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Abstract: Background: Vitamin D is a fat-soluble cholesterol derivative found in two forms, vitamin
D2, and vitamin D3. Cytochrome P450 2R1 (CYP2R1) encoded by the CYP2R1 gene is the major
hydroxylase that activates vitamin D by catalyzing the formation of 25-hydroxyvitamin D (25(OH)D).
Methods: We collected 89 (100%) subjects, 46 of which (51.69%) had a documented severe deficiency
of 25(OH)D (<10 ng/mL) and 43 (48.31%) in the control group with documented optimum levels of
25(OH)D (>30 ng/mL). We performed Sanger sequencing of three selected fragments of the CYP2R1
gene (Ch11: 14878000–14878499; Ch11: 14880058–14880883 and Ch11: 14885321–14886113) that
affect the binding of substrates to this enzyme and analyzed the possible involvement of genetic
variation in these regions with an increased risk of vitamin D deficiency in healthy Polish individuals.
Results: Two substitutions were found within the three fragments. Bioinformatic analysis suggested
that one of these (NC_000011.10: g.14878291G>A) may influence the structure and function of
CYP2R1. Conclusions: Variant NC_000011.10: g.14878291G>A may have a perturbing effect on heme
binding in the active site of CYP2R1 and on the function of 25-hydroxylase and probably affects the
concentration of 25(OH)D in vivo. We intend to perform functional verification in a larger patient
population to confirm and extend these results.

Keywords: vitamin D; metabolism of vitamin D or its analogs; cytochrome P450; CYP2R1;
25-hydroxylase

1. Introduction

Vitamin D is a fat-soluble cholesterol derivative found in two forms that differ in their
side-chain structure: vitamin D2 (ergocalciferol, naturally occurring in plant organisms)
and vitamin D3 (cholecalciferol, produced in animal organisms) [1,2]. There are two main
sources of vitamin D: synthesis in the skin from cholesterol and food products (diet and
vitamin supplements) [3,4]. Although initial studies on vitamin D mainly focused on bone
metabolism, this molecule has recently become the subject of interest in other fields of
medicine and has been suggested to play a key role as a risk factor for cardiological diseases
(CVD) including stroke, atherosclerosis, myocardial infarction (MI), and coronary artery
disease (CAD) [5–7]. At present, according to the guidelines the optimal concentration of
25-hydroxyvitamin D (25(OH)D) in serum to ensure the pleiotropic effect of this vitamin is
from 30 to 50 ng/mL (75–125 nmol/L) [8]. A concentration of 20–30 ng/mL (50–75 nmol/L)
is considered suboptimal; values in the range 10–20 ng/mL (25–50 nmol/L) are defined as
moderate deficiency, while those below 10 ng/mL (below 25 nmol/L) are considered as
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severe vitamin D deficiency. A serum 25(OH)D concentration above 100 ng/mL (above
250 nmol/L) can be toxic for the human body [8,9].

Cytochrome P450 2R1 (cytochrome P450 family 2 subfamily R member 1, CYP2R1)
encoded by the CYP2R1 gene located at the p15.2 locus of chromosome 11, is the major
hydroxylase that converts vitamin D in the liver to the intermediate 25(OH)D [10,11]. The
CYP2R1 gene contains five exons that are translated into a 501-amino acid protein with a
molecular weight of 57,359 Da, which has the structure of a typical cytochrome P450 [12].
The structure of CYP2R1 is stabilized by electrostatic interactions between the C-terminal
end of the G-helix of one molecule (Arg259 and Asp255) and the N-terminal residues of the
F-helix of the other molecule (Asp206 and His209). It consists of α (A–L) helices, β sheets,
and heme located deep inside the protein. The E, I, J, K, and L helices form the core of
the enzyme, while the F and G helices are involved in creating its active center. The B′

helix is one of the substrate recognition sites (SRS). The active site is formed by 19 amino
acid residues: Leu114, Phe115, Met118, Leu125, Asn126, Phe214, Asn217, Ala221, Ala250,
Val253, Tyr254, Phe302, Glu306, Ala310, Thr314, Val375, Ile379, Met487, and Thr488 [13].

The promoter region of the CYP2R1 gene is located within the CpG island, which may
be epigenetically regulated. Fetahu et al. indicate increased methylation of the promoter
in DNA of leukocytes from people with severe vitamin D deficiency [14]. In addition, the
methylation level of the CYP2R1 promoter was found to be reduced in postmenopausal
women within 12 months of starting supplementation with vitamin D. This promoter may
undergo methylation at low vitamin D concentrations in the serum, which is reversed after
supplementation with this vitamin [14].

