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Introduction: Pharmacogenetics studies provide clinically relevant information on the identified associations between genetic 
variants and individual variability in drug response, which, in turn, offers great promise for guiding personalized drug therapy and 
clinical trial design. However, there is a lack of information concerning the evidence-based clinical annotations of specific CYP2E1 
genetic variants.
Aim: To design and evaluate the next-generation sequencing-based method for full-length CYP2E1 gene polymorphism analysis.
Materials and Methods: Seven gene-specific oligonucleotide primer pairs targeting overlapping CYP2E1 gene fragments spanning 
all nine gene exons with interleaving introns, untranslated (UTR) and intergenic regions were designed. Human DNA samples (n = 3) 
were used as a training set to check the primer performance and to optimize the PCR conditions. The effectiveness of the developed 
target amplification and sequencing protocol was evaluated using the test set comprising human DNA samples (n = 3) obtained from 
tuberculosis patients. Sequencing data analysis was performed on the Galaxy online-based platform.
Results: The sequencing data quality was sufficient for the detection of genetic variants dispersed throughout the CYP2E1 gene with 
a high degree of confidence in fully covered regions achieving optimal reading depth of the targeted fragment with high base call 
accuracy.
Conclusion: Developed protocol can be applied in subpopulation-level association studies to determine whether single nucleotide 
variants (SNVs) or variant combinations from multiple regions of the CYP2E1 gene are of clinical significance.
Keywords: CYP2E1, cytochrome P450, next-generation sequencing, pharmacogenetics, single nucleotide variants

Introduction
Recent advances in pharmacogenetics provide clinically relevant information on the previously identified associations 
between genetic variants and individual variability in drug response, which, in turn, offers great promise for guiding 
personalized drug therapy and clinical trial design.1–3 Currently, the Clinical Pharmacogenetics Implementation 
Consortium (CPIC) has provided 26 evidence-based, peer-reviewed and updated pharmacogenetics clinical practice 
guidelines covering 23 genes and 89 drugs across several therapeutic areas, and incorporated recommendations to health- 
care providers on the clinical use of drugs when such genotyping results are available.1 CYP2E1 (cytochrome P450 
family 2 subfamily E member 1) belongs to the well-studied CYP450 enzyme superfamily, which metabolizes both 
endogenous substrates, such as lauric acid, steroids, and acetone with further oxidation to precursors of gluconeogenesis, 
as well as exogenous compounds with low molecular weight, including some drugs such as paracetamol, salicylic acid, 
and general anaesthetics.4–6 CYP2E1 enzyme is induced by many of its substrates, including isoniazid and ethanol, but 
also by various pathophysiological conditions, such as uncontrolled diabetes, obesity, starvation, and non-alcoholic liver 
disease.5–7 In addition, several studies have suggested that mitochondrial CYP2E1, compared to its microsomal 
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counterpart, is a major source of alcohol- and drug-induced reactive oxygen species production, thus contributing to 
genotoxic and toxicological effects.8 CYP2E1 is also involved in the metabolic activation of pro-carcinogens and 
chemical carcinogens, which contributes to tumorigenesis.6,7,9

The ability to identify specific genetic variants associated with drug response phenotypes is extremely important, and is a key 
step towards the implementation of personalized medicine. Substantial variability in the CYP2E1 gene, which spans 11,761 
nucleotides, exists; however, despite several epidemiological studies, there is still a very limited evidence about the functional 
significance of any polymorphic variants, including specific allelic or single nucleotide variants (SNVs), in the context of 
deviation in drug metabolism and/or treatment response (https://www.pharmgkb.org/).10 The use of a next-generation sequencing 
(NGS)-based methodology could significantly enhance a systematical investigation of the inter-individual genetic polymorph-
isms in the full-length CYP2E1 gene, and could provide the most comprehensive data on the SNVs of interest in comparison to 
the methods targeting only certain genetic regions. In this study, we evaluated the performance of a targeted NGS approach based 
on the sequencing workflow for the full-length CYP2E1 gene, including all 9 exons with interleaving introns, untranslated (UTR) 
and intergenic regions. This developed protocol combines the latitude and quality of the NGS data with cost-effective and 
relatively simple, fast and adequate technical execution to allow simultaneous analysis of several genomic regions of interest, 
thereby facilitating the detection of genetic variants with clinically relevant consequences.

