associated With the Metabolism of 5-FU/Capecitabine  
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MTHFR c.1286A>C rs1801131 9 (out of 26) 0.35 0.17 18 0.45 0.2375 0.5138 0.35238 0.2884 0.0675 0.0601 
MTHFR c.665C>T rs1801133 15 (out of 26) 0.58 0.3654 28 0.7 0.425 0.5864 0.4965 0.3148 0.4561 0.42952 
DPYD c.2194G>A rs1801160 9 (out of 26) 0.35 0.212 5 0.125 0.075 0.0322 0.02202 0.04698 0 <0.00001 
DPYD c.1627A>G rs1801159 9 (out of 26) 0.35 0.212 13 0.325 0.1875 0.8237 0.72634 0.1975 0.7305 0.79486 
DPYD c.496A>G rs2297595 5 (out of 26) 0.19 0.1154 10 0.25 0.125 1 0.86502 0.08484 0.4487 0.42952 
DPYD c.85C>T rs1801265 24 (out of 26) 0.92 0.6923 34 0.85 0.6375 0.5757 0.5157 0.7723 0.185 0.16758 

CYP1B1  c.1294G>C rs1056836 20 (out of 26) 0.77 0.5385 36 0.9 0.675 0.1424 0.1141 0.6361 0.151 0.1443 
ABCG2 c.421C>A rs2231142 4 (out of 26) 0.15 0.0769 4 0.1 0.05 0.7115 0.5287 0.1247 0.401 0.29834 
ABCB1 c.2677T>G rs2032582 24 (out of 26) 0.92 0.5769 27 0.675 0.4625 0.2167 0.20054 0.5362 0.581 0.5552 
ABCC2 c.1249G>A rs2273697 24 (out of 26) 0.9231 0.7885 38 0.95 0.775 1 0.85716 0.8091 0.7237 0.70394 
GSTP1 c.313A>G rs1695 24 (out of 26) 0.92 0.6923 38 0.95 0.6875 1 0.95216 0.6614 0.7697 0.63836 
TP53 c.215C>G rs1042522 23 (out of 26) 0.88 0.6731 36 0.9 0.6875 1 0.86502 0.6668 1 0.92034 

XRCC1  c.1196A>G rs25487 24 (out of 26) 0.92 0.6731 25 0.625 0.3875 0.0023 0.00132 0.3186 <0.00001 <0.00001 
ERCC2 c.2251A>C rs13181 20 (out of 26) 0.77 0.4231 29 0.725 0.425 1 0.98404 0.323 0.1379 0.12356 

P-values with a statistically significant difference are marked in red. 

Out of the 26 patients treated with 5-Fluorouracil/Capecitabine, 9 were 
carriers of the MTHFR c.1286A>C variant (35%) and 15 had the MTHFR 
c.665C>T variant (58%). The allele rate among patients for MTHFR c.1286A>C 
was 0.17, compared to 0.2375 among healthy individuals (18 carriers, both 
homozygous and heterozygous, out of 40, i.e., 45%). There was no statistically 
significant difference between the two groups (p-value = 0.5138; 0.35238). The 
allele frequency of the variant in GnomAD is 0.2884, and it also showed no 
statistically significant difference from our patients (p-value = 0.0675; 0.0601). 
Regarding the allele frequency of the MTHFR c.665C>T variant (0.3654) found 
in our patients, no statistically significant difference was observed compared to 
both the 40 healthy individuals from the Bulgarian population (allele frequency 
0.425; p-value = 0.5864; 0.4965) and the world database (p-value = 0.4561; 
0.42952) (Table 17). 

Carriers of the DPYD c.2194G>A and DPYD c.1627A>G variants in our 
group treated with 5-Fluorouracil/Capecitabine were 9 (35%), 5 (19%) for DPYD 
c.496A>G, and 24 (92%) for DPYD c.85T>C. The allelic incidence of DPYD 
c.2194G>A was 0.212. When compared with that of the 40 healthy individuals (5 
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individuals, 12.5%) – 0.075, it shows a statistically significant difference – 
0.0322; 0.02202. A similar correlation is found when comparing the allele 
frequency of patients with GnomAD (0.04698) – p-value = 0; p-value < 0.00001 
(Table 17). These data demonstrate a higher frequency of the variant among the 
patients we studied than among healthy individuals. 

The DPYD c.1627A>G variant among patients had an allelic frequency of 
0.212, while among the 40 healthy individuals, it was 0.1875 (13 individuals, with 
a frequency in the group of 40 being 32.5%). No statistically significant difference 
was found between the compared groups – p-value = 0.8237; 0.72634. Similarly, 
no significant difference was found when comparing the patients with GnomAD 
(with an allele frequency of 0.1975) – p-value = 0.7305; 0.79486 (Table 17).  

The DPYD c.496A>G variant was found in our group of cancer patients with 
an allelic frequency of 0.1154, which did not show statistical significance when 
compared to both our healthy group (10 out of 40 subjects, 25%; allele frequency 
0.125; p-value = 1.0; 0.86502) and the global database (with a variant allelic 
frequency of 0.08484; p-value = 0.4487; 0.42952) (Table 17). 

The allele frequency of the DPYD c.85T>C variant among patients is 0.6923, 
and no statistically significant difference was observed when compared to the 
healthy group studied by us (34 out of 40; 85%), where the allele frequency is 
0.6375 (p-value = 0.5757; 0.5157). A similar lack of statistically significant 
difference was observed when comparing with the world database (with an allelic 
frequency of the variant 0.7723), with a p-value of 0.185; 0.16758 (Table 17).  

The c.1294G>C variant of the CYP1B1 gene occurred in 20 out of the 26 
people treated with 5-Fluorouracil/Capecitabine (77%), with an allelic frequency 
of 0.5385. In the healthy group, 36 out of 40 individuals were carriers of the 
variant (90%), with an allele frequency of 0.675. No statistically significant 
difference was found between the two groups (p-value = 0.1424; 0.1141). The 
incidence of the variant in GnomAD was 0.6361, and there was also no 
statistically significant difference when compared with the studied group of 
patients (p-value = 0.151; 0.1443) (Table 17). 

In the same group of patients, there were 4 carriers of the ABCG2 c.421C>A 
variant (15%), with an allele frequency of 0.0769. In the group of 40 healthy 
individuals, 4 carriers were identified (10%), and the allele frequency was 0.05. 
When calculating Fisher's exact test and Z-score, no statistically significant 
difference was found between the two groups (p-value = 0.7115; 0.5287). 
Similarly, no significant difference was observed when comparing the patients 
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with the healthy group in the world database, where the allele frequency is 0.1247 
(p-value = 0.401; 0.29834) (Table 17). 

Among those treated with 5-Fluorouracil/Capecitabine in our patient group, 
24 out of 26 (92%) were carriers of the ABCB1 c.2677T>G, with an allelic 
frequency of 0.5769. This frequency did not show statistical significance when 
compared to both our group of healthy subjects (27 carriers out of 40, or 67.5%, 
with an allelic frequency of 0.4625) with a p-value = 0.2167; 0.20054, and the 
allele incidence of healthy individuals in GnomAD (0.5362), with a p-value = 
0.581; 0.5552 (Table 17). 

The ABCC2 c.1249G>A variant was detected in 24 patients within the same 
group (92%), with an allelic frequency of 0.7885. Among the 40 healthy 
individuals, 38 (95%) were carriers, with an allelic frequency of 0.775. There was 
no statistically significant difference in allele frequency between the two groups, 
with a p-value = 1; 0.85716. The allele frequency of the variant in GnomAD is 
0.8091, and it does not exihibit a statistically significant difference compared to 
our patient group – p-value = 0.7237; 0.70394 (Table 17). 

Among the patients treated with 5-Fluorouracil/Capecitabine patients, 24 
(92%) carried the GSTP1 c.313A>G variant, with an allele frequency of 0.6923. 
In the healthy group studied by us, the allele frequency is 0.6875, and 38 
individuals (95%) are carriers. There is no statistically significant difference 
between the patients and the healthy group, with a p-value of 1; 0.95216. 
Similarly, there is no significant difference between our patient group and the 
healthy GnomAD group (0.6614) – p-value = 0.7697; 0.63836 (Table 17). 

Carriers of the TP53 c.215C>G variant constitute 23 individuals (88%) with 
an allele frequency of 0.6731. This frequency does not show a statistically 
significant difference compared to the allele frequency in the healthy group 
studied by us, which is 0.6875 (with 36 carriers, 90%) – p-value = 1; 0.86502. 
Similarly, no statistically significant difference is observed between the frequency 
in our patient group and the healthy population studied in GnomAD (0.6668) – 
p-value = 1; 0.92034 (Table 17). 

The allele frequency of the XRCC1 c.1196A>G variant among those treated 
with 5-Fluorouracil/Capecitabine was 0.6731, with 24 carriers (92%). In the 
group of 40 healthy individuals, the allele frequency was 0.3875 (25 people were 
carriers, accounting for 62.5%). Upon calculating the Fisher's exact test and 
Z-score, a statistically significant difference between the two groups was 
identified – p-value = 0.0023; 0.00132. This difference persists when comparing 
our group of patients with healthy individuals from the world database, who have 
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an allele frequency of 0.3186 – p-value < 0.00001. These findings suggest that the 
XRCC1 c.1196A>G variant occurs at a higher frequency among our patients 
compared to both our healthy individuals and those from GnomAD (Table 17). 