Genome-Wide Association Studies (GWAS) have provided valuable information on the
role of CYP2R1. Variants within the CYP2R1 gene have been identified that are potentially
related to serum 25(OH)D concentration [15,16]. Previous studies focusing on the genetic,
dietetic, and environmental aspects of 25(OH)D production [3,10,17], together with the
high level of conservation of CYP2R1 across all mammalian species, suggest a significant
biological role of this molecule in ensuring vitamin D homeostasis in liver cells and in
other cells of the body [18,19]. Understanding how genetic changes in the CYP2R1 gene
can affect the activity of this enzyme is a key to determining how these may predispose
patients to diseases such as metabolic syndrome or CAD.

The aim of this study was to sequence three selected fragments of the CYP2R1 gene,
corresponding to the substrate binding and metal-binding sites of CYP2R1, to investigate
the contribution of genetic variations to increased risk of vitamin D deficiency.

2. Materials and Methods
2.1. Patients

We collected 89 (100%) healthy subjects between 18 and 35 years of age, 46 of which
(51.69%) had a documented severe vitamin D deficiency (defined as serum 25(OH)D
<10 ng/mL) and were used as a study group, while the remaining 43 (48.31%) had a
documented optimum level of vitamin D (defined as >30 ng/mL) and were used as
a control group. The study group included 25 (54.35%) men and 21 (45.65%) women,
whereas the control group consisted of 21 (48.84%) men and 22 (51.16%) women. Subjects
were recruited from the Silesian Centre for Heart Diseases in Zabrze, Poland between July
2015 and October 2017 as part of the MAGNETIC (Metabolic and Genetic Profiling of Young
Adults with and without a Family History of Premature Coronary Heart Disease) Study.
Patients’ anthropometric, biochemical, lifestyle-related results, and values of Intima-Media
Thickness (IMT) and Visceral Adiposity Index (VAI) were obtained from the MAGNETIC
project [20]. The criteria for inclusion in the study group were: 25(OH)D concentration
below 10 ng/mL, age over 18 and under 35, no chronic diseases requiring pharmacotherapy,
and no vitamin supplementation. For the control group, the criteria were identical except
for 25(OH)D concentration, which was required to be above 30 ng/mL. Exclusion criteria
included: pregnancy, lactation, and the lack of signed informed consent for the study.
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2.2. Biochemical Analyses

Peripheral blood was collected from each patient to test selected biochemical and
immunochemical parameters (cholesterol, LDL, HDL, TG, Lp(a), Apo A, Apo B, hsCRP,
FG, HBA1C, bilirubin, ALAT, ASPAT, GGT, fibrinogen, ALP, 25(OH)D, and total calcium,
phosphorus). Blood was drawn during the morning recruitment visit and on an empty
stomach (8–10 h after the last meal) into three different tubes: S-Monovette tubes coated
with EDTA (Sarstedt AG&Co. KG., Nümbrecht, Germany) for whole blood or plasma,
S-Monovette tubes with a clotting activator (Sarstedt AG&Co. KG., Nümbrecht, Germany)
for serum, and S-Monovette tubes with 3.1% sodium citrate (Sarstedt AG&Co. KG., Nüm-
brecht, Germany) for fibrinogen content. The collected blood was centrifuged at 1500 rpm
for 10 min at 4 ◦C to obtain serum. Measurements were made using a Cobas 6000 analyzer
(Roche Diagnostics, Indianapolis, IN, USA) at 3000 rpm for 10 min at 4 ◦C for plasma.
The fibrinogen content was determined using a BCS XP analyzer (Siemens Healthcare,
Erlangen, Germany).

2.3. CYP2R1 Gene Sequencing
2.3.1. DNA Isolation

DNA was isolated using the MagCore® Genomic DNA Whole Blood Kit (RBC Bio-
science Corp., New Taipei City, Taiwan) based on separation on magnetic beads and
quantitated using an Epoch™ spectrophotometer (BioTek Instruments, Inc., Winooski,
VT, USA).

