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Genetic and computational analysis
of AKR1C4 gene rs17134592
polymorphism in breast cancer
among the Bangladeshi population

Md. Akeruzzaman Shaon'3, Farzana Ansari'3, Zimam Mahmud*-3, Sonia Tamanna?,
Abdullah Al Saba?, Rushafi Sikder?, Tabassum Howlader? & Md. Zakir Hossain Howlader***

Breast cancer is characterized by the unchecked proliferation of breast cells. Variations in the
metabolism of steroid hormones can influence the risk of this disease by modifying the concentration
and the potency of these hormones. The enzyme AKR1C4, primarily found in the liver, is crucial

for regulating these hormone levels in the bloodstream. This research examined the relationship
between a polymorphic variant (rs17134592) of the AKR1C4 gene and the susceptibility to breast
cancer among the Bangladeshi population. A case-control study was conducted with 310 breast cancer
patients and 310 healthy individuals from Bangladesh. DNA was extracted using an organic process,
followed by genotyping through the PCR-RFLP technique. To validate the accuracy of genotyping
results, a subset of PCR products was randomly selected and confirmed using Sanger sequencing.
Statistical assessments were conducted to analyze the association of polymorphism, while molecular
dynamics simulation and diverse computational methods were employed to predict the structural and
functional impacts of the SNP. The results indicate that rs17134592 in the AKR1C4 gene is linked with
a heightened risk for breast cancer (p<0.0001, OR=3.39, 95% Cl=1.80 to 6.50 for the GG genotype in
additive model 2). The recessive model (GG vs. CC +CG) also showed an enhanced risk of susceptibility
to breast malignancy (p<0.0001, OR=3.25, 95% Cl=1.78 to 6.08). In the subgroup of post-menopausal
women, the risk of developing breast cancer was significantly higher for carriers of the GG genotype,
with relative risks of 4.02 and 3.92, in the additive model 2 and recessive model, respectively. However,
no significant correlations were observed between these genotypes and tumor grade or size in breast
cancer patients. Computational analysis suggested that the L311V mutation (rs17134592) could
potentially reduce the stability of the protein. Additionally, molecular dynamics simulations indicated
that the L311V mutation introduces notable conformational instability to the AKR1C4 enzyme,
potentially impacting its biological functionality and catalytic efficiency. In conclusion, the genetic
variant rs17134592 has been identified as significantly correlated with the prevalence of breast cancer
in the Bangladeshi population. Computational studies suggest that the L311V mutation in the AKR1C4
gene, corresponding to rs17134592, results in marked conformational instability and changes in
enzyme functionality.
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Breast cancer, the leading cause of cancer-related mortality among women globally, primarily originates from
duct-lining cells, with some arising from lobular linings or other tissues!—. According to the Global Cancer
Observatory (GLOBOCAN) 2022, breast cancer is the most common cancer among women, accounting for
23.8% of newly diagnosed female cancer cases worldwide (https://gco.iarc.who.int/media/globocan/factsheet
s/populations/900-world-fact-sheet.pdf). In Bangladesh, the 2022 GLOBOCAN report recorded 12,989 new
breast cancer cases and 6,162 deaths, ranking it fourth in incidence and sixth in cancer-related mortality in
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the country (https://gco.iarc.who.int/media/globocan/factsheets/populations/50-bangladesh-fact-sheet.pd
f). Early identification of breast cancer risk factors is crucial for screening and improving outcomes through
timely treatment. Higher incidences in developed countries are linked to factors like early menarche, late first
childbirth, nulliparity, obesity, alcohol consumption, sedentary lifestyle, and reduced breastfeeding®. In addition
to these, dietary factors and trace elements also contribute to breast cancer risk. Elements like selenium, zinc,
and copper affect oxidative stress and DNA damage®, while dietary patterns influence hormone metabolism and
inflammation®. The polymorphism of proteins influencing these factors can significantly affect susceptibility’.
Identifying genetic markers can lead to personalized therapies tailored to genetic risk profiles®.