Among the patients treated with 5-Fluorouracil/Capecitabine, carriers of the 
ERCC2 c.2251A>C variant numbered 20 (77%) with an allelic frequency of 
0.4231. This frequency did not differ statistically from the allele frequency 
observed in healthy subjects studied (29 carriers out of 40, 72.5%, with an allelic 
frequency of 0.425) – p-value = 1; 0.98404. Furthermore, no statistically 
significant difference was found when comparing our group of patients with 
healthy individuals in the GnomAD database (with an allelic frequency of 
0.323) – p-value = 0.1379; 0.12356 (Table 17). 

The Leucovorin-treated group comprised 21 patients. The genes and their 
variants associated with the metabolism of chemotherapeutics in this group were 
MTHFR c.1286A>C, MTHFR c.665C>T, ERCC2 c.2251A>C (Table 18). 

Table 18. Genes Associated With the Metabolism of Leucovorin  
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MTHFR c.1286A>C rs1801131 8 (out of 21) 0.381 0.1905 18 0.45 0.2375 0.6495 0.5552 0.2884 0.1769 0.16152 
MTHFR c.665C>T rs1801133 13 (out of 21) 0.619 0.381 28 0.7 0.425 0.7008 0.63836 0.3148 0.406 0.35758 
ERCC2 c.2251A>C rs13181 16 (out of 21) 0.7619 0.4286 29 0.725 0.425 1 0.9681 0.323 0.1855 0.1443 

In this group, 8 out of 21 patients were carriers of the MTHFR c.1286A>C 
variant (38%, allele frequency 0.1905), and 13 carried the MTHFR c.665C>T 
variant (62%, allele frequency 0.381). When comparing the allele frequency of 
the MTHFR c.1286A>C variant in cancer patients with the healthy individuals we 
studied (45%, allele frequency 0.2375), no statistically significant difference was 
found between the two groups (p-value = 0.6495; 0.5552). Similarly, no 
difference was observed when comparing the frequency of this variant with 
GnomAD (p-value = 0.1769; 0.16152). The allelic frequency of MTHFR 
c.665C>T among the 8 carriers was also not statistically significant when 
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compared with the 40 healthy individuals (p-value = 0.7008; 0.63836) or with 
GnomAD (p-value = 0.406; 0.35758) (Table 18). 

Of the 21 patients treated with Leucovorin, 16 were carriers of the ERCC2 
c.2251A>C variant, constituting 76% with an allelic frequency of 0.4286. When 
compared to the 40 healthy individuals, this frequency did not differ statistically 
significantly (allele frequency in healthy individuals – 0.425) with a p-value of 
1.0; 0.9681. Additionally, there was no statistically significant difference between 
our patients and the reported incidence among healthy individuals in the global 
database (0.323) with a p-value of 0.1855; 0.1443 (Table 18). 

Eleven patients were treated with EGFR inhibitors, and the only identified 
genetic variant associated with the metabolism of this group of drugs was EGFR 
c.1562G>A (Table 19). 

Table 19. Genes Associated With the Metabolism of EGFR Inhibitors 
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EGFR  c.1562G>A rs2227983 11 (out of 11) 1 0.9091 39 0.975 0.775 0.2292 0.16152 0.7059 0.0355 0.03662 

P-values with a statistically significant difference are marked in red. 

All patients treated with EGFR inhibitors carry the EGFR c.1562G>A 
variant. The allele frequency among patients (0.9091) does not show a statistically 
significant difference when compared to the healthy group in the Bulgarian 
population, where 39 out of 40 individuals are carriers (98%) with an allele 
frequency of 0.775 (p-value = 0.2292; 0.16152). However, the allele frequency in 
patients is significantly higher and demonstrates a statistically significant 
difference when compared to the world database (0.7059) with a p-value of 
0.0355; 0.03662. These findings suggest that this variant may have a higher 
frequency in the Bulgarian population and could be relevant in the selection of 
EGFR inhibitors as part of cancer patient treatment (Table 19). 

Fifteen patients underwent treatment with taxanes, and the associated genetic 
variants involved in the metabolism of these chemotherapeutics that we identified 
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were: SOD2 c.47T>C, ABCB1 c.2677T>G, SLCO1B3 c.334T>G, SLCO1B3 
c.699G>A, ERCC2 c.2251A>C (Table 20). 

Table 20. Genes Associated With the Metabolism of Taxanes 
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SOD2  c.47T>C rs4880 10 (out of 15) 0.67 0.43 34 0.85 0.525 0.5211 0.37346 0.5158 0.4656 0.34722 
ABCB1  c.2677T>G rs2032582 10 (out of 15) 0.67 0.4 30 0.75 0.5375 0.2844 0.20054 0.4638 0.584 0.48392 

SLCO1B3  c.334T>G rs4149117 15 (out of 15) 1 0.767 38 0.95 0.8875 0.1323 0.1096 0.8084 0.4948 0.56192 
SLCO1B3  c.699G>A rs7311358 15 (out of 15) 1 0.767 37 0.925 0.875 0.2341 0.16152 0.8085 0.4948 0.56192 

ERCC2  c.2251A>C  rs13181 13 (out of 15) 0.867 0.6 35 0.875 0.575 0.8322 0.81034 0.677 0.4347 0.36812 

In this group, 10 patients were carriers of the SOD2 c.47T>C variant (67%). 
The allele frequency in this group was 0.43, whereas in the healthy group, it was 
0.525 (with 34 carriers out of 40, or 85%). There was no statistically significant 
difference between the two groups when calculating Fisher's exact test p-value 
and Z-score p-value (p-value = 0.5211; 0.37346). Additionally, when comparing 
the allele frequency of our patients with that in healthy individuals from GnomAD 
(0.5158), no statistically significant difference was observed – p-value = 0.4656; 
0.34722 (Table 20). 

Of the 15 patients treated with taxanes, 10 were carriers of the ABCB1 
c.2677T>G variant (67%) with an allelic frequency of 0.4. The allele frequency 
in the healthy carrier group was 0.5375 (with 30 homozygous and heterozygous 
carriers – 75%) and did not show a statistically significant difference compared 
to that in the patient group – p-value = 0.2844; 0.20054. Furthermore, no 
statistically significant difference was observed between the patients and the 
global database GnomAD (with an allele frequency of 0.4638) – p-value = 0.584; 
0.48392 (Table 20). 

In the group of patients treated with taxanes (15 in total), all were carriers of 
both variants of the SLCO1B3 gene (in a heterozygous or homozygous condition). 
The allele frequency for SLCO1B3 c.334T>G was 0.767 and showed no 
statistically significant difference when compared with both that in the healthy 
group of our population (p-value = 0.1323; 0.1096) and that of the healthy group 
in GnomAD (p-value = 0.4948; 0.56192). For the variant SLCO1B3 c.699G>A, 
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the allele frequency was 0.767, and no statistically significant difference was 
found with both the group studied from healthy patients, which had an allelic 
frequency of 0.875 (p-value = 0.2341; 0.16152), and the non-cancer group in 
GnomAD (p-value = 0.4948; 0.56192) (Table 20). 

In the same group, 13 were carriers of ERCC2 c.2251A>C (86.7%) with an 
allelic frequency of 0.6, which statistically did not differ from that in the group of 
40 healthy subjects (allele frequency 0.575 in 35 carriers) – p-value = 0.8322; 
0.81034. A statistically significant difference was also not found between the 
allelic frequency in the group of our patients and that of the healthy individuals 
from the world database (allele frequency 0.677) – p-value = 0.4347; 0.36812 
(Table 20).  

The group of patients treated with Farmorubicin and Cyclophosphamide 
consists of the same 8 patients; therefore, the frequency of variants will be 
considered collectively. The genes and their variants associated with the 
metabolism of both chemotherapies found in our patients are: CYP1B1 
c.1294G>C, ABCG2 c.421C>A, ABCC2 c.1249G>A, GSTP1 c.313A>G, ATM 
c.5557G>A, TP53 c.215C>G, XRCC1 c.1196A>G (Tables 21 and 22). 

Table 21. Genes Associated With the Metabolism of Anthracyclines 
(Farmorubicin) 
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CYP1B1  c.1294G>C rs1056836 7 (out of 8) 0.875 0.625 36 0.9 0.675 0.7739 0.69654 0.6361 1 0.92828 
ABCG2  c.421C>A  rs2231142 2 (out of 8) 0.25 0.125 4 0.1 0.05 0.2609 0.25848 0.1256 1 0.99202 
ABCC2 c.1249G>A rs2273697 8 (out of 8) 1 0.875 38 0.95 0.775 0.5101 0.36812 0.8091 0.7519 0.50286 
GSTP1  c.313A>G rs1695 8 (out of 8) 1 0.75 38 0.95 0.6875 0.7696 0.61708 0.6614 0.6007 0.45326 

ATM  c.5557G>A rs1801516 3 (out of 8) 0.375 0.1875 4 0.1 0.0625 0.1261 0.09894 0.1135 0.4157 0.35238 
TP53  c.215C>G rs1042522 7 (out of 8) 0.875 0.6875 36 0.9 0.6875 1 1 0.6668 1 0.85716 

XRCC1  c.1196A>G rs25487 7 (out of 8) 0.875 0.5625 25 0.625 0.3875 0.2674 0.1936 0.3186 0.0561 0.03662 

P-values with a statistically significant difference are marked in red. 
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Table 22. Genes Associated With the Metabolism of Cyclophosphamide 
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CYP1B1  c.1294G>C rs1056836 7 (out of 8) 0.875 0.625 36 0.9 0.675 0.7739 0.69654 0.6361 1 0.92828 
ABCG2  c.421C>A  rs2231142 2 (out of 8) 0.25 0.125 4 0.1 0.05 0.2609 0.25848 0.1256 1 0.99202 
ABCC2 c.1249G>A rs2273697 8 (out of 8) 1 0.875 38 0.95 0.775 0.5101 0.36812 0.8091 0.7519 0.50286 
GSTP1  c.313A>G rs1695 8 (out of 8) 1 0.75 38 0.95 0.6875 0.7696 0.61708 0.6614 0.6007 0.45326 

ATM  c.5557G>A rs1801516 3 (out of 8) 0.375 0.1875 4 0.1 0.0625 0.1261 0.09894 0.1135 0.4157 0.35238 
TP53  c.215C>G rs1042522 7 (out of 8) 0.875 0.6875 36 0.9 0.6875 1 1 0.6668 1 0.85716 

XRCC1  c.1196A>G rs25487 7 (out of 8) 0.875 0.5625 25 0.625 0.3875 0.2674 0.1936 0.3186 0.0561 0.03662 

P-values with a statistically significant difference are marked in red. 