2.3.2. PCR of Selected Fragments of the CYP2R1 Gene

Three fragments of the CYP2R1 gene were selected for Sanger sequencing analysis using
the Primer-BLAST software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?
LINK_LOC=BlastHome, accessed on 9 December 2021) available from the National Center
of Biotechnology Information (NCBI). Primers were synthesized and purified by HPLC
(Genomed, Warsaw, Poland). Primer sequences are provided in Supplementary Table S1.

PCR reactions for selected fragments of the CYP2R1 gene were carried out using
DyNAzyme II DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) in a Simpli-
Amp™ Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA). The conditions for
each pair of primers were determined experimentally (Supplementary Tables S2 and S3).

2.3.3. Purification of the CYP2R1 PCR Products

Each PCR product was incubated with Exo-BAP Mix (Eurx, Gdańsk, Poland) to remove
primers and free nucleotides by thermo-sensitive alkaline phosphatase and Exonuclease I. The
reaction was carried out using the manufacturer’s recommendations (Supplementary Table S4).

2.3.4. Fluorescence-Based Cycle Sequencing Reaction

After purification of PCR products, their concentration was measured by a Quanti-
Fluor dsDNA System (Promega Corporation, Madison, WI, USA) using a Quantus Nucleic
Acid Quantification Fluorometer (Promega Corporation, Madison, WI, USA) according to
the manufacturer’s instructions. To perform a cycle sequencing reaction, purified PCR prod-
ucts were used to assemble the reaction using the reagents of the dedicated ABI PRISM®

BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the instructions of the manufacturer (Supplementary Table S5).

2.3.5. Purification of Templates after Cycle Sequencing Reaction

Samples were kept on a microplate vortex mixer for 30 min at 2000 rpm at room tem-
perature (IKA MS3 Digital, IKA Werke GmbH&Co. KG, Staufen, Germany) with BigDye®

XTerminatorTM Purification Kit solutions (Thermo Fisher Scientific, Waltham, MA, USA)
to remove salts and unincorporated BigDye® terminators (Supplementary Table S6). Next,
samples were centrifuged at 1890 rpm for 2 min in a swinging-bucket centrifuge, and the
supernatant was used for separation in the analyzer.

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
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2.3.6. Capillary Electrophoresis

Separation of the purified PCR products was carried out in a 3130 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA) using a 3130/3100-Avant 4-Capillary Ar-
ray, 36 cm (Thermo Fisher Scientific, Waltham, MA, USA) designed for sequencing and
fragment analysis. The 3130 POP-7TM Performance-Optimized Polymer (Thermo Fisher
Scientific, Waltham, MA, USA) and dedicated by manufacturer buffer with EDTA (Thermo
Fisher Scientific, Waltham, MA, USA) were used for sample separation. The results of the
analysis were collected using the 3130 Genetic Analyzer software (Applied Biosystems,
Foster City, CA, USA).

2.4. Bioinformatic Analysis

Trace files (in AB1 format) were inspected using the Applied Biosystems Sequencing
Analysis Software (Thermo Fisher Scientific, Waltham, MA, USA). Bioinformatic data
analysis was carried out by the Molecular Biology Core Research Laboratory of the Natural
History Museum in London, using in-house developed Python scripts in conjunction with
Tracy [21] for trace decomposition of forward and reverse strands, BCFtools [22] for InDels
left alignment and merging of the normalized variants across the three fragments of the
CYP2R1 gene, and VEP [23] for variant annotation to the human GRCh38 reference genome.
Annotation databases included HGVS nomenclature, allele frequencies from large genomic
projects (1000 Genomes, ExAC, GnomAD), as well as Ensembl transcript identifiers and
mutation consequences on the downstream protein sequence. The detected variants
were confirmed using GeneStudioTM Pro 2.2.0.0 software (GeneStudio Inc., Suwanee,
GA, USA) [24].