Many research highlighted the critical role of genetics in different diseases”!? and as breast cancer, with
5-10% of cases attributed to hereditary factors'!. Key genes like BRCA1 and BRCA2 significantly increase breast
cancer risk'%, along with other genes such as PALB2, TP53, PTEN, CDHI1, CHEK2, and ATM, contributing
to varying susceptibilities'>!%. These genes often exhibit an autosomal dominant inheritance pattern. Gene
alterations in MYC, ERBB2, FGFRI, GATA3">, and AKR1C4'¢ also play pivotal roles in early cancer progression,
with AKRIC4 associated with increased mammographic percent density, a significant breast cancer risk factor!”.
The Aldo-keto reductase (AKR) superfamily is divided into 15 families, with human AKRs primarily found
in AKR1, AKR6, and AKR7. The AKRI family includes 6 subfamilies (AKR1A to AKR1G), with the AKR1C
subfamily containing 25 enzymes, four of which are from human (AKR1C1 to AKR1C4)!8-21,

The AKR1C4 enzyme, encoded by the AKRIC4 gene on chromosome 10 between positions p15 and pl4,
spans approximately 20 kb and comprises nine exons. The predominant AKR1C4 transcript measures about
1.3 kb, and the protein has a molecular weight of roughly 37 kDa, with 323 amino acids and the characteristic
(a/p), barrel structure typical of the AKRIC family*>**. Human AKR1C1-AKRIC4 enzymes are versatile
hydroxysteroid dehydrogenases (HSDs) with functions including 3a-, 17f-, and 20a-HSD, based on enzyme
type and conditions?*?*. Specifically, AKR1C4 primarily functions as a 3a-HSD with some 3B-HSD activity?.
Figure 1 presents that in the liver, AKR1C4 collaborates with 3-oxo-5a-steroid-4-dehydrogenase (5a-reductase)
to convert 5a-dihydrosteroids into 5a-tetrahydrosteroids, essential for the second phase of steroid hormone
metabolism with a A*-3-ketosteroid structure, thereby regulating steroid hormone levels®>~%’. As a specific
example, in both the classical and alternative pathway, AKR1C4 converts 5a-dihydrotestosterone (5a-DHT) into
5a-androstane-3a,17p-diol (3a-diol), and 5a-androstane-3p,17p-diol (3p-diol) which undergo glucuronidation
and sulfation for excretion?®~32. Notably, 3p-diol serves as an estrogen receptor p (ERp) ligand, inducing anti-
proliferative and apoptotic effects****. Furthermore, in the backdoor pathway, AKR1C4 and 5a-reductase
catalyze the conversion of progesterone (P) to 5a-pregnane-3,20-dione (5aP) and the subsequent reduction of
5aP to 3a-hydroxy-5a-pregnan-20-one (allopregnanolone), which is further transformed to 3a-diol by AKR1C3
for the excretion®-%". These activities highlight AKR1C4’s critical role in detoxifying excess steroid hormones
in the liver*>%,

So far mentioned above, AKR1C4 plays a crucial role in inactivating 5a-DHT, a molecule linked to cell
proliferation®, and converts it into 3a-diol and 3B-diol**-32, and 3pB-diol has antiproliferative and apoptotic
effects in estrogen-sensitive tissues like breast tissue through ERp receptor interaction®**°. Additionally, AKR1C4
reduces 5aP33-%, a metabolite that selectively upregulates estrogen receptor expression in estrogen-sensitive
tissues, promoting cancer development, particularly in breast tissue*’. Given its role in metabolizing these
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Fig. 1. Steroid hormone metabolism pathways involving AKR1C4. This schematic illustrates the involvement
of AKR1C4 in key steroid hormone metabolism pathways, including the backdoor pathway, classical pathway,
and alternative pathway. AKR1C4 plays a crucial role in converting 5a-pregnane-3,20-dione to 3a-hydroxy-5a-
pregnan-20-one in the backdoor pathway while also contributing to the conversion of 5a-dihydrotestosterone
to 5a-androstane-3a,17p-diol in the classical and alternative pathways. These metabolic processes influence
the balance of active androgens and estrogens, which are key regulators of breast tissue homeostasis and have
implications for breast cancer development.
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steroids that affect cell proliferation and cancer progression, understanding the impact of SNPs on AKR1C4’s
function is vital for its potential as a cancer marker.