CYP1B1 c.1294G>C was detected in 7 of the patients (87.5%) with an allelic 
frequency of 0.625, and a statistically significant difference was not found either 
with the healthy group of 40 people (p-value = 0.7739; 0.69654) or the healthy 
population of GnomAD (p-value = 1; 0.92828) (Tables 21 and 22). 

Only 2 of the treated patients were found to have the ABCG2 c.421C>A 
variant (25%), with an allele frequency of 0.125. In the group of 40 healthy 
carriers, there were four (10%) with an allele frequency of 0.05. There was no 
statistically significant difference between the studied patients and the healthy 
group (p-value = 0.2609; 0.25848). Similarly, there was no significant difference 
between the group of patients and the healthy GnomAD group (with an allele 
frequency of 0.1256) – p-value = 1; 0.99202 (Tables 21 and 22). 

Of the eight patients treated with Cyclophosphamide and Farmorubicin, all 
were carriers in the homozygous or heterozygous state of the ABCC2 c.1249G>A 
variant, and the allele frequency was 0.875. This frequency was not statistically 
different from that of our 40 healthy subjects (0.775; p-value = 0.5101; 0.36812) 
nor from that reported in the global database (0.8091 p-value = 0.7519, 0.50286) 
(Tables 21 and 22). 

All those treated with Cyclophosphamide and Farmorubicin were carriers of 
the GSTP1 c.313A>G variant, with an allelic frequency of 0.75. No statistically 
significant difference was found between them and the group of healthy 
individuals from our population (p-value = 0.7696; 0.61708) or with the healthy 
individuals from GnomAD (p-value = 0.6007; 0.45326) (Tables 21 and 22). 
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Among the 8 patients treated with Cyclophosphamide and Farmorubicin, 
carriers of the ATM c.5557G>A variant were 3 (37.5%) with an allelic frequency 
of 0.1875. This frequency did not differ statistically from that in the healthy group 
of 40 – 0.0625 (four carriers – 10%) with a p-value of 0.1261; 0.09894. Similarly, 
there was no statistically significant difference between the allelic frequency in 
our group of patients and healthy individuals from GnomAD (0.1135) – p-value = 
0.4157; 0.35238 (Tables 21 and 22). 

In the same group, 7 patients were found to be carriers of the TP53 
c.215C>G variant (87.5%). The allele frequency was 0.6875 and did not show a 
statistically significant difference compared to our healthy group (36 carriers out 
of 40, 90%, with an allelic frequency of 0.6875 – p-value = 1; 1). Similarly, the 
allele frequency of our patients did not differ statistically from that of the healthy 
individuals in GnomAD (0.6668) – p-value = 1; 0.85716 (Tables 21 and 22). 

Seven of the eight patients treated with Farmorubicin and 
Cyclophosphamide were carriers of the variant XRCC1 c.1196A>G (87.5%) with 
an allelic frequency of 0.5625. The latter did not differ statistically from the allele 
frequency in our healthy group – 0.3875 (25 carriers out of 40, 62.5%), with a 
p-value of 0.2674; 0.1936. When calculating Fisher's exact test, no statistically 
significant difference was found between the group of 8 patients and the healthy 
group from GnomAD (allele frequency 0.3186) – p-value = 0.0561, but this 
difference was observed when comparing the two groups with a Z-score p-value 
of 0.03662 (Tables 21 and 22). 

6. Comparing the Frequency of Germline Pharmacogenetic Variants 
Identified in Our Study’s Patients and Healthy Individuals With the 
Corresponding Frequency of These Variants in the Global Database 
GnomAD 
When comparing the allele frequency of germline pharmacogenetic variants 

found in both our patients and healthy individuals (a total of 90 people) with the 
allele frequency data from the global GnomAD database (including both cancer 
and healthy individuals), and by calculating Fisher's exact test p-value and Z-score 
p-value, we identified a statistically significant difference in 10 of the 23 variants, 
using a significance level of 0.05 (Table 23). 

 MTHFR c.1286A>C 
The allele frequency for the variant in our group is 0.22, which is lower than 

that in GnomAD (0.2890). A statistically significant difference is found between 
the two groups, with a p-value of 0.0485; 0.0477. 
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 MTHFR c.665C>T 
The allele frequency of the variant in our group is higher (0.39) compared to 

that in GnomAD (0.3149), with a statistically significant difference, and a p-value 
of 0.0367; 0.03.  

 DPYD c.2194G>A 
The allele frequency for DPYD c.2194G>A in our study group is 0.12, which 

is higher and shows a statistically significant difference compared to the 
frequency in GnomAD (0.04687), with a p-value of 0.0001; <0.00001. 

 DPYD c.85C>T  
A statistically significant difference was observed for the c.85C>T variant 

of the DPYD gene, with the allele frequency in our group being 0.69, which is 
lower than that in GnomAD (0.7718). The p-value was 0.0163; 0.00906. 

 XPC c.2815C>A 
For the XPC c.2815C>A variant, the frequency in our study group (0.57) is 

higher than that in the global database (0.3665), showing a statistically significant 
difference with a p-value of less than 0.00001. 

 ABCG2 c.421C>A 
For the ABCG2 c.421C>A variant, the allele frequency in our group (0.07) 

is lower than that in GnomAD (0.1247), and this difference is statistically 
significant, with a p-value of 0.0315; 0.02642. 

 EGFR c.1562G>A 
When comparing the allele frequency of the variant in our group (0.82) to 

that in GnomAD (0.7079), a statistically significant difference is observed, with 
a p-value of 0.001; 0.00094. 

 XRCC1 c.1196A>G 
The XRCC1 c.1196A>G variant is found in both the group of patients and 

healthy individuals with an allelic frequency of 0.53, which is statistically 
significantly higher compared to that in GnomAD (0.3194) with a p-value of less 
than 0.00001. 

 ERCC2 c.2251A>C 
The ERCC2 c.2251A>C variant is observed with an allele frequency of 0.43 

in our study group, compared to 0.3247 in GnomAD. Statistical analysis using 
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Fisher's exact test and Z-score reveals a significant difference, with a p-value of 
0.0024; 0.00252. 

 ERCC2 c.934G>A 
The second pharmacogenetically important variant of the ERCC2 gene, 

c.934G>A, exhibits a lower allele frequency of 0.54 compared to the global 
database, which has an allele frequency of 0.71. This difference is statistically 
significant, with a p-value less than 0.00001 for both Fisher's exact test and 
Z-score. 

Table 23. Comparing the Frequency of Germline Pharmacogenetic Variants 
Identified in Our Study’s Patients and Healthy Individuals With the 
Corresponding Frequency of These Variants in the Global Database GnomAD 

Gene Variant dbSNP_RS Allele 
frequency in 
our group of 

90 people 

Allele 
frequency 

in GnomAD 

Fisher's 
exact test 
p-value 

Z-score  
p-value  

MTHFR  c.1286A>C rs1801131 0.22 0.2890 0.0485 0.0477 
MTHFR  c.665C>T rs1801133 0.39 0.3149 0.0367 0.03 
DPYD  c.2194G>A rs1801160 0.12 0.04687 0.0001 <0.00001 
DPYD  c.1627A>G rs1801159 0.18 0.1977 0.5743 0.5485 
DPYD  c.496A>G rs2297595 0.1 0.08532 0.5029 0.48392 
DPYD  c.85C>T rs1801265 0.69 0.7718 0.0163 0.00906 

CYP1B1  c.1294G>C rs1056836 0.64 0.6317 0.7576 0.8181 
XPC  c.2815C>A rs2228001 0.57 0.3665 <0.00001 <0.00001 
XPC  c.1496C>T rs2228000 0.82 0.7565 0.0676 0.0477 

ABCG2  c.421C>A rs2231142 0.07 0.1247 0.0315 0.02642 
SLC22A2  c.808T>G rs316019 0.09 0.1015 0.7104 0.61006 

SOD2  c.47T>C rs4880 0.55 0.5161 0.3716 0.36282 
EGFR  c.1562G>A rs2227983 0.82 0.7079 0.001 0.00094 

ABCB1  c.2677T>G rs2032582 0.53 0.5389 0.7654 0.81034 
ABCC2  c.1249G>A rs2273697 0.79 0.809 0.6351 0.5157 
GSTP1  c.313A>G rs1695 0.71 0.6614 0.1803 0.16758 
ATM  c.5557G>A rs1801516 0.15 0.1136 0.1265 0.12356 

SLCO1B3  c.334T>G rs4149117 0.82 0.8082 0.8499 0.68916 
SLCO1B3  c.699G>A rs7311358 0.86 0.8083 0.1289 0.0784 

TP53  c.215C>G rs1042522 0.67 0.6682 1 0.96012 
XRCC1  c.1196A>G rs25487 0.53 0.3194 <0.00001 <0.00001 
ERCC2  c.2251A>C rs13181 0.43 0.3247 0.0024 0.00252 
ERCC2  c.934G>A rs1799793 0.54 0.71 <0.00001 <0.00001 

P-values with a statistically significant difference are marked in red. 
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V. Discussion 

The aim of the study was to detect germline pharmacogenetic variants that 
could potentially increase the risk of chemotherapy-related toxicity in the studied 
patients. During our analysis, we identified common single nucleotide 
polymorphisms (SNPs) in specific genes associated with the metabolism of 
chemotherapeutics used in our patient group, namely: MTHFR, DPYD, CYP1B1, 
XPC, ABCG2, SLC22A2, SOD2, EGFR, ABCB1, ABCC2, GSTP1, ATM, 
SLCO1B3, TP53, XRCC1, ERCC2.  