Three different prediction tools were used to verify the effect of the observed substi-
tutions in CYP2R1: SIFT, PolyPhen, and SpliceAI. SIFT predicts the probability of amino
acid substitution effects on protein function based on sequence homology and physico-
chemical similarity between alternative amino acids. Variants with scores in the range
of 0.0 to 0.05 are considered deleterious, whereas variants with scores in the range of
0.05 to 1.0 are predicted to be tolerated (benign) [25,26]. PolyPhen-2 predicts the effect
of amino acid substitution on protein structure and function using sequence homology
and databases such as Pfam or 3D structures from PDB. The score ranges from 0.0 (tol-
erated) to 1.0 (deleterious), and values closer to 1.0 are more confidently predicted to be
deleterious. The score can be interpreted as benign (test value ≤0.446); possibly damaging
(test value >0.446 and ≤0.908), or probably damaging (test value >0.908) [26,27]. SpliceAI
is a residual convolutional neural network by which the probability of RNA splicing in
donor or acceptor DNA sequences can be predicted. SpliceAI calculates four delta scores
(DS) for each variant, indicating the likelihood of a given variant to result in acceptor gain
(AG), acceptor loss (AL), donor gain (DG), or donor loss (DL) [28,29]. Delta scores range
from 0 to 1 and can be interpreted as the probability of the variant being splice-altering.
CYP2R1 variants were analyzed by SpliceAI to predict the types of RNA splicing resulting
from genetic variation. We calculated the probability of RNA splicing types for alternative
nucleotides based on reference sequences (GRCh38/hg38). Each DS score is defined as
the maximum difference between the reference and alternative probabilities at the splicing
sites. SpliceAI also provided the position of acceptor/donor loss or gain, which indicates
the location of splicing changes with probability relative to the position of interest; positive
delta position values indicate that splicing changes are downstream of the variant, while
negative values are upstream [29].

2.5. Statistical Methods

The STATISTICA v.13.3 software (StatSoft, Kraków, Poland) was used for statistical
analysis of the results. Clinical data of the study groups are presented in the form of the
median and interquartile range, while the data in the nominal scale are presented as a
percentage of the total. The comparison of clinical data between the control group and the
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study group was carried out using the Mann–Whitney U test and the Pearson chi-square
test. A significance level of p < 0.05 was adopted for all statistical analyses.

3. Results

Bioinformatic analysis of the sequencing results was carried out in 46 subjects with a
concentration of 25(OH)D below 10 ng/mL (mean concentration 7.13 ng/mL ± 2.16 ng/mL)
and in 43 subjects with the normal concentration of 25(OH)D (mean concentration
43.40 ng/mL ± 8.63 ng/mL). Biochemical and anthropometric parameters, as well as
data related to lifestyle, are presented in Table 1.

Table 1. Comparison of anthropometric, biochemical and lifestyle data in the study and the con-
trol group.

Parameters
25(OH)D > 30 ng/mL

n (%)
43 (100%)

25(OH)D < 10 ng/mL
n (%)

46 (100)

p-Value
U Mann–Whitney/2

Physical activity
low

moderate
high

11 (25.58)
20 (46.51)
12 (27.91)

17 (36.96)
22 (47.82)
7 (15.22)

0.273

BMI (kg/m2) 23.42 (22.20; 25.15) 24.62 (22.43; 26.20) 0.440

FH of DM2 10 (23.26) 7 (15.22) 0.335

FH of P-CAD 27 (62.79) 29 (63.04) 0.980

WC (cm) 81.25 (75.00; 89.00) 86.00 (76.00; 92.00) 0.535

WHR 0.86 (0.82; 0.90) 0.85 (0.82; 0.89) 0.932

VAI 0.81 (0.65; 1.11) 1.12 (0.84; 1.33) 0.024

SBP (mmHg) 123.00 (120.00; 128.00) 126.71 (124.00; 135.00) 0.044

DBP (mmHg) 75.00 (72.00; 79.00) 81.50 (77.46; 90.00) 0.002

Smoking, n (%)
smoker

non-smoker
smoked in the past

9 (20.93)
27 (62.79)
7 (16.28)

12 (26.09)
28 (60.87)
6 (13.04)

0.876

IMT (mm)
right (average)
left (average)

0.54 (0.52; 0.57)
0.55 (0.52; 0.60)

0.54 (0.50; 0.57)
0.54 (0.50; 0.59)

0.813
0.576

Cholesterol (mmol/L) 4.80 (4.23; 5.04) 4.56 (4.08; 4.95) 0.812

LDL (mmol/L) 2.73 (2.50; 3.22) 2.71 (2.39; 3.02) 0.921

HDL (mmol/L) 1.52 (1.33; 1.73) 1.34 (1.16; 1.48) 0.004

HDL (%) 34.00 (29.00; 39.00) 29.00 (25.00; 33.00) 0.047

TG (mmol/L) 0.83 (0.67; 1.08) 1.04 (0.77; 1.23) 0.063

Lp(a) (nmol/L) 10.00 (5.00; 15.00) 15.00 (7.00; 23.00) 0.579

Apo A (g/L) 1.60 (1.48; 1.72) 1.49 (1.42; 1.63) 0.071

Apo B (g/L) 0.88 (0.76; 0.94) 0.87 (0.77; 0.95) 0.850

hsCRP (mg/dl) 0.99 (0.64; 1.24) 1.15 (0.88; 1.40) 0.278

FG (mmol/L) 4.90 (4.70; 5.10) 4.95 (4.80; 5.10) 0.446

HBA1C (%) 5.00 (4.90; 5.10) 5.00 (4.90; 5.10) 0.876

LDH (U/L) 159.00 (153.00; 170.00) 168.50 (160.00; 173.00) 0.177
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Table 1. Cont.