Multiple SNPs in the AKRIC4 gene, found in coding and non-coding regions, are associated with various
diseases and physiological traits in individuals of European descent, including metabolite ratios??, triglyceride
levels**-*%, and hemoglobin levels*, as revealed by molecular epidemiology studies®”*8. GWAS identified specific
variants near AKR1C4, such as rs79717793 and rs7475279, that affect testosterone and sex hormone-binding
globulin levels*. The rs17134592 (C931G) variant leads to a leucine to valine shift at position 311 (L311V),
reducing enzymatic activity by 66-80% and catalytic efficiency’. Moreover, women with the low-activity Val
allele of AKR1C4 experience greater increases in mammographic percent density after estrogen-progestin
therapy than those with the Leu allele, indicating a heightened breast cancer risk!.

This research aims to evaluate the C931G (rs17134592) variant as a potential risk factor by comparing healthy
females and breast cancer patients in Bangladesh. Additionally, it seeks to identify any structural and functional
changes in the AKR1C4 enzyme linked to this polymorphism (rs17134592) using computational techniques
such as molecular dynamics simulation and molecular docking.

Materials and methods

Study participants

This study was conducted as a population-based case-control investigation, in which individuals diagnosed with
breast cancer were identified as cases, and healthy individuals with no prior history of breast cancer or other
chronic conditions served as controls. The research included 620 participants, equally divided into 310 breast
cancer patients (cases) and 310 age-similar healthy individuals (controls). The ethical review committee of the
Department of Biochemistry and Molecular Biology approved the study at the University of Dhaka (Ref. No.
BMBDU-ERC/EC/23/014). In addition, we confirm that all methods used in this study were performed following
the relevant guidelines and regulations. Patients were enrolled at the National Institute of Cancer Research &
Hospital (NICRH) in Dhaka, Bangladesh, where diagnoses were confirmed through various methods, including
mammograms, breast ultrasounds, biopsies, and breast magnetic resonance imaging (MRI); all participants in
this group were female. Controls were sourced from the National Institute of Ear, Nose, and Throat (NIENT) in
Dhaka, Bangladesh, comprising females without any cancer history.

Participants were informed about the nature of the study and experimental procedures. Informed written
consent was obtained from all the study subjects before the samples were collected. All participants received
a comprehensive explanation of the research and its procedures before providing their written consent to
participate. Data collection involved detailed sociodemographic information such as age, body measurements,
household income, place of residence, educational background, medical history, details regarding menstrual
and reproductive aspects, and familial cancer incidence collected via a standardized questionnaire. Additionally,
cases were required to provide extensive information about their breast cancer diagnosis, including the grade
and size of tumors, age at diagnosis, prescribed treatments, total white blood cell (WBC) count, erythrocyte
sedimentation rate (ESR), and the status of key biomarkers like progesterone receptor (PR), estrogen receptor
(ER), and human epidermal growth factor receptor 2 (HER2).

Sample collection

Trained phlebotomists extracted five milliliters (5 mL) of venous blood from each participant using a single-
use syringe, adhering to all sterile techniques. This blood was subsequently placed into vacutainer tubes that
contained ethylenediaminetetraacetic acid (EDTA). Following this, plasma was isolated by centrifuging at
3,000 rpm for 15 min. The plasma and cellular components were preserved at -20 °C for subsequent analysis.

Genotyping of rs17134592

DNA was isolated from cellular fractions using the organic extraction method. To identify the genotypes of
rs17134592, polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis was
performed. The following is a detailed description of the procedure:

A 15uL reaction mixture for PCR was prepared in a PCR tube, which included 7.5pL of GoTaqG2 Green
Master Mix (Promega Corporation), 5.05uL of nuclease-free water, 0.45 pL of dimethyl sulfoxide (DMSO),
0.5uL of both forward and reverse primers, and 1.00pL of the isolated DNA. The sequences of the forward and
reverse primers were F: 5'-GACCCTGTGTAGTTTGTGTGA-3" and R: 5'-AGCAGGAGGGGAGGGATTT-3’,
respectively. The primer sequences are provided in Supplementary Table S1, and the conditions for the PCR
reaction are also listed in Supplementary Table S2.