MTHFR 
The MTHFR gene, which encodes the enzyme methylenetetrahydrofolate 

reductase, plays a vital role in folic acid metabolism. MTHFR is responsible for 
producing an enzyme that catalyzes the conversion of 
5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate. The latter serves as 
a methyl donor in several biochemical reactions, contributing to the transfer of 
methyl groups to DNA, proteins, and other molecules. This methylation process 
is crucial for gene expression, cell differentiation, and overall cell function. 
Additionally, the MTHFR enzyme is involved in DNA and RNA synthesis. 
Mutations or variations in the MTHFR gene can lead to several severe genetic 
diseases, including homocystinuria, anencephaly, spina bifida, and others (Imbard 
et al. 2013). The enzyme is also an indispensable part of the complex biochemical 
pathway that converts homocysteine into methionine, thereby maintaining the 
level of homocysteine in the body. 

MTHFR c.1286A>C variant may lead to reduced enzyme activity. According 
to the global database (GnomAD), the allelic incidence of this polymorphism 
among the population is 0.2890, while in our group of 90 individuals studied, it is 
0.22. These values demonstrate a statistically significant difference, indicating a 
lower frequency among the Bulgarian population. Homozygous colorectal cancer 
patients carrying the mutated variant CC face a higher risk of drug toxicity when 
treated with fluoropyrimidine-based chemotherapy compared to heterozygous 
(CA) or wild variant (AA) carriers (Kristensen et al. 2010; Capitain et al. 2008). 
This is particularly crucial for patients undergoing specific anticancer treatments 
where MTHFR plays a role in the drug biotransformation process. Kristensen et 
al. found an association between the CC genotype and an increased risk of 
chemotherapy-induced toxicity in subjects with colorectal neoplasms treated with 
Capecitabine, Fluorouracil, Leucovorin, and Oxaliplatin (Kristensen et al. 2010).  
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Considering that various studies have linked this variant to increased toxicity 
in the treatment of cancer patients with 5-FU/Capecitabine, Leucovorin, and 
platinum-based medications (Kristensen et al. 2010; Capitain et al. 2008), it is 
possible that the lower frequency of MTHFR c.1286A>C among our population 
may not be a leading factor in the development of adverse drug reactions during 
treatment with the aforementioned chemotherapeutics. However, comparing the 
frequency of patients we studied, grouped by the medications used 
(5-FU/Capecitabine, Leucovorin, and platinum-containing drugs), with the 
healthy individuals in our population and those from the global database, does not 
reveal a statistically significant difference, likely due to the smaller number of 
individuals compared.  

MTHFR c.665C>T (or 677C>T, p.Ala222Val, rs1801133) is another 
common variant of the MTHFR gene identified in our studied group of patients 
and healthy individuals. This variant leads to the production of an unstable 
enzyme that is sensitive to heat. Individuals with the homozygous TT genotype 
likely exhibit higher homocysteine levels and lower serum folate levels compared 
to those with a heterozygous or homozygous CC genotype (Dean et al. 2016). 
Studies have demonstrated that colorectal cancer patients treated with 
5-Fluorouracil, Leucovorin, and Oxaliplatin with the TT genotype have an 
increased risk of experiencing adverse drug effects compared to individuals with 
genotypes TC + CC (Lee et al. 2013).  

In all our patients, examined in groups depending on the treatment performed 
(with Capecitabine, Fluorouracil, Leucovorin, or platinum-containing drugs), side 
effects, including myelosuppression, hepato- and nephrotoxicity, neurotoxicity, 
and gastrointestinal tract (GIT) complaints, were observed. Due to the fact that 
drug regimens include the administration of several drugs simultaneously, 
establishing a causal relationship between carriers of the polymorphism and the 
manifested ADRs becomes challenging. MTHFR c.665C>T, like MTHFR 
c.1286A>C, is involved in the metabolism of all three groups of 
chemotherapeutics mentioned above. 

Comparing the frequency of the MTHFR c.665C>T variant in individual 
groups of patients grouped based on chemotherapeutics does not reveal a 
statistically significant difference between patients and healthy individuals from 
our population, as well as between patients from our population and healthy 
individuals from the global population. However, when comparing the allele 
frequency of the variant in our population (among the 90 people studied) with the 
global frequency indicated in GnomAD, it is found that the frequency among 
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Bulgarians is significantly higher. Therefore, the variant may serve as a predictive 
pharmacogenetic marker for the development of drug toxicity. 

DPYD 
The DPYD gene encodes the enzyme dihydropyrimidine dehydrogenase 

(DPD), a crucial component in the breakdown of pyrimidine nucleosides, such as 
uracil and thymine, both major constituents of DNA molecules (Fumagalli et al. 
2017). In addition to its involvement in pyrimidine metabolism, DPD also 
contributes to the processing of chemotherapy drugs such as 5-Fluorouracil and 
Capecitabine. Variants in the DPYD gene can lead to a deficit in DPD activity, 
hence an increase in the toxic effects of these chemotherapeutics, especially 
5-Fluorouracil (toxicity associated with DPD deficiency) (Vogel et al. 2020). 

In the patients treated by us, four variants of the DPYD gene associated with 
the development of adverse drug reactions (ADRs) in treatment with 
5-Fluorouracil/Capecitabine were identified: c.2194G>A, c.1627A>G, 
c.496A>G, c.85T>C. Studies have indicated an association between these 
variants and the development of haematological, gastrointestinal, hepatic toxicity, 
and mucositis (Ruzzo et al. 2017; Iachetta et al. 2019; Hariprakash et al. 2018), as 
observed in our patients. 

The DPYD variant c.2194G>A (DPYD*6) is a genetic change that replaces 
nucleotide guanine (G) with adenine (A) at position 2194 in the DPYD gene. 
Research has shown that this particular variant leads to a significant decrease in 
the activity of the DPD enzyme, putting carriers at an increased risk of adverse 
drug reactions to certain chemotherapy drugs such as 5-Fluorouracil (Božina et 
al. 2022). This variant is classified as a "loss-of-function" variant, meaning that it 
inhibits the activity of the DPD enzyme and may inhibit the metabolism of certain 
drugs, thereby increasing the likelihood of toxicity (Božina et al. 2022). Studies 
have shown an increased risk of drug toxicity for AG+AA genotypes with 
Capecitabine or 5-Fluorouracil treatment in people with colon neoplasms 
compared to genotype GG (Del Re et al. 2019; Ruzzo et al. 2017; Iachetta et al. 
2019). In our study, we found a higher incidence of the DPYD c.2194G>A variant 
among patients and also a significantly higher frequency among the Bulgarian 
population compared to the world. Therefore, we believe that in Bulgarian 
patients this variant may be of particular importance in the selection and dosage 
of chemotherapeutics. 

Another polymorphism that can alter DPD activity and affect Fluorouracil 
metabolism is DPYD c.1627A>G. Individuals with this genetic variation may 
have lower DPD activity and be more sensitive to 5-Fluorouracil and other 
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medicinal substances metabolized by DPD. Scientific studies conducted to 
investigate the relationship between DPYD c.1627A>G and 5-Fluorouracil 
treatment response in cancer patients indicate that individuals with allele G and 
those with AG or GG genotypes are at a greater risk of therapy-related toxic 
reactions (Zhang et al. 2007; van Kuilenburg et al. 2000). In our study, we did not 
find statistically significant differences in the frequency of the DPYD c.1627A>G 
variant between our patients and healthy individuals from the Bulgarian 
population, as well as between patients and the group of healthy GnomAD 
individuals. When comparing the frequency between our population and the 
global database, there was also no statistically significant difference. Therefore, 
we assume that the DPYD c.1627A>G variant probably does not play a significant 
role in the development of ADRs in our population. 

DPYD c.496A>G is a polymorphism that can also influence DPD activity 
and alter 5-Fluorouracil processing and metabolism in the body. Scientific papers 
have shown that patients treated with 5-Fluorouracil and/or Capecitabine who are 
carriers of the GG and GA genotypes more often experience adverse drug 
reactions compared to AA homozygotes (Gross et al. 2008; Hariprakash et al. 
2018). In our study, we did not find a statistically significant difference in the 
frequency of the DPYD c.496A>G variant both between our studied patients and 
healthy individuals from the Bulgarian population, as well as between patients 
and the group of healthy GnomAD individuals. When analyzing the frequency of 
this variant in our population and comparing it with that in the global database, 
again, we found no statistically significant difference. As a result of these 
observations, we can conclude that DPYD c.496A>G probably does not play an 
important role in the development of ADRs in our population. 