Parameters
25(OH)D > 30 ng/mL

n (%)
43 (100%)

25(OH)D < 10 ng/mL
n (%)

46 (100)

p-Value
U Mann–Whitney/2

Bilirubin (µmol/L) 8.40 (6.20; 10.80) 9.60 (6.90; 11.40) 0.364

ALAT (U/L) 16.00 (14.00; 19.00) 20.00 (15.00; 25.00) 0.347

ASPAT (U/L) 18.00 (17.00; 19.00) 19.00 (17.00; 20.00) 0.550

GGT (U/L) 16.00 (13.00; 19.00) 24.50 (15.00; 31.00) 0.035

Fibrinogen (mg/dl) 249.00 (221.00; 294.00) 261.00 (242.00; 282.00) 0.496

ALP (U/L) 57.00 (55.00; 64.00) 59.00 (55.00; 66.00) 0.675

25(OH)D (ng/mL) 45.00 (39.00; 47.00)
43.40 ± 8.63

7.00 (7.00; 8.00)
7.13 ± 2.16 <0,001

Total calcium
(mmol/L) 2.42 (2.38; 2.46) 2.40 (2.35; 2.42) 0.169

Phosphorus
(mmol/L) 1.08 (1.00; 1.16) 1.06 (1.00; 1.10) 0.297

Abbreviations: BMI—body mass index; FH of DM2—family history of type 2 diabetes; FH of P-CAD—family
history of premature coronary artery disease; WC—waist circumference; WHR—waist-hip ratio; VAI—visceral
adiposity index; SBP—systolic blood pressure; DBP—diastolic blood pressure; IMT—intima-media thickness;
LDL—low-density lipoprotein; HDL—high-density lipoprotein; TG—triglycerides; Lp(a)—lipoprotein a; Apo
A—apolipoprotein A; Apo B—apolipoprotein B; hsCRP—high sensitivity C-reactive protein; FG—fasting glu-
cose; HBA1C—glycosylated hemoglobin; LDH—lactate dehydrogenase; ALAT—alanine transaminase; ASPAT—
aspartate aminotransferase; GGT—glutamyl transpeptidase; ALP—alkaline phosphatase; 25(OH)D—25 hydrox-
yvitamin D.

A total of 159 mutations were found in the 3 investigated fragments of the CYP2R1
gene among the 89 participants. 44 mutations occurred in fragment 1, 30 in fragment 2, and
85 in fragment 3. After evaluating these variants with GeneStudioTM Pro 2.2.0.0. software
(GeneStudio Inc., Suwanee, GA, USA), the number of detected changes was narrowed
down to only two substitutions (Figure 1). These occurred in 10 patients, with 1 variant
being found in 9 patients and both variants in 1 patient. Eight of the 10 participants who
had 1 mutation were from the group with vitamin D deficiency, and the remaining 2 were
from the control group.
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Figure 1. Structure of the human cytochrome P450 family 2 subfamily R member 1 (CYP2R1) gene
and designation of the NC_000011.10:g.14878291G>A and NC_000011.10: g.14878336T> G variants
detected here. The location of the human gene is based on data obtained from Genome Data
Viewer [30].
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The predicted effect of these amino acid substitutions on the structure and function
of CYP2R1 was analyzed using SIFT and PolyPhen prediction tools. Additionally, the
potential for acquiring or losing alternative splicing sites was verified by SpliceAI. The first
detected variant, NC_000011.10:g.14878291G>A (c.1337G>A), is a missense mutation that
probably impairs (or damages) the structure and function of the protein—the value of the
PolyPhen score analysis was 1.0, and for SIFT, it was 0.0. This variant led to a replacement of
arginine (Arg) with lysine (Lys) at codon 446 (p.Arg446Lys) and was detected in 3 subjects
with a 25(OH)D concentration below 10 ng/mL and in 2 persons from the control group
(Figure 2). The result of the SpliceAI analysis (DS score = 0.25 (6 bp)) suggests that this
variant may have lost a splicing acceptor site (Table 2), and additionally, it should be noted
that Arg446 is one of the heme-binding sites [31]. This variant has not been reported in
individuals with CYP2R1-related or other conditions, nor in population databases (no
frequency in ExAC); however, in the dbSNP database, another variant can be found at this
position (rs1555010445->GT, ExAC 0.000%). Bioinformatic algorithms designed to predict
the effect of missense changes on protein structure and function (SIFT, PolyPhen-2) suggest
that this variant may be impairing; however, this prediction has not yet been confirmed in
published functional studies.
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Figure 2. Basic characterization of patients with detected variants of the selected fragments of the CYP2R1 gene. Abbrevia-
tions: 25(OH)D—25 hydroxyvitamin D; LDL—low-density lipoprotein; HDL—high-density lipoprotein; TG—triglycerides;
FG—fasting glucose; BMI—body mass index; SBP—systolic blood pressure; DBP—diastolic blood pressure.
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Table 2. Characteristics and analysis of the variants detected.