The BtsIMutl restriction enzyme was used to digest a 402 bp PCR product in a 15pL reaction incubated
for 16 h at 55 °C. This produced two fragments, 245 bp, and 157 bp when the mutant G allele was present. No
cleavage occurred in wild-type homozygous C/C genotype cases, leaving intact 402 bp fragments. Three distinct
bands were observed for the heterozygous C/G genotype: 402 bp, 245 bp, and 157 bp. Conversely, the mutant-
type homozygous G/G genotype yielded only two bands, 245 bp, and 157 bp, as shown in Fig. 2. These bands
were subsequently stained with ethidium bromide, separated, and visualized on a 2% agarose gel electrophoresis
using ultraviolet light.

Sequencing of PCR products

To validate the genotyping results obtained through the PCR-RFLP method, 10% of the PCR products were
selected randomly from both case and control groups for sequencing. The sequencing was performed using
the Sanger sequencing method, specifically employing Barcode-tagged Sequencing (BTSeq) technology. The
resulting chromatograms were analyzed with Geneious Prime software (version 2022.2) to ensure the accuracy
of the genotyping.
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Fig. 2. Representative restriction enzyme-digested products of rs17134592 (C931G) on 2% agarose gel. The
presence of only 402 bp on the (from left) 3rd, 5th, 6th, 8th, 9th, 10th, 12th ,14th, 15th, 16th, and 17th wells
indicates the existence of the homozygous wild-type C/C genotype. The 402 bp, 245 bp, and 157 bp on lanes
2nd, 4th, 11th, and 13th indicate the existence of heterozygous mutant C/G genotype. In comparison, 245 bp
and 157 bp on lane 7th indicate the homozygous mutant G/G genotype. The first lane (from left) contains a
100 bp DNA ladder.

Statistical analyses

The required sample size for this study was estimated using the G*Power software (version 3.1.9.7)°"%2
considering a Type I error rate (a) of 5% and a statistical power (1-p) of 80%. Based on this calculation, a
minimum of 308 participants was required for both the case and control groups. To enhance the robustness of
the analysis, we ultimately included 310 individuals in each group. Statistical analyses were conducted using
GraphPad Prism software (version 10.1.2) and IBM SPSS Statistics (version 25). Quantitative variables, such
as age, total WBC count, ESR, and body mass index (BMI), were presented as mean + standard deviation (SD).
In contrast, categorical variables were presented as percentages. The Shapiro-Wilk test assessed whether the
quantitative variables followed a normal distribution. As age, BMI, total WBC count, and ESR values did not
follow a normal distribution, the nonparametric Mann-Whitney U test was used to compare the mean+SD
values between cases and controls for each variable. Associations among categorical variables were analyzed
using the two-tailed Fisher’s exact test. Odds ratios (OR) with 95% confidence intervals (CI) were calculated
to determine risk levels. A p-value<0.05 was taken as statistically significant for all tests. Hardy-Weinberg
equilibrium (HWE) analysis was performed using the “SHEsisPlus” web-based platform (http://shesisplus.bio-x
.cn/SHEsis.htm])>>%4,

In-silico analysis

Various in silico analysis tools were utilized following the methodologies outlined in our previously published
research®>~>7. For example, the functional impact of the SNP on the protein was predicted using Sorting Intolerant
From Tolerant (SIFT)*® (https://sift.bii.a-star.edu.sg/) and Polymorphism Phenotyping v2 (PolyPhen-2)>’ (http
://genetics.bwh.harvard.edu/pph2/). Tools such as PredictSNP https://loschmidt.chemi.muni.cz/predictsnp/),
SNAPS!, and PhD-SNP®? (https://snps.biofold.org/phd-snp/phd-snp.html), along with MAPP®* (http://mendel
.stanford.edu/SidowLab/downloads/MAPP/index.html), were employed to assess the association of SNP with
diseases. Additionally, the stability of the protein affected by this polymorphism was evaluated using MUpro®
(https://mupro.proteomics.ics.uci.edu/) and Impact of Nonsynonymous Mutations on Protein Stability — Multi
Dimension (INPS-MD)® (https://inpsmd.biocomp.unibo.it/inpsSuite/). The HOPE database (https://www3.cm
bi.umcn.nl/hope/) was employed to analyze various alterations in protein structure resulting from amino acid
substitutions®. Utilizing SWISS-MODEL (https://swissmodel.expasy.org/)®’, a 3D model of the mutated protein
was constructed, employing the 2FVL template from PDB (https://www.rcsb.org/)®®. SWISS-MODEL was
selected for this study due to its well-established reliability in template-based homology modeling, mainly when
high-quality structural templates are available. SWISS-MODEL also offers detailed quality assessment metrics
such as GMQE and QMEAN scores. These provide essential confidence evaluation when interpreting model
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reliability — features directly relevant to studying polymorphism-induced structural changes. The constructed
model was subjected to validation using Swiss-Model assessment, PROSA (https://prosa.services.came.sbg.ac.at
/prosa.php)®®, and ERRAT (https://saves.mbi.ucla.edu/)”°.