DPYD c.85T>C (DPYD*9A) is another variant that is often found in our 
patients. A recent study (Madi et al. 2018) confirmed the correlation between the 
DPYD*9A genotype and fluoropyrimidines-related toxicity in patients who had 
the T allele, whether in the heterozygous or homozygous state. There was no 
statistically significant difference in allele frequency for the DPYD c.85T>C 
variant between the patients and healthy individuals in our population. However, 
a significant difference was observed when comparing the Bulgarian and world 
populations, with the allele frequency in the Bulgarian population being 
significantly lower. We presume that DPYD*9A is probably not a significant 
marker for the development of toxic reactions associated with treatment in 
Bulgarian patients. 
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CYP1B1 
The CYP1B1 gene encodes an enzyme called cytochrome P450 1B1, which 

plays a crucial role in the metabolism of various substances, including drugs and 
environmental toxins. Its normal function is to catalyze the conversion of certain 
compounds into easier-to-remove forms, aiding in their detoxification and 
elimination from the body. 

The c.1294G>C variant of the CYP1B1 gene results in an amino acid change 
in the corresponding protein, altering its structure and potentially affecting its 
enzymatic activity. Cytochrome P450 enzymes, including CYP1B1, are 
frequently involved in the metabolism of chemotherapeutic drugs. Variations in 
CYP1B1 activity due to genetic variants such as c.1294G>C may impact the 
metabolism and clearance of chemotherapeutic drugs, leading to changes in drug 
efficacy and toxicity. 

Several studies have investigated the relationship between the c.1294G>C 
variant and chemotherapeutic toxicity, particularly concerning 
Cyclophosphamide, Doxorubicin (anthracyclines), and 5-Fluorouracil. Their 
results indicated an association between the homozygous CC and heterozygous 
genotypes and an increased risk of developing adverse drug reactions 
(gastrointestinal toxicity) compared to individuals with the GG genotype (Tecza 
et al. 2018).  

In our study, out of 20 carriers in the group treated with 5-FU/Capecitabine, 
only 5 developed gastrointestinal toxicity, and in the group treated with 
anthracyclines and Cyclophosphamide (8 patients in total), only 2 out of 7 carriers 
showed gastrointestinal toxicity. The less pronounced and less severe toxicity in 
this case is likely due to the lack of a significant difference in the frequency of 
this variant between patients and healthy individuals from the Bulgarian 
population, as well as between patients and the group of healthy GnomAD. This 
leads us to assume that the variant is probably not essential for the development 
of ADRs in Bulgarian patients treated with 5-FU/Capecitabine. 

XPC 
DNA damage is a common event that can lead to cell death, aging, and 

cancer. The nucleotide excision repair pathway (NER) is a critical defense 
mechanism against DNA damage, and the Xeroderma pigmentosum group C 
(XPC) protein plays a crucial role in this process. NER can be divided into two 
subpaths – Global Genome Repair (GG-NER) and Transcription-Coupled Repair 
(TC-NER), with XPC playing a significant role in GG-NER (Nasrallah et al. 
2022). XPC recognizes DNA damage and facilitates damage removal. A defect in 
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XPC can lead to cancer development in both humans and mice due to accelerated 
accumulation of mutations. Numerous studies have shown that XPC is involved 
in various cellular responses induced by DNA damage, including the removal of 
oxidative DNA damage, maintenance of redox homeostasis, and regulation of the 
cell cycle. It has been suggested that the combination of increased sensitivity to 
oxidative DNA damage, impaired redox homeostasis, and ineffective cell cycle 
control mechanisms may contribute to increased susceptibility to cancer in tissues 
exposed to oxygen (Schärer et al. 2013).  

XPC is a DNA damage recognition factor critically related to DNA repair at 
an early stage, as well as the regulation of cell cycle checkpoints and DNA 
damage-induced apoptosis. In vitro studies have shown that XPC overexpression 
significantly increases cellular resistance to cisplatin (Zhang et al. 2018). 
Conversely, in vivo studies have shown that XPC gene knockdown significantly 
attenuates tumor growth in tumor-bearing mice (Zhang et al. 2018).  

Among our patients, commonly observed variants of the XPC gene are 
c.2815C>A (Lys939Gln, rs2228001) and c.1496C>T (p.Ala499Val, rs2228000). 
Studies on patients with bladder cancer have shown that individuals with the AA 
and AC genotypes of the c.2815C>A variant may be at an increased risk of 
adverse reactions, particularly leukopenia with neutropenia (Sakano et al. 2010). 
Of the 35 patients treated with platinum-based drugs, twenty-five carriers of the 
polymorphism are 25, of which 14 have developed leukopenia of varying degrees 
of severity – from first to fourth. Since the chemotherapy course includes the use 
of other medications, we cannot be completely sure of a link between the 
availability of the variant and the development of drug toxicity. The higher 
frequency of the c.2815C>A variant not only among our patients but also in the 
Bulgarian population as a whole compared to the world is a reason to consider 
testing for this variant in Bulgarian patients before starting chemotherapy 
regimens containing platinum-based drugs. 

It is known that the XPC c.1496C>T variant can reduce the efficiency of the 
DNA repair system, leading to the accumulation of damage in the genome and an 
increased risk of cancer. According to a study by Zheng et al. 2017, patients with 
CC and CT genotypes have a higher risk of haematological and gastrointestinal 
toxicity compared to homozygotes with the T allele when treated with platinum-
based medications. In our group, 33 patients were treated with platinum, of whom 
32 developed varying degrees of haematological toxicity (anaemia, leukopenia, 
thrombocytopenia in grades 1 to 4) and four GIT toxicity. A similar pattern is 
observed with this variant of the XPC gene, showing a statistically significantly 
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higher incidence among patients compared to the group of 40 healthy individuals. 
Additionally, there is a higher frequency of the variant in the Bulgarian population 
compared to the world population. However, confirmation or rejection of this 
claim through Fisher's exact p-value requires a larger study group due to the limit 
value. 

ABCG2 
The ABCG2 gene (ATP-binding cassette, subfamily G member 2), also 

known as breast cancer resistance protein (BCRP), encodes a protein that 
functions as a membrane transporter (Nakanishi et al. 2012) The normal function 
of the ABCG2 gene is to eliminate various substances, including drugs and toxins, 
from cells. ABCG2 plays a role in protecting cells and tissues from the 
accumulation of potentially harmful compounds. 

The ABCG2 gene is also associated with drug resistance in cancer cells. 
Overexpression of ABCG2 may contribute to the efflux of chemotherapy drugs by 
cancer cells, reducing their intracellular concentration and potentially diminishing 
the effectiveness of chemotherapy treatments. This drug efflux mechanism 
mediated by ABCG2 can lead to multidrug resistance and limit the success of 
chemotherapeutic regimens. 

The c.421C>A variant of the ABCG2 gene has been studied in the context of 
chemotherapy toxicity and its potential impact on treatment response. Research 
has shown that this variant may affect the pharmacokinetics and toxicity of certain 
chemotherapy drugs. Individuals carrying this variant may have an increased risk 
of toxicity when treated with drugs such as Cyclophosphamide, Doxorubicin 
(anthracyclines), and Fluorouracil. The variant is thought to affect the efflux 
function of ABCG2, resulting in altered drug concentrations and increased side 
effects associated with chemotherapeutics (Tecza et al. 2018). In all three groups 
of patients grouped based on chemotherapeutics, the frequency of the variant 
turned out to be low – 4 out of 26, 2 out of 8, which is statistically confirmed 
because the difference between patients and healthy individuals in our population 
is not found. It turns out, however, that the frequency in the Bulgarian group is 
significantly lower than the global one. All patients we studied who were carriers 
of ABCG2 c.421C>A exhibited drug toxicity, particularly myelosuppression 
mentioned in the study by Tecza et al. 2018 with early anemic syndrome. 
However, the low frequency found among the population indicates that this 
variant probably does not have a significant impact on the development of ADRs. 
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SLC22A2 
The gene SLC22A2 encodes a protein known as organic cation transporter 2 

(OCT2), which belongs to the solute carrier family 22 (SLC22). OCT2 is a 
transport protein responsible for the uptake and efflux of various organic cations, 
including drugs, neurotransmitters and biologically active compounds, through 
cell membranes (Selo et al. 2020). OCT2 is primarily expressed in the kidneys, 
liver, and brain, where it plays a critical role in the uptake and elimination of drugs 
and foreign compounds. However, in cancer cells, OCT2 is often overexpressed, 
resulting in multidrug resistance (MDR) by pumping drugs out of cancer cells 
(Samodelov et al. 2020).  

Studies have shown that the gene SLC22A2 is overexpressed in a variety of 
cancers, including breast, ovarian, prostate, colorectal, non-small cell lung cancer, 
and leukemia (Chen et al. 2023). This overexpression of OCT2 is often associated 
with MDR in cancer cells, resulting in reduced efficacy of chemotherapy and 
other anticancer drugs. 