Variant Description

Variant (GRCh38) NC_000011.10:g.14878291G>A NC_000011.10:g.14878336T>G

NM_024514.5 c.1337G>A
(p.Arg446Lys) c.1331-39T>G

Variant type Missense variant Intron variant

Bioinformatic Analysis

SIFT score 0.0 (deleterious) -

PolyPhen score 1.0 (probably damaging) -

SpliceAI DS (bp)

acceptor loss 0.25 (6 bp) 0.04 (−39 bp)

donor loss 0.00 (−36 bp) 0.00 (2 bp)

acceptor gain 0.00 (−31 bp) 0.00 (4 bp)

donor gain 0.00 (47 bp) 0.00 (−2 bp)
Abbreviations: bp—base pair; GRCh38—Genome Reference Consortium Human Build 38; SIFT—Scale Invariant
Feature Transform; SpliceAI DS—SpliceAI delta score; PolyPhen—Polymorphism Phenotyping v2.

The second detected variant (NC_000011.10: g.14878336T>G (c.1331-39T>G) is an
intron variant and was identified in 5 subjects with a concentration of 25(OH)D below
10 ng/mL and in 1 person with a concentration above 30 ng/mL (Figure 2). SpliceAI
analysis did not show any significant effect on alternative splicing (Table 2). This variant is
not present in population databases (no frequency in ExAC) and has not been reported in
the literature in individuals with CYP2R1-related or other conditions.

4. Discussion

The missense mutation described in our study at position NC_000011.10:g.14878291G>A
of the CYP2R1 gene results in an Arg substitution to Lys at position 446. Arg has a pos-
itively charged guanidine group and is often found at sites that bind to phosphorylated
substrates [32]. Although six codons in the genetic code for Arg [33] this does not translate
into a high frequency of this amino acid in proteins; indeed, arginine is one of the rarest
amino acids found in proteins [32,34]. In turn, Lys is an amino acid whose positively
charged ε-amino group is highly reactive and is often involved in reactions at the active
centers of enzymes [35]. Studies of membrane proteins suggest that Arg and Lys may
play a similar role [36]; both are basic with a high pKa value in water (12.0–13.7 for Arg
and ~10.5 for Lys), but Arg provides greater stability to protein structure compared to Lys
because its guanidinium group allows interaction in three possible directions through three
asymmetric nitrogen atoms, while the Lys functional group allows only one direction of
interaction [37]. This means that Arg has a greater potential to create more electrostatic
interactions than Lys, and most likely, this contributes to the formation of stronger interac-
tions; additionally, Arg produces more stable ionic interactions compared to Lys due to
the higher pKa of its basic residue [38–42]. According to the literature, CYP2R1’s substrate
selectivity may be explained by the interactions near the entrance to the substrate-binding
site where sequestration of the secosterol portion of the substrate occurs. CYP2R1, simi-
larly to other microsomal CYP proteins, uses both electrostatic interactions with the redox
partner NADPH-cytochrome P450 reductase in complex formation. Mapping of interacting
residues revealed their localization as Arg131, Arg137, and Arg145 in the C helix, Lys434,
Lys435, and Arg445 in the meander region, and Arg455 in the L helix. Additionally, Trp133,
Arg137, and Arg446 are involved in heme binding by hydrogen bonds to the D-ring propi-
onate [13,31,43]. As shown by the results of SIFT, PolyPhen, and SpliceAI, the mutation
identified may affect CYP2R1 protein function. Due to the fact that Arg446 is one of the
residues involved in heme binding to the CYP2R1 active site, the detected substitution may
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affect its binding to CYP2R1 and may have a potential effect on substrate hydroxylation.
This prediction has not yet been confirmed in published functional studies, so its clinical
significance is uncertain and requires further verification and confirmation. The available
evidence is insufficient to determine the role of this variant in 25(OH)D deficiency. The
second intron substitution (NC_000011.10:g.14878336T>G) identified in this work has not
been described in previous studies. Despite the lack of literature data, it can be concluded
that these variants occurring in the CYP2R1 gene may affect its structure and function.