Materials and Methods
Clinical Samples
Human DNA samples (n = 3) were obtained from the national biobank Genome Database of Latvian population;11 these 
samples were used as a training set to check the primer performance and to optimize the PCR conditions. The 
effectiveness of the developed target amplification and sequencing protocol was evaluated using the test set comprising 
human DNA samples (n = 3) obtained from tuberculosis patients admitted to the Riga East University Hospital, Centre of 
Tuberculosis and Lung Diseases. Genomic DNA was extracted from the peripheral white blood cells using the standard 
phenol-chloroform method. The investigation followed the Helsinki Declaration; the study protocol was approved by the 
Central Medical Ethics committee of Latvia (approval No 01-29.1/1), the Ethical Committee of Riga East University 
Hospital (approval No 24-A/15), and the Ethical Committee of Riga Stradins University (approval No 105/28.01.2016.); 
informed consent was obtained from all participants.

Full-Length CYP2E1 Gene Amplification and NGS Assay
Seven gene-specific oligonucleotide primer pairs targeting overlapping CYP2E1 gene fragments spanning all nine 
CYP2E1 gene exons with interleaving introns, untranslated (UTR) and intergenic regions were designed using an online- 
based Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Figure 1). Sequences of the designed 
primers and their position in the reference genome are listed in Table 1. PCR amplification of large-sized gene fragments, 

Figure 1 Graphical representation of the PCR fragment position in the reference CYP2E1 gene. The exons are indicated by green boxes. Names of the seven primer pairs 
used to generate the PCR fragments are indicated. 
Abbreviations: Fw, forward; Rw, reverse; K, thousand.
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NGS library preparation workflow and subsequent data analysis was carried out according to the protocol by Kivrane 
et al with a few minor modifications.12 Briefly, a total of 20–35 ng of DNA per reaction was used; the PCR reaction was 
performed using All Taq PCR Core Kit (QIAGEN, Germany) following the manufacturer’s protocol for large-sized 
fragment amplification; the PCR amplicon size ranged from 2059 to 3820 bp (Table 1). Obtained PCR products were 
analyzed by 1.5% agarose gel electrophoresis. If non-specific bands were detected, the obtained PCR amplicons were 
pretreated using NucleoMag NGS Clean-up and Size Select (MACHEREY-NAGEL, Germany) magnetic beads. 
Amplicons were normalized to a final concentration of 1 ng/μL, pooled for each DNA sample separately, and inspected 
using a Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, USA) to estimate the resultant concentration.

NGS paired-end libraries were prepared using Nextera XT DNA Library prep kit and Nextera Index kit (Illumina, 
CA, USA) according to the manufacturer’s instructions. Different sequencing indexes were used for each amplicon pool 
enabling simultaneous CYP2E1 gene sequencing for several DNA samples. NucleoMag NGS Clean-up and Size Select 
magnetic beads were used for the library purification and double size-select to achieve an optimal library size of 300–500 
bp. Libraries underwent quality assessment using an Agilent High Sensitivity DNA Kit and Bioanalyzer 2100 (Agilent 
Technologies, Santa Clara, CA, USA) following the manufacturer’s protocol, and were sequenced using the MiSeq 
platform (Illumina) to generate paired-end reads with a maximum length of 250 bp. The desired sequencing coverage 
was set to 500x, and sequencing reagents MiSeq Reagent Nano Kit v2 (500-cycles) (Illumina) were used.

Data Analysis
Obtained sequencing data analysis was performed on the Galaxy online-based platform using the public server at 
https://usegalaxy.org.13 Trimmomatic (v0.38) was used to trim adapter sequences and low quality read ends (Phred 
quality score <20). Reads were mapped against the human reference genome (GRCh38.p13, GCF 000001405.39) using 
Map with BWA-MEM (v0.7.17.1). BAM filter (v0.5.9) was applied to keep only mapped reads, remove PCR 
duplicates and discard reads shorter than 50 bp, but Mark duplicates (v2.18.2.2) was used to finalize deduplication. 
Samtools depth (v1.9) was used to compute the depth at each position in genomic coordinates Chr10 (NC_000010.11, 
positions 133527363-133539123). Alignment was converted with Samtools mpileup (v2.1.4) for SNV calling with 
VarScan (v2.4.2) using Chr10 (NC_000010.11, positions 133527363-133539123) as a region for pileup generation. 
Detected variants were filtered using the following criteria: minimum supporting reads: six (SNV must be represented 
on both positive and negative strands), read depth ≥10, base quality ≥20 and minimum read frequency for homozygous 
positions: 75%.