One common variant of SLC22A2 that has been observed in cancer patients 
and is associated with adverse chemotherapeutic effects is SLC22A2 c.808T>G. 
Studies have shown that patients with the TT and GT genotypes and non-small 
cell lung cancer or colorectal cancer may experience increased toxicity, 
particularly hepatotoxicity, when taking platinum-based compounds, compared to 
patients with the GG genotype (Qian et al. 2016). The polymorphism has a 
significantly higher frequency among patients compared to the healthy 
individuals studied by us, indicating the significance of this variant when testing 
pharmacogenetic markers before starting therapy. 

SOD2 
The SOD2 gene (superoxide dismutase 2) encodes an enzyme called 

manganese superoxide dismutase (MnSOD), primarily found in the mitochondria 
of cells. MnSOD plays a crucial role in antioxidant protection by converting 
superoxide radicals into hydrogen peroxide, further degraded by other antioxidant 
enzymes (Dhar et al. 2012). 

The normal function of the SOD2 gene and its MnSOD product is to protect 
cells from oxidative stress by neutralizing harmful reactive oxygen species 
(ROS), which can damage DNA, proteins, and other cellular components. By 
reducing ROS levels, MnSOD helps maintain cellular homeostasis and 
contributes to overall protection against oxidative damage (Dhar et al. 2012). 

Regarding cancer, the SOD2 gene has been investigated for its potential role 
in tumorigenesis and malignancy progression. Changes in oxidative stress and 
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redox balance have been implicated in various aspects of cancer, including tumor 
growth, invasion, and metastasis. Dysregulation of SOD2 expression or function 
may disrupt the cellular antioxidant defense system, leading to increased oxidative 
stress and potential DNA damage. 

Studies on the relationship between the SOD2 c.47T>C variant and 
chemotherapeutic toxicity are limited. Some studies have reported an association 
between this variant and increased sensitivity to chemotherapy-induced adverse 
reactions such as cardiotoxicity or neurotoxicity, with T allele homozygotes and 
heterozygotes having a greater risk of side effects with taxanes compared to CC 
homozygotes (Bosó et al., 2014). Among our patients with taxanes (15 
individuals), only two showed cardiotoxicity, and one exhibited both 
cardiotoxicity and neurotoxicity. All three individuals experiencing these adverse 
drug reactions were carriers of SOD2 c.47T>C. Due to the limited number of 
patients with cardio- and neurotoxicity and the concurrent use of other 
chemotherapeutics, establishing a conclusive association between this 
polymorphism and toxicity development is challenging. The allele frequency of 
SOD2 c.47T>C does not show a statistical difference between patients and 
healthy individuals in our population, nor when comparing the Bulgarian 
population with the world database. 

EGFR 
The EGFR gene encodes a protein called the epidermal growth factor 

receptor, a member of the ErbB family of receptors. This transmembrane receptor 
plays a critical role in cell growth, proliferation, survival, differentiation, and 
migration by binding to ligands such as epidermal growth factor (EGF) and 
transforming growth factor-alpha (TGFA) (Lindsey et al. 2014). 

In normal cells, EGFR is essential for regulating cell growth and 
proliferation. However, in cancer cells, the EGFR signaling pathway can become 
overactive, leading to uncontrolled cell growth and proliferation (Lindsey et al. 
2014). This overactivity can result from various mechanisms, including mutations 
in the EGFR gene, amplification of the EGFR gene, and overexpression of the 
EGFR protein. EGFR mutations are particularly common in non-small cell lung 
cancer and are associated with a poor prognosis and resistance to chemotherapy. 

Drugs that inhibit EGFR signaling, such as tyrosine kinase inhibitors (TKIs) 
and monoclonal antibodies, have been developed and are used as targeted 
therapies for cancer. However, recent studies have shown that a specific variant 
of the EGFR gene, known as EGFR c.1562G>A, may be associated with the 
cytotoxicity of EGFR inhibitors (Liu et al. 2007).  
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In solid tumors, the EGFR and VEGF pathways are related, especially 
concerning angiogenesis. EGF and TGF-α induce VEGF expression by activating 
EGFR in cell culture models and have proangiogenic properties (Tabernero et al. 
2007). The presence of the EGFR c.1562G>A variant has been shown to be 
associated with adverse reactions to certain cancer treatments, such as 
bevacizumab (VEGF) in colorectal cancer patients (De Pasquale et al. 2020), and 
immunotherapy in patients with non-small cell lung cancer (Wang et al. 2023). 
All patients treated with EGFR inhibitors in our study are carriers of the EGFR 
c.1562G>A polymorphism and have exhibited various side reactions, including 
anaemia, leukopenia, thrombocytopenia, hepato-, nephro-, and neurotoxicity, as 
well as GIT toxicity. Typically, chemotherapy regimens involve the simultaneous 
administration of several medications, making it challenging to assess the exact 
relationship between the presence of a polymorphism and the development of a 
particular side reaction. Nevertheless, the statistically significant higher allelic 
frequency in our patients compared to the healthy group in GnomAD, as well as 
the difference between the Bulgarian and world frequencies, emphasizes the 
importance of the variant in selecting pharmacogenetic markers before initiating 
treatment. 

ABCB1 
Genes associated with drug transport and metabolism have been extensively 

studied in pharmacogenetics due to their importance in determining individual 
drug responses. One of the most significant genes in this context is ATP-binding 
cassette (ABCB1), also known as the multidrug resistance 1 associated gene 
(MDR1), belonging to the superfamily of ABC transporters and producing a 
protein called P-glycoprotein (P-gp). The overexpression of ABCB1 in tumors is 
relevant to the development of multidrug resistance to chemotherapeutic agents 
for cancer (Sui et al. 2012). Several ABCB1 polymorphisms, including rs1128503 
(C1236T), rs2032582 (2677T>G), and rs1045642 (C3435T), have been 
investigated as predictors of drug response (Chen et al. 2021). These variants have 
been studied in relation to their impact on the response to 5-FU or Capecitabine 
(a precursor to 5-FU) in colorectal cancer patients, but the results are conflicting 
(Gonzalez-Haba et al. 2010). 

According to a study conducted by Gonzalez-Haba et al. (2010), 
homozygous mutant or heterozygous carriers of the above three single nucleotide 
polymorphisms in the ABCB1 gene are more likely to experience moderate to 
severe leukopenia with neutropenia and moderate to severe hand-foot syndrome 
(HFS) during treatment with therapies based on 5-FU/Capecitabine, compared to 
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homozygous carriers of the wild type. According to other studies, patients treated 
with taxanes are at an increased risk of developing adverse drug reactions when 
they are carriers of the wild-type allele in the homozygous or heterozygous state 
(Kim et al. 2009). All of our patients treated with 5-FU/Capecitabine and 
exhibiting leukopenia with neutropenia were carriers of the variant, but none of 
them exhibited HFS. In our group of studied patients, out of 15 treated with 
taxanes, 10 were carriers of the polymorphism, and all exhibited different ADRs 
in type and degree; therefore, the relationship between the variant and a particular 
side reaction could not be determined. There is also no significant statistical 
difference in the allele frequency of the polymorphism both between the patients 
and healthy individuals studied by us and between the Bulgarian and world 
frequency, which is why its importance for our population is not confirmed in our 
study. 

ABCC2 
The ABCC2 gene (ATP-binding cassette subfamily C member 2), also known 

as multidrug resistance protein 2 (MRP2), encodes a membrane transport protein. 
The normal function of the ABCC2 gene is to facilitate the transport of various 
substances, including drugs and toxins, out of cells. ABCC2/MRP2 is primarily 
found in the liver, where it plays a key role in eliminating drugs and xenobiotics 
from the body (Nguyen et al. 2013). 

Concerning cancer, ABCC2 has been extensively studied in the context of 
drug resistance. Overexpression of ABCC2 may lead to a decrease in intracellular 
drug concentrations by actively effusing drugs from cancer cells. This efflux 
mechanism may contribute to resistance against several chemotherapeutic drugs, 
limiting their effectiveness in cancer treatment. Expression levels of ABCC2 and 
genetic variation have been implicated in the development of drug resistance in 
several types of cancer, including breast, lung, colorectal, and hepatocellular 
carcinoma cancers. Increased expression or activity of ABCC2 may contribute to 
reduced drug accumulation in cancer cells, resulting in reduced treatment efficacy 
and worse patient outcomes (Lian et al. 2020). 

Research has shown that the ABCC2 c.1249G>A variant may affect the 
pharmacokinetics and toxicity of some chemotherapy drugs. Studies have 
reported links between this variant and increased susceptibility to 
chemotherapeutics-induced adverse reactions such as 5-Fluorouracil, 
Cyclophosphamide, and Farmorubicin – haematological and gastrointestinal 
toxicity. The variant is thought to alter the function and expression levels of 
MRP2, resulting in variations in drug distribution and potentially affecting 
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chemotherapeutic response and toxicity (Tecza et al. 2018). Out of our eight 
patients treated with Cyclophosphamide and Farmorubicin, who were carriers of 
ABCC2 c.1249G>A, only one had neither haematological nor GIT toxicity. Of the 
24 patients treated with 5-Fluorouracil/Capecitabine, 22 showed haematological 
toxicity, and 5 complained of GIT issues. Due to the lack of a statistically 
significant difference between the patients and the healthy individuals we studied, 
as well as between our population and the world population, we tend to assume 
that the variant is probably not critical for the development of ADRs. 