Variants within the CYP2R1 gene that are potentially associated with serum 25(OH)D
concentration have been identified in other studies [15,16]. Published studies of the heredi-
tary form of rickets caused by a defect in vitamin D 25-hydroxylation provide evidence
for a significant role of this cytochrome as vitamin D 25-hydroxylase. The molecular basis
for 25-hydroxylase deficiency in Cheng et al. [17] is an NC_000011.10:g.14885847A>G
(p.Leu99Pro) mutation in exon 2 of the CYP2R1 gene, and the role of Leu99 in CYP2R1
protein folding is consistent with the assumption that this mutation eliminates CYP2R1
activity. Additionally, analyses suggest that this mutant protein does not have vitamin
D3 hydroxylation activity but does have residual vitamin D2 hydroxylation activity [17].
In addition, studies by Thacher et al. conducted among Nigerian children with famil-
ial rickets and vitamin D deficiency indicate a significant role of this and the c.726A>C
(p.Lys242Asn) mutation in reducing 25-hydroxylase activity [12]. Other analyses of siblings
with symptoms of vitamin D deficiency and rickets by al Mutair et al. detected two CYP2R1
mutations, NC_000011.10:g.14885775C>T (c.367+1G>A) and NC_000011.10:g.14880371dup
(p.Leu257fs). The former mutation is within the highly conserved splicing sequence of
intron 2 CYP2R1 donor and may lead to the formation of an mRNA that is unstable or
translated to a shorter protein, and the latter is a thymine insertion in exon 3 that leads
to a frameshift mutation and to the formation of a shorter protein [44]. Another vari-
ant (NC_000011.10:g.14892069_14892082delinsCG (p.Gly42_Leu46delinsArg) described by
Molin et al. may lead to the formation of a protein deficient in one of the four intramem-
brane hydrophobic domains, and in silico analyses indicate that it may lead to modification
of the three-dimensional conformation of the substrate access channel and thus may disrupt
the hydroxylation process [45].

Additionally, earlier studies indicate that selected polymorphisms of the CYP2R1 gene
are related to serum vitamin D concentration. The variant rs10741657 is located in the
non-coding region of the 5′-UTR and can potentially modify the expression of the CYP2R1
gene, which may translate into a change of enzymatic activity [46,47]. In a meta-analysis by
Duan et al., the GG genotype was associated with a decreased concentration of 25(OH)D,
and the G allele of this polymorphism was associated with an increased risk of vitamin
D deficiency [47]. A similar trend has been reported in other studies [48–50]. Nissen et al.
showed a carrier relationship of the G allele of this polymorphism with a lower concen-
tration of vitamin D. Participants with a G allele (GG and GA) had a lower concentration
of vitamin D compared to those with an AA genotype [50]. Lafi et al. showed higher
concentrations of vitamin 25(OH)D in healthy participants with the A allele compared
to the wild-type genotype of rs10741657 [48]. The relationship between the rs10741657
polymorphism and the concentration of 25(OH)D and CAD showed a significantly lower
concentration of 25(OH)D in patients, and therefore this polymorphism has been proposed
as a new genetic marker of CAD. The second variant analyzed in this study, rs12794714,
did not show a relationship between its distribution and the concentration of 25(OH)D and
CAD [51], confirming the meta-analysis by Duan et al. [47].