Molecular Docking analysis

To investigate the impact of the L311V polymorphism on the binding interactions of AKR1C4 with NADPH,
molecular docking was performed using AutoDock Vina’?, followed by 2D interaction analysis in Discovery
Studio Visualizer (version 24.1.0.23298). Docking simulations were conducted for wild-type (Leu311) and
mutant (Val311) AKRI1C4 proteins, with grid parameters optimized to encompass the active site cavity. The
exhaustiveness parameter was set to 16 to enhance docking accuracy. The top-ranked NADPH binding poses
were analyzed, and 2D interaction diagrams were generated to visualize key ligand-protein interactions.
Hydrogen bonding patterns, hydrophobic contacts, and electrostatic forces were compared between wild-type
and mutant AKR1C4-ligand (NADPH) complexes to assess structural differences in ligand binding.

Molecular dynamics simulations

The ligand-protein complexes were subjected to a 100 nanoseconds molecular dynamics simulation using the
GROningen machine for chemical simulation (GROMACS) (version 2020.6)”2. The CHARMM36m force field
was applied for the simulation, with a water box generated around the protein surface, positioned 1 nm away
at each corner, employing the TIP3 water model. To maintain system neutrality, appropriate ions were added.
After energy minimization, isothermal isochoric (NVT) equilibration, and isobaric (NPT) equilibration of the
system, a simulation of 100 nanoseconds duration was executed under periodic boundary conditions, utilizing
a temporal integration step of 2 fs. The trajectory data was analyzed with a snapshot interval of 100 picoseconds,
employing the rmsd, rmsf, gyrate, sasa, and H-bond packages integrated within GROMACS to evaluate root
mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), and solvent
accessible surface area (SASA). Plots illustrating the outcomes of these analyses were generated using the ggplot2
program within RStudio. All molecular dynamic simulations were conducted at the Bioinformatics Division of
the National Institute of Biotechnology, utilizing high-performance simulation stations running the Ubuntu
20.04.4 LTS operating system.

Results

Demographic characteristics of the patients

Among the 310 patients included in this study, 79.03% had no previous family history of cancer. Most of the
patients (82.90%) were housewives by profession. The majority of the patients (70.65%) resided in the rural
areas of Bangladesh, which is reflected by their family income. 78.39% of the patients had family income lower
than 20,000 BDT, and 11.29% had no formal education, with 24.84% and 40.65% having primary and secondary
education, respectively. The demographic characteristics are shown in Fig. 3.

.

Family
history of
cancer

=3 Yes: 65 (20.97%)
__ == No: 245 (79.03%)

== Rural: 219 (70.65%)
=3 Urban: 91 (29.35%)

mm Housewife: 257 (82.90%)
=3 Working women: 53 (17.10%)

(d)

~ Monthly
family
income

(e)

No Formal Education: 35 (11.29%)
Primary: 77 (24.84%)

Secondary: 126 (40.65%)

Higher Secondary: 51 (16.45%)
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mm < 20,000 BDT: 243 (78.39%)
=3 20,000 - 30,000 BDT: 41 (13.23%)
=3 >30,000 BDT: 26 (8.39%)

Educational"g
status

Fig. 3. Demographic characteristics of the breast cancer patients enrolled in the study. Panel (a) presents the
family history of cancer among the patients, panel (b) depicts their residential areas, panel (c) illustrates the
patients’ occupations, panel (d) outlines the patients’ monthly family income range, and panel (e) details the
educational levels of the patients.
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Baseline characteristics of the study subjects

Table 1 displays the baseline characteristics of the study subjects, including age, BMI, menstrual status, age at
menarche, and number of pregnancies. The findings reveal significant differences in age at menarche and BMI
between breast cancer patients and healthy controls. In contrast, no significant differences were observed in age,
BMI groups, menstrual status, and number of pregnancies.