GSTP1 
The GSTP1 gene produces an enzyme called glutathione-S transferase 

(GSTP1), which belongs to a family of detoxifying enzymes known as GSTs. 
GSTP1 is found at high levels in human tissues, including the liver, prostate, lung, 
and breast. It helps remove toxins and drugs from the body by attaching 
glutathione to them. GSTP1 may also be involved in the breakdown of certain 
hormones and eicosanoids. Mutations in the GSTP1 gene have been linked to an 
increased risk of certain diseases, especially cancer, although the mechanisms 
behind this link are not fully understood. Some studies have suggested that GSTP1 
may contribute to the deterioration of patients with malignancies through the 
development of resistance to chemotherapy and radiotherapy, while others have 
proposed its involvement in the carcinogenic process itself by regulating the 
metabolism of certain compounds (Singh et al. 2021). 

The c.313A>G variant of the GSTP1 gene has been extensively studied in 
the context of cancer. Data from the literature suggest that patients with genotype 
AA/AG and cancer, who are treated with 5-Fluorouracil and platinum compounds, 
may have a higher risk of toxicity (McLeod et al. 2010) and an increased risk of 
progression and reduced survival (Stoehlmacher et al. 2004) in platinum-based 
treatment compared to patients with the GG variant. Additionally, individuals who 
are homozygous for the AA variant or heterozygous may exhibit a reduced 
response to Capecitabine, Epirubicin, and platinum treatment (Joerger et al. 2015) 
compared to those who are homozygous for the GG allele. 

In our group of 26 people treated with 5-Fluorouracil / Capecitabine, as well 
as in the group of 35 people treated with platinum-containing drugs, it was found 
that the variant is prevalent (only two in each group are not carriers). In all 
carriers, to a lower or higher degree, there are several toxic reactions. The variant 
is also present in the group treated with Cyclophosphamide and Farmorubicin, 
where all are carriers and have varying degrees of adverse reactions. However, 
since the treatment was not administered individually but as a combined 
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chemotherapy regimen, we cannot be sure whether the presence of this particular 
polymorphism in patients is the cause of toxicity. A statistically significant 
difference in allele frequency is not found between patients and healthy 
individuals in our population, as well as between the Bulgarian and world 
populations. Therefore, we assume that the GSTP1 c.313A>G variant is probably 
not the most determining factor for the manifestation of ADRs. 

ATM 
The ATM gene (ataxia-telangiectasia mutated) is involved in maintaining 

genome stability and is crucial for DNA repair. Its normal function is to detect and 
respond to DNA damage, activating cellular processes that repair DNA or cause 
cell cycle arrest and apoptosis if the damage is too severe to repair (Concannon et 
al. 2008). 

The ATM gene plays a critical role in the cellular response to double-strand 
breaks (DSBs) in DNA, which can be caused by various factors, including 
ionizing radiation and some chemotherapeutic agents. When a DSB is detected, 
the ATM protein is activated and initiates a signaling cascade that leads to the 
activation of DNA repair pathways. 

Mutations in the ATM gene are associated with an increased risk of 
developing certain cancers, especially those associated with defective DNA 
repair. Additionally, chemotherapy drugs often cause DNA damage as part of their 
mechanism of action, and the proper functioning of DNA repair pathways is 
essential for the effective and safe use of these drugs. Variants in the ATM gene, 
specifically c.5557G>A, have been studied in relation to chemotherapeutic 
toxicity. Some studies have suggested an association between this variant and 
increased sensitivity to chemotherapy-induced adverse reactions (haematological 
and gastrointestinal toxicity in association with Cyclophosphamide and 
Farmorubicin treatment), with individuals with AA and AG genotypes having a 
higher risk than those with the GG genotype (Tecza et al. 2018). In our sample, 
the incidence of the variant in patients treated with Cyclophosphamide and 
Farmorubicin turned out to be low (three out of eight treated, with two developing 
haematological toxicity and one GIT toxicity). Therefore, our study cannot 
confirm a link between the presence of the polymorphism and the manifestation 
of ADRs. Given the absence of a statistically significant difference in allele 
frequency between our population and the world population, this variant is likely 
not a decisive factor in the development of toxicity. However, comprehensive 
studies with a larger group of Bulgarian patients are required to confirm or reject 
this hypothesis. 
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SLCO1B3 
The SLCO1B3 gene encodes an organic anion transporting polypeptide 

(OATP) involved in the transport of various endogenous and exogenous 
compounds across cell membranes, including hormones, bile acids, and drugs 
(Sun et al. 2020). Primarily expressed in the liver, SLCO1B3 plays a pivotal role 
in substance uptake and elimination from the bloodstream within hepatocytes, 
contributing to their distribution, metabolism, and excretion (Sun et al. 2020). 

Overexpression of SLCO1B3 has been observed in several cancers, such as 
non-small cell lung carcinoma, breast cancer, and colorectal cancer, correlating 
with a poor prognosis and resistance to chemotherapy drugs like taxanes and 
platinum-containing medications. 

Studies have linked the c.334T>G and c.699G>A variants of SLCO1B3 to 
the development of chemotherapeutic toxicity. Research by Park et al. in 2016 
revealed that homozygotes and heterozygotes of these mutant alleles are at an 
increased risk of developing drug resistance compared to those with the wild-type 
allele. Both variants are prevalent among patients treated with platinum-based 
chemotherapies and taxanes, showing a high allelic frequency. Carriers of these 
polymorphisms exhibited various adverse drug reactions to differing degrees. The 
observed high frequency in our population aligns statistically with that confirmed 
in GnomAD, indicating a worldwide association between c.334T>G and 
c.699G>A variants and chemotherapy toxicity. However, in our patient sample, 
these variants may not be the decisive factors contributing to toxicity. 

TP53 
The TP53 gene, also known as the p53 tumor protein, plays a crucial role in 

regulating cell growth, suppressing tumor formation, and maintaining genomic 
stability. Its normal function is to act as a tumor suppressor by preserving DNA 
integrity and initiating appropriate cellular responses to DNA damage or other 
abnormalities (Aubrey et al. 2016). 

When DNA damage occurs, the TP53 gene is activated, leading to the 
production of the p53 protein. P53 acts as a transcription factor, controlling the 
expression of genes involved in cell cycle arrest, DNA repair, apoptosis, and 
aging. These functions help prevent the proliferation of damaged cells and 
maintain genome stability (Aubrey et al. 2016). 

Due to its primary role in maintaining genomic integrity, the TP53 gene often 
mutates or is disrupted in various cancers. Mutations with loss of function or 
changes in TP53 can compromise its tumor suppressor activity, leading to 
uncontrolled cell growth and an increased risk of developing cancer. TP53 
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mutations are particularly prevalent in some cancers, such as lung, colorectal, 
breast, and ovarian cancers (Marei et al. 2021). 

Studies investigating the relationship between the TP53 c.215C>G variant 
and chemotherapeutic toxicity have shown that individuals carrying the variant 
may be more susceptible to chemotherapy-induced adverse reactions (with 
5-Fluorouracil/Capecitabine, Farmorubicin, Cyclophosphamide), including 
haematological toxicity, neurotoxicity, or gastrointestinal toxicity (Tecza et al. 
2018; Khrunin et al. 2009; Henríquez-Hernández et al. 2010). 

In our patients treated with 5-Fluorouracil/Capecitabine, the variant occurred 
in 23 out of 26, with haematological and GI toxicity observed in 21. In the 8 
patients treated with Farmorubicin and Cyclophosphamide, 7 were carriers of the 
polymorphism, of which 6 showed haematological and only one GI toxicity. The 
prevalence of the variant in the patients studied, as well as among the Bulgarian 
population, is confirmed by the global database, as there is no statistically 
significant difference between the different groups studied. TP53 c.215C>G may 
have an impact on the development of toxicity during chemotherapy regimens, 
including 5-Fluorouracil/Capecitabine, Farmorubicin, and Cyclophosphamide, 
but the combination of the drugs during treatment obscures the possibility of 
establishing the exact correlation between the polymorphism and the 
corresponding ADR. 

XRCC1 
The XRCC1 (X-ray repair cross-complementing protein 1) gene is involved 

in DNA repair mechanisms. Its normal function involves participation in the base 
excision repair pathway (BER), responsible for correcting DNA damage caused 
by oxidation, alkylation, and other chemical modifications. XRCC1 plays a crucial 
role in coordinating with other proteins within the BER pathway. It aids in 
recognizing and removing damaged DNA bases, contributing to subsequent steps 
in DNA repair. By participating in this process, XRCC1 helps maintain genomic 
stability and prevents the accumulation of DNA damage (Brem et al. 2005). 

The relationship between the XRCC1 gene and cancer susceptibility has been 
extensively studied, particularly concerning its role in DNA repair mechanisms. 
Variations, including single nucleotide polymorphisms, in the XRCC1 gene have 
been explored for their potential impact on cancer susceptibility (Wu et al. 2020). 
Studies have associated the c.1196A>G variant of the XRCC1 gene with the 
development of chemotherapeutic toxicity, such as haematological or 
gastrointestinal toxicity, in individuals carrying this variant when treated with 
5-Fluorouracil/Capecitabine, Farmorubicin, or Cyclophosphamide (Tecza et al. 
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2018). Notably, the allelic frequency of this variant among our patients treated 
with 5-Fluorouracil/Capecitabine and experiencing haematological and/or 
gastrointestinal toxicity is significantly higher than that in both the healthy and 
non-cancer populations in GnomAD. Similarly, there is a comparable correlation 
between Farmorubicin, Cyclophosphamide, and GnomAD when considering 
Z-score p-values, while the Fisher's exact score test p-value is at the threshold. 
This observation could be further validated or refuted with a larger sample size. 
When comparing the total 90 Bulgarians surveyed in our study with the reported 
world frequency using both tests, a statistically significant difference emerges. 
These data affirm the significance of the c.1196A>G variant in the XRCC1 gene 
within the Bulgarian population as a pharmacogenetic marker, emphasizing its 
relevance for consideration prior to initiating chemotherapy treatment involving 
5-Fluorouracil/Capecitabine. 