All detected variants were visually inspected using Integrative Genome Viewer (IGV) (v2.8.9).14 Functional 
annotation of the identified single nucleotide variants (SNVs) was performed using online-based wANNOVAR tool 

Table 1 Primer Sequences for the Full-Length CYP2E1 Gene Amplification

Primer Name Sequence (5’-3’) Position in the Reference Genome* Product Size (bp)

2E1_1_Fw ACATTGTGAGACAGTGTTTTCTTCT 133524910-133524934 2059
2E1_1_Rw ATGCCGACCACCTCTAGACA 133526949-133526968

2E1_2_Fw CCGGGATCAACAAAGACAAGAT 133526549-133526570 3820

2E1_2_Rw ACATCCCGAGATGACCCATTT 133530348-133530368
2E1_3_Fw TCCAGAACCTTGTCTCCGGA 133529778-133529797 2290

2E1_3_Fw TGCTCAGTCACCCACTGAG 133532049-133532067

2E1_4_Fw TTACCGCAGAATGCCCAGAG 133530647-133530666 3381
2E1_4_Fw GCCATCTCACCACATCACCA 133534008-133534027

2E1_5_Fw TTCCTATGGCTTGTGGCTCA 133533322-133533341 3002

2E1_5_Rw TCCCCAGGTCCTTTGAATTACTG 133536301-133536323
2E1_6_Fw GCACTAGGGGAACCATGGAAT 133535579-133535599 2119

2E1_6_Rw CATCTGGAAACCCCCAGTGA 133537678-133537697

2E1_7_Fw ACTGCTTAGGATGCTCCAT 133536333-133536351 2836
2E1_7_Rw CTGTGAGAATCACTTAAACAAT 133539146-133539167

Note: *Human reference genome (GRCh38.p13, GCF_000001405.39).
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(http://wannovar.wglab.org/).15 Reference single nucleotide polymorphism (SNP) reports accumulated in dbSNP 
database (https://www.ncbi.nlm.nih.gov/snp/) and PharmGKB (https://www.pharmgkb.org/) were used for the identifi-
cation and annotation of detected SNVs.10,16

Confirmation of Detected Variants
Randomly selected SNVs were confirmed by Sanger sequencing using either forward or reverse amplification primers 
(Table 1). Sequencing was performed using the BrilliantDye Terminator Cycle Sequencing kit v1.1 (NimaGen, 
Nijmegen, The Netherlands) according to the manufacturer’s recommendations on an ABI Prism 3100 Genetic 
Analyzer (Perkin-Elmer, MA, USA). The sequence analysis and SNV identification were performed using FinchTV 
and MEGA softwares with the sequence of human CYP2E1 gene (E.C.1.14.13.n7) (GenBank: NG_008383.1) as the 
reference. Basic Logical Alignment Search Tool (BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used for sequence 
comparison to previously published data in GenBank.

Results
Amplification of the CYP2E1 gene fragments using all primer pairs resulted in specific products within the expected 
fragment length for the study sample set samples (Figure 2). The 2E1_4_Fw/2E1_4_Rw primer pair generated additional 
shorter PCR fragments; thus, an additional amplicon pre-treatment step involving a single side size-select was introduced 
aimed to reduce the amount of non-specific fragments. Sequencing data quality for the study sample set (n = 3) after the 
applied quality filters is summarized in Table 2. The mean read base quality score was >30, thus guaranteeing high base 
call accuracy. For all the test samples, an approximately 500-fold coverage and the mean mapped read depth of >200 was 

Figure 2 Visualization of PCR products of the seven primer pairs amplifying full-length CYP2E1 gene for the test samples (n=3) by agarose gel electrophoresis. (A) PCR 
products of the primer pairs Nr. 1, 2 and 3. (B) PCR products of the primer pair Nr. 4. (C) PCR products of the primer pairs Nr. 5, 6 and 7. Names of the primer pairs used 
to generate the PCR fragments are indicated. M – DNA molecular weight marker GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific Baltics, UAB, Lithuania); size of the 
three reference bands (6000, 3000 and 1000 bp) is indicated; 30, 32 and 33 – test DNA samples. 
Abbreviations: Fw, forward; Rw, reverseNC, negative control.
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achieved, thus a high degree of confidence was reached. In all study samples, 98–99% of the target gene sequence was 
obtained with at least tenfold coverage, while less than 0.1% of the target fragment has been ascertained with zero 
coverage. No significant differences in the coverage distribution between exons and introns were observed. The Sanger 
sequencing results for randomly selected variants (n = 8; Sample 30, rs12761234; rs2070676; rs8192777; Sample 32, 
rs12761234, rs2070676, rs28371747; Sample 33, rs8192777; rs28371747) have confirmed that (a) amplification products 
correspond to the target genes, and (b) the detected SNVs were consistent with the results of NGS sequencing, therefore 
verifying the accuracy of the developed protocol. Representative chromatograms of the Sanger sequencing results are 
shown in Supplementary Figure 1.