Vitamin D in the form of two analogs, D3 and D2, is an inactive compound that
requires bioactivation for biological activity. Vitamin D3, synthesized from its precursor
7-dehydrocholesterol by exposure of the skin to UVB light, and vitamin D2 found in plants
are first 25-hydroxylated mainly in the liver by CYP enzymes, for example, mitochondrial
CYP27A1 (vitamin D3) or microsomal CYP2R1 (vitamin D3 and D2) [1,52]. In the next
step, 25(OH)D is metabolized to the active metabolite, vitamin 1,25D (1,25(OH)D) by
mitochondrial CYP27B1, which occurs mainly in the kidney. 1,25(OH)D interacts with
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the cell vitamin D receptor (VDR) and retinoid X receptor (RXR) and in this way acts
as a transcriptional regulator of the expression of genes controlling proper cell growth,
differentiation, repair, and apoptosis [1,10]. The results of the above studies suggest that
CYP2R1 is the major vitamin D 25-hydroxylase, playing a fundamental role in its activation.
Since CYP2R1 is highly conserved in all studied species of mammals and is present in
many cells of the organism, it can be concluded that it plays an important role in vitamin
D economy and in maintaining organism homeostasis [18]. The present results indicate
that genetic changes within the sequence of the CYP2R1 gene have significant effects on
the process of vitamin D hydroxylation. The body’s supply of vitamin D also depends
on lifestyle, as well as environmental and genetic factors. The synthesis of 25(OH)D
depends on exposure to UV irradiation, age, skin pigment, and genetic changes [3,10].
CYP2R1 is considered to be the major vitamin D 25-hydroxylase, but it should be noted
that the 25-hydroxylation process itself may also involve other CYP family enzymes, which
also have 25-hydroxylase activity [53,54]. 25-hydroxylase activity has also been found in
human mitochondrial CYP27A1 [55] or microsomal CYP3A4 [56] and CYP2J2 [57]. The
literature shows that they differ in their substrate specificity in 25-hydroxylation of vitamin
D3 and D2, catalytic properties, and tissues distribution [53]. Literature data indicate
that the most critical 25-hydroxylase in humans is CYP2R1, as genetic variations in this
enzyme, but not in CYP27A1, are responsible for serum 25(OH)D deficiency [17,58]. In
addition, in a CYP2R1 knockout mouse (Cyp2r1−/− and Cyp2r1−/−/Cyp27−/−), a similar
50% reduction in 25(OH)D3 was found in both models. The remaining 50% was most
likely provided by the functioning of other enzymes capable of 25-hydroxylating vitamin
D3. Additionally, an increased CYP2R1 transcript level was observed by real-time PCR
in the Cyp27a1−/− model. These observations indicate that CYP2R1 is the major but not
the only 25-hydroxylase of vitamin D [59]. As there is evidence that CYP2R1 is the key
vitamin D 25-hydroxylase [17,54,55], we believe that the mutations discovered here may
have an impact on 25(OH)D formation. In the future, we plan to expand this analysis
further by performing studies on CYP2R1 and other CYP family enzymes expression and
its vitamin D hydroxylation activity in human wild-type and mutant constructs, with a
wider patient cohort [12,17,45]. The effect of the detected intron variant on splicing will
be tested using splicing reporter minigene assay by transient cell lines transfection with a
minigene construct [60,61].

5. Conclusions

The mutation NC_000011.10:g.14878291G>A in CYP2R1 identified here may have
a perturbing effect on heme binding in the active site of CYP2R1 and on the function of
25-hydroxylase and probably affects the concentration of 25(OH)D in vivo. Our conclusion
should be verified by functional studies to confirm its clinical significance. Due to the lack
of literature evidence on the effect of variants on vitamin D concentration, this functional
validation should be conducted in a large patient population.
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associated with severity of coronary artery atherosclerosis and incidence of acute coronary syndromes in non-diabetic cardiac
patients. Arch. Med. Sci. 2019, 15, 359–368. [CrossRef] [PubMed]

6. Mozos, I.; Marginean, O. Links between Vitamin D Deficiency and Cardiovascular Diseases. BioMed Res. Int. 2015, 2015, 1–12.
[CrossRef]

7. Judd, S.E.; Tangpricha, V. Vitamin D Deficiency and Risk for Cardiovascular Disease. Am. J. Med. Sci. 2009, 338, 40–44. [CrossRef]
8. Płudowski, P.; Karczmarewicz, E.; Bayer, M.; Carter, G.; Chlebna-Sokół, D.; Czech-Kowalska, J.; Dębski, R.; Decsi, T.; Dobrzanska,
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