Clinicopathological data of breast cancer patients

As shown in Table 2, 72.58% of patients were diagnosed with cancer after the age of 40 years. The majority
(96.13%) of cases were classified as invasive ductal carcinoma (IDC), with only 12 (3.87%) cases of invasive
lobular carcinoma (ILC) reported. Regarding hormone receptor status, all patients tested positive for ER and
PR, while 52.26% were HER?2 positive. Additionally, 63.87% of patients exhibited tumor sizes ranging from 2 to
5 cm, and 59.35% had tumors classified as grade 2 (G2).

Genotypic distribution of AKR1C4 rs17134592 polymorphism and the risk of developing
breast cancer

Table 3 illustrates the association and frequencies of various genotypes of rs17134592 with breast cancer risk,
analyzed using different genetic models and presented through OR with 95% CI and significance levels. Among
the study participants, control subjects exhibited genotype frequencies of 59.68% for homozygous wild type (CC),
35.48% for heterozygous (CG), and 4.84% for homozygous mutant (GG). In contrast, in breast cancer patients,
the frequencies were 51.62% for homozygous wild type (CC), 34.19% for heterozygous (CG), and 14.19% for
homozygous mutant (GG), indicating a higher prevalence of the homozygous mutant genotype among patients.
The mutant allele G exhibited a frequency of 22.58% in controls and 31.29% in breast cancer patients.

In the additive model 1 (CG vs. CC), the frequency of the heterozygous genotype (CG) was 37.29% in
controls and 39.85% in cases, showing no statistically significant association with breast cancer risk (p=0.54;
OR=1.11,95% CI=0.79 to 1.56). In contrast, the additive model 2 (GG vs. CC) revealed a statistically significant
association with breast cancer susceptibility (p <0.0001; OR=3.39, 95% CI=1.80 to 6.50). In the dominant
model (CG+GG vs. CC), the combined frequency of heterozygous and homozygous mutant genotypes
(CG+GG) was 48.39% in cases and 40.32% in controls, but this difference did not reach statistical significance
(p=0.05; OR=1.39, 95% CI=1.01 to 1.91). Conversely, the recessive model (GG vs. CC+CG) demonstrated a
strong and statistically significant association with breast cancer risk (p <0.0001), with the homozygous mutant
genotype (GG) being significantly more frequent in cases (14.19%) compared to controls (4.84%), resulting in
an OR=3.25 (95% CI=1.78 to 6.08). Finally, in the allelic model (G vs. C), the mutant G allele was significantly
enriched in cases (31.29%) compared to controls (22.58%), demonstrating a significant association with breast
cancer risk (p=0.0007; OR=1.56, 95% CI=1.21 to 2.01).

In Fig. 4, the genotypic distribution of rs17134592 is shown.

Case (n=310) | Control (n=310)

Variables Mean+SD Mean+SD p value
Age (year) 46.30+13.80 45.90+14.10 0.70 (ns)
BMI (kg/mz) 30.15+1.94 2391+1.61 <0.0001 (s)
Variables n (%) n (%) p value
Age group (years)
<30 12 (3.87) 22 (7.10)
30-50 210 (67.74) 215 (69.35) 0.12 (ns)
>50 88 (28.39) 73 (23.55)
BMI group (kg/m?)
<25 152 (49.03) 170 (54.84)

0.17 (ns)
>25 158 (50.97) 140 (45.16)
Menstrual status
Pre- 131 (42.26) | 110 (35.48)
menopause

0.10 (ns)
Post- 179 (57.74) | 200 (64.52)
menopause
Age at menarche
10-13 128 (41.29) 237 (76.45)

<0.0001 (s)
14-17 182 (58.71) 73 (23.55)
Number of pregnancies
<3 160 (51.61) 168 (54.19)

0.57 (ns)
>3 150 (48.39) 142 (45.81)

Table 1. Baseline characteristics of the study subjects. p-values in bold indicate statistically significant. ns not
significant, s significant.
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Variables (n=310) ‘ Number (1) | Percentage (%)

Age (year) at diagnosis

<40 85 27.42
>40 225 72.58
Histologic type

IDC 298 96.13
ILC 12 3.87

Receptor status

ER+ 310 100
ER- 0 0
PR+ 310 100
PR- 0 0
HER2+ 162 52.26
HER2- 148 47.74
Tumor size

T1 (<2 cm) 47 15.16
T2 (>2and <5cm) | 198 63.87
T3 (>5cm) 65 20.97
Grading of tumor

Gl 31 10.00
G2 184 59.35
G3 95 30.65

Table 2. Clinicopathological data of the patients participating in this study.

Control Case
(n=310) | (n=310)
Genetic model Genotype or allele | n (%) n (%) p value OR (95% CI)
cC 185 (62.71) | 160 (60.15) 1 (Ref)
Additive model 1 (CG vs. CC) 0.54 (ns)
CG 110 (37.29) | 106 (39.85) 1.11 (0.79 to 1.56)
CC 185(92.50) | 160 (78.43) 1 (Ref)
Additive model 2 (GG vs. CC) <0.0001 (s)
GG 15 (7.50) | 44 (21.57) 3.39 (1.80 to 6.50)
cc 185 (59.68) | 160 (51.61) 1 (Ref)
Dominant model (CG + GG vs. CC) 0.05 (ns)
CG+GG 125 (40.32) | 150 (48.39) 1.39 (1.01 to 1.91)
CC+CG 295 (95.16) | 266 (85.81) 1 (Ref)
Recessive model (GG vs. CC+CGQG) <0.0001 (s)
GG 15(4.84) | 44 (14.19) 3.25 (1.78 to 6.08)
C 480 (77.42) | 426 (68.71) 1 (Ref)
Allelic model (G vs. C) 0.0007 (s)
G 140 (22.58) | 194 (31.29) 1.56 (1.21 to 2.01)

Table 3. Distribution of AKRI1C4 rs17134592 (C931G) genotypes in study participants and assessment of the
risk of breast cancer. p-values in bold indicate statistically significant values. Ref. reference.

Confirmation of RFLP genotyping results by sequencing

To confirm the accuracy of PCR-RFLP genotyping, selected PCR products for rs17134592 were sequenced using
the Sanger method (BTSeq), which successfully validated the CC, CG, and GG genotypes. As shown in Fig. 5,
the CC genotype displayed a single peak for cytosine (C) at the polymorphic site, the CG genotype showed
overlapping peaks for both cytosine (C) and guanine (G), and the GG genotype exhibited a single peak for
guanine (G). This 100% concordance between sequencing and PCR-RFLP results supports the reliability of the
genotyping approach used in this study.

Distribution of AKR1C4 rs17134592 (C931G) genotypes in the study subjects according to
menopausal status

Table 4 presents the genotypic distribution of rs17134592 polymorphism and its association with breast cancer
risk, stratified by menopausal status. In this study, participants were categorized into pre-menopausal and
post-menopausal groups to analyze the risk of breast cancer development. Among post-menopausal women,
a significant association was found between the rs17134592 polymorphism and increased breast cancer risk.
Specifically, carriers of the GG genotype (in the additive model 2) exhibited a 4.02-fold higher risk of breast
cancer compared to those with the CC genotype (OR=4.02, 95% CI=1.77 to 8.62, p=0.0004). Similarly, the
recessive model showed that carriers of the GG genotype had a 3.92-fold higher risk compared to those with the
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Fig. 4. Genotypic distribution of rs17134592 in study subjects. The CC genotype was the most frequently
observed in both groups, with a frequency of 59.68% in controls and 51.62% in breast cancer patients. The

CG genotype was found in 35.48% of controls and 34.19% of cases. The GG genotype was the least frequent in
both groups, but appeared at a higher proportion in cases (14.19%) compared to controls (4.84%), indicating a
possible association between the GG genotype and breast cancer risk.

CC+CG genotypes (OR=3.92,95% CI=1.80to 8.35, p=0.0006). Conversely, no significant association between
genotype and breast cancer risk was observed in pre-menopausal women.

Association of the rs17134592 (C931G) with tumor grade and tumor size in breast cancer
patients

In the patient group, associations of the rs17134592 (C931G) polymorphism with tumor size and grade were
analyzed. The results are presented in Tables 5 and 6. Both tables showed that the alternate allele (G) was not
significantly associated with either tumor size or grade.

Assessment of constancy in genotype frequency

Table 7 presents the Hardy-Weinberg equilibrium (HWE) test results, assessing the constancy of genotype
frequency in study subjects. The control group was in HWE (x> = 0.038, p=0.98), indicating that genotype
distribution followed expected population proportions. Conversely, the case group deviated significantly from
HWE (x* = 13.50, p=0.0012), suggesting a potential association between the rs17134592 polymorphism and
breast cancer risk. When both groups were analyzed, the genotype distribution also showed significant deviation
from HWE (x* = 8.58, p=0.0034), primarily influenced by the case group.
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Fig. 5. Sequencing chromatograms confirming genotypes at rs17134592. Representative Sanger sequencing

chromatograms demonstrate the three genotypes observed for rs17134592 in the AKR1C4 gene. The CC

genotype shows a single peak for cytosine (C) at the polymorphic site, the CG genotype exhibits overlapping

peaks for cytosine (C) and guanine (G), and the GG genotype presents a single peak for guanine (G).

CcC 77 (62.10) | 56 (57.73) | 1 (Ref.)
Additive Model 1 0.58 (ns)
CG 47 (37.90) | 41 (42.27) | 1.20 (0.70 to 2.05)
CC 77 (91.67) | 56 (81.16) | 1 (Ref.)
Additive Model 2 0.09 (ns)
Pre-menopausal GG 7(8.33) | 13(18.84) | 2.55 (0.9 to 6.49)
Controls 131 CC 77 (58.78) | 56 (50.91) | 1 (Ref.)
. . ef.
Case 110 Dominant Model 0.24 (ns)
CG+GG 54 (41.22) | 54(49.09) | 1.38 (0.83 to 2.30)
CC+CG 124 (94.66) | 97 (88.18) | 1 (Ref)
Recessive Model 0.10 (ns)
GG 7(5.34) | 13(11.82) | 2.37(0.97 to 6.07)
CC 108 (63.16) | 104 (61.54) | 1 (Ref.)
Additive Model 1 0.82 (ns)
CcG 63 (36.84) | 65 (38.46) | 1.07 (0.70 to 1.64)
CcC 108 (93.10) | 104 (77.04) | 1 (Ref))
Additive Model 2 0.0004 (s)
Post-menopausal GG 8(6.90) | 31(22.96) | 4.02 (1.77 to 8.62)
Controls 179 cc 108 (60.33) | 104 (52.00) | 1 (Ref))
. . ef.
Cases 200 Dominant Model 0.12 (ns)
CG+GG 71(39.66) | 96 (48.00) | 1.40 (0.93 to 2.13)
CC+CG 171 (95.53) | 169 (84.50) | 1 (Ref.)
Recessive Model 0.0006 (s)
GG 8(4.47) | 31(15.50) | 3.92 (1.80 to 8.35)

Table 4. Frequency distribution of AKRIC4 rs17134592 (C931G) genotypes according to the menopausal

status.
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Tumor grade
Gl G2+G3
Genotype | n (%) n (%) pvalue | OR (95% CI)
cc 17 (54.84%) | 143 (51.25%) 1 (Ref)
0.85 (ns)
CG+GG |14 (45.16%) | 136 (48.75%) 1.16 (0.56 to 2.52)

Table 5. Distribution of rs17134592 (C931G) genotypes in patients with different tumor grades.

Tumor size
T1(<2cm) | T2+T3 (=2 cm)
Genotype | n (%) n (%) p value OR (95% CI)
CC 24 (51.06%) | 136 (51.71%) 1 (Ref)
>0.99 (ns)
CG+GG | 23(48.94%) | 127 (48.29%) 0.97 (0.53 to 1.81)

Table 6. Distribution of rs17134592 (C931G) genotypes in patients with different tumor sizes.

Study subjects | x? p value
Case 13.50 | 0.0012 (s)
Control 0.038 | 0.98 (ns)
Both 8.58 | 0.0034 (s)

Table 7. HWE test of rs17134592 in study subjects.

Total WBC count and ESR in study subjects
Breast cancer patients exhibited significantly higher (p-value<0.0001) total WBC counts compared to the
control group, with a mean + SD count of 10,328 + 1653 cells/mm? versus 8333+ 1010 cells/mm? in controls. The
comparative data between the two groups is illustrated