ERCC2 
The ERCC2 gene, also known as XPF, encodes the protein ERCC2 (Excision 

Repair Cross-Complementation Group 2). It is a critical component of the 
nucleotide excision repair (NER) pathway, responsible for repairing DNA damage 
caused by environmental factors such as UV radiation. The ERCC2 protein forms 
a complex with ERCC1 to create an XPF endonuclease that recognizes and 
removes damaged DNA strands. Specifically, the XPF endonuclease generates a 
DNA strand break on the 3' side of the damage, allowing other NER proteins to 
remove the damaged area and repair the DNA strand (Li et al. 2019). Variations 
in the ERCC2 gene have been associated with increased susceptibility to 
colorectal, non-small cell lung cancer, and breast cancer, with some inherited 
mutations inhibiting the cell's ability to repair DNA damage caused by UV 
radiation – a major risk factor for various cancers (Manuguerra et al. 2006). 

The ERCC2 c.2251A>C missense mutation, causing a change in the amino 
acid sequence of the ERCC2 protein, has been identified (Sullivan et al. 2014). 
This change in the protein sequence impairs its ability to repair DNA, thereby 
increasing the likelihood of the accumulation of DNA damage and the 
development of cancer. In addition, research has shown that this genetic variation 
is related to the response to treatment and prognosis of these cancers (Boige et al. 
2010). Studies have also shown that patients with the CC genotype and colorectal 
neoplasms receiving 5-Fluorouracil and Leucovorin or 5-Fluorouracil, 
Leucovorin, and Oxaliplatin may have a higher risk of drug toxicity, an increased 
risk of early recurrence, and reduced progression-free survival compared to 
patients with the AA genotype (Huang et al. 2008). According to another study in 
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patients with breast cancer, commented on by Bosó et al. 2014, the allele is 
associated with an increased risk of developing adverse drug reactions 
(neutropenia). 

The ERCC2 c.934G>A variant may affect the function of the XPD protein 
and its involvement in DNA repair. Research has shown that some ERCC2 
polymorphisms, including c.934G>A, can lead to reduced DNA repair capacity, 
potentially increasing the susceptibility of individuals to the accumulation of 
DNA damage and the development of certain cancers. Some studies have shown 
that GG homozygous as well as heterozygous carriers of the variant are at 
increased risk of developing drug toxicity when treated with platinum-containing 
chemotherapeutics (Pérez-Ramírez et al. 2016). 

In all patients treated with 5-Fluorouracil and Leucovorin or 5-Fluorouracil, 
Leucovorin, and Oxaliplatin, or with taxanes and carriers of ERCC2 c.2251A>C, 
milder or more severe ADRs were observed. The allele frequency of the variant 
did not differ statistically significantly when comparing patients with both our 
group of 40 healthy individuals and healthy individuals in GnomAD. 
Interestingly, a statistically significant difference is observed in the allele 
frequency of the ERCC2 c.2251A>C variant between the 90 individuals in the 
Bulgarian population and the global frequency reported at the time of the study, 
with the Bulgarian frequency being higher. Based on these results, we are inclined 
to suggest that the investigation of the ERCC2 c.2251A>C variant in Bulgarian 
patients is crucial when initiating a chemotherapy regimen. 

In the 35 platinum patients treated, 27 of them were carriers for ERCC2 
c.934G>A with pronounced drug toxicity. However, it was found that the allele 
incidence of the polymorphism was statistically significantly lower among 
patients compared to healthy patients in GnomAD. The same correlation was 
observed between the study group of 90 people from the Bulgarian population 
and the world database. We admit that probably the ERCC2 c.934G>A variant is 
not a decisive factor in the development of toxicity in our population when 
applying combined chemotherapeutic regimens. 

Conclusion 
The conducted research belongs to the current scientific field of medicine, 

oriented towards defining germline pharmacogenetic variants associated with the 
manifestation of drug toxicity in patients undergoing chemotherapy for the 
treatment of colorectal cancer, non-small cell lung cancer, and breast cancer – 
diseases of epidemiological importance worldwide. The choice of appropriate 
drug treatment, based on the individual genetic profile of the patient, is crucial in 
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reducing adverse drug reactions and improving the healing effect. Such an 
approach has profound scientific and practical implications as it predetermines 
germline pharmacogenetic variants occurring with higher frequency among the 
Bulgarian population. This may dictate the choice of the most suitable 
chemotherapeutic agent for each individual patient and its dosage. Germline 
pharmacogenetic variants with an increased allele frequency among the Bulgarian 
population can be integrated into a genetic panel provided to patients in advance 
before the start of drug therapy. The study confirms the need to conduct genetic 
tests for polymorphisms associated with the pharmacological metabolism of 
chemotherapeutics for all cases of colorectal cancer, non-small cell lung cancer, 
and breast cancer undergoing platinum-containing medications, 
5-FU/Capecitabine, Leucovorin, taxanes, EGFR inhibitors, anthracyclines, and 
Cyclophosphamide. The establishment of germline pharmacogenetic variants 
contributes to the proper management of other family members if therapy is 
needed. In future research, advances in the development of NGS technology 
provide an opportunity to explore germline pharmacogenetic variants. The 
development of NGS panels contributes to the formation of personalized 
therapeutic strategies to improve treatment effectiveness and reduce the potential 
toxicity of therapy. 
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VI. Conclusions 

1. When testing patients with colorectal cancer, non-small cell lung cancer, and 
breast cancer, we identified 23 germline pharmacogenetic variants in 16 
genes associated with the metabolism of chemotherapeutics taken by the 
patients, resulting in adverse drug reactions (ADRs): MTHFR c.1286A>C, 
MTHFR c.665C>T, DPYD c.2194G>A, DPYD c.1627A>G, DPYD 
c.496A>G, DPYD c.85T>C, CYP1B1 c.1294G>C, XPC c.2815C>A, XPC 
c.1496C>T, ABCG2 c.421C>A, SLC22A2 c.808T>G, SOD2 c.47T>C, 
EGFR c.1562G>A, ABCB1 c.2677T>G, ABCC2 c.1249G>A, GSTP1 
c.313A>G, ATM c.5557G>A, SLCO1B3 c.334T>G, SLCO1B3 c.699G>A, 
TP53 c.215C>G, XRCC1 c.1196A>G, ERCC2 c.2251A>C, ERCC2 
c.934G>A. 

2. With a higher frequency among the patients compared to the group of 40 
healthy subjects studied, we identified three germline pharmacogenetic 
variants in three genes (SLC22A2 c.808T>G, DPYD c.2194G>A, XRCC1 
c.1196A>G). Additionally, when compared to the healthy GnomAD group, 
we found four germline pharmacogenetic variants in four genes (SLC22A2 
c.808T>G, DPYD c.2194G>A, XRCC1 c.1196A>G, EGFR c.1562G>A). 

3. With a lower frequency among the patients compared to the group of 40 
healthy subjects studied, we identified two germline pharmacogenetic 
variants in one gene (XPC c.2815C>A, XPC c.1496C>T). Furthermore, 
when compared to the healthy individuals in GnomAD, only one germline 
pharmacogenetic variant in one gene (ERCC2 c.934G>A) was detected. 

4. With a higher frequency among the Bulgarian population compared to the 
global population, we identified the following six germline pharmacogenetic 
variants in six genes: MTHFR c.665C>T, DPYD c.2194G>A, XPC 
c.2815C>A, EGFR c.1562G>A, XRCC1 c.1196A>G, and ERCC2 
c.2251A>C. 

5. With a lower frequency among the Bulgarian population compared to the 
global population, we identified four germline pharmacogenetic variants in 
four genes: MTHFR c.1286A>C, DPYD c.85T>C, ABCG2 c.421C>A, and 
ERCC2 c.934G>A. 

6. Liquid biopsy is a high-sensitivity method for detecting germline 
pharmacogenetic variants. 
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VII. Contributions 

Scientific Contributions 

1. For the first time, the frequency of germline pharmacogenetic variants 
associated with the metabolism of chemotherapy regimens among the 
Bulgarian population was studied. 

2. Liquid biopsy is a highly sensitive method for detecting germline 
pharmacogenetic variants. 

3. Four germline pharmacogenetic variants associated with chemotherapy-
induced adverse drug reactions (ADRs), identified in four genes, were found 
to have a lower allele frequency in the Bulgarian population compared to the 
world database. Conversely, six germline pharmacogenetic variants in six 
genes were found with a higher frequency. 

 
Applicable Contributions 

1. Germline pharmacogenetic variants identified with an increased allelic 
frequency among the Bulgarian population can be incorporated into a genetic 
panel provided to patients undergoing upcoming chemotherapy. This aids in 
selecting the right drug at the appropriate dose with minimal risk of adverse 
drug reactions (ADRs). 

2. Free cell DNA sequencing is a sensitive method for studying germline 
pharmacogenetic variants that determine toxic action in chemotherapy. 

3. The DNA bank of patients with non-small cell lung cancer, colorectal cancer 
and breast cancer at the Department of Paediatrics and Medical Genetics, 
Medical University of Plovdiv, has been enriched, providing an opportunity 
for larger future studies. 
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