All detected SNVs were grouped according to the location and functional classification. In total, each sample contained 
24–40 SNVs; the majority of the detected SNVs were intronic (87/102), one synonymous exonic, three variants were 
located in a 3` untranslated region (3`UTR), five – intergenic, and two upstream SNVs (Table 3). Overall, 57 of the detected 
variants were dbSNP database-referenced, and one SNP (rs2249694) was included in the Obesity-related traits database17 

(Supplementary Table 1). In our sample set, three allelic variants CYP2E1*6 (rs6413432, T>A), CYP2E1*1B (rs2070676, 
G>A/C/T) and CYP2E1*7A (rs2070673, A>T) were identified; according to the PharmGKB Clinical annotation, all these 
variants were associated with the impaired drug efficacy and/or toxicity (level of the evidence: 3).10

Discussion
The study results demonstrated the successful development of the NGS-based protocol which allowed to generate sequencing 
data with sufficient quality and could be successfully used to detect polymorphic sites dispersed throughout the entire CYP2E1 
gene with a high degree of confidence. The proposed method is not limited by the screening of specific SNVs, or sequencing of 
separate coding regions. The selection of the primer sets for the amplification of overlapping gene fragments appeared to be 
highly specific, as a minimal number of byproducts was observed, and the additional size selection step during the library 
preparation efficiently helped to overcome this problem. The coverage depth of the entire target region indicated in the ability 
to detect all possible variants of interest, which is not limited by the targeted screening of only specific SNVs, or by sequencing 
of the coding gene regions only. Also, no significant differences in the coverage distribution between exons and introns were 
observed indicating the high-level performance of the assay.

In this study, apart from a number of different SNVs, three CYP2E1 alleles, which are common in the European 
population, were identified among the study participants, namely CYP2E1*6, CYP2E1*1B, and CYP2E1*7A. As the 
number of samples in this study was very low, this result has only an indicative character pointing out a high variability 
of the CYP2E1 gene. Overall, the available information regarding the clinical significance of CYP2E1 gene variations is 
scarce. Referring to the effects of some CYP2E1 gene polymorphisms, rs2515641 allele T was associated with decreased 

Table 2 Sequencing Data Quality for the Study Sample Set (n = 3)

Patient 
ID

Number of Reads 
Mapped

Average Read 
Length, bp

Mean Read Base 
Quality Score

Mean Mapped 
Read Depth

≥Tenfold 
Coverage*

No 
Coverage**

30 74,943 162 37.8 255 99.20% 0.06%

32 79,585 158 37.8 263 99.00% 0.07%

33 64,975 166 37.8 283 98.20% 0.02%

Notes: *Percentage of the target fragment (11,761 bp) with at least tenfold coverage, genomic coordinates chr10:133527363-133539123. **Percentage of the target 
fragment (11,761 bp) with zero coverage, genomic coordinates chr10:133527363-133539123.

Table 3 Classification of the Identified Single Nucleotide Variants

Sample ID Intronic Variants Exonic Variants 3` UTR Variants Upstream Intergenic Total

30 38 0 2 0 0 40

32 27 1 3 2 5 38

33 22 0 2 0 0 24
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likelihood of toxic liver disease when treated with cytarabine, fludarabine, gemtuzumab, ozogamicin and idarubicin in 
people with myeloid leukemia, as compared to allele C.18 Recently, it was reported that synonymous mutation rs2515641 
affects CYP2E1 mRNA and protein expression and susceptibility to drug-induced liver injury.19 CYP2E1*1B CG 
genotype (rs2070676) showed an association with adverse drug reaction development in latent TB infection patients,20 

while rs6413432 polymorphism was associated with increased progression-free survival in ovarian cancer patients 
receiving cisplatin-cyclophosphamide therapy.21,22

The lack of information concerning the evidence-based clinical annotations of specific CYP2E1 genetic variants, in 
contrast to other members of the CYP450 family such as CYP2D6, CYP2C9 and CYP2C19, indicates that current 
understanding of CYP2E1 genetic variation is incomplete and further studies are needed.

Besides its role in metabolism of xenobiotics including drugs, toxins and procarcinogens, CYP2E1 is also related in 
several diseases and pathophysiological conditions.23 Thus, this reliable full-length CYP2E1 gene sequencing approach 
could be useful in many study fields, especially those aimed to identify the possible association between genetic variants 
and corresponding phenotypes affecting treatment response.

Conclusions
In summary, the developed NGS-based sequencing protocol allows to derive a comprehensive and consolidated overview 
of CYP2E1 genetic diversity and inter-individual variability, which could be useful for the implementation of population- 
specific genotyping strategies.

Abbreviations
SNV, single nucleotide variants; NGS, next-generation sequencing; IGV, Integrative Genome Viewer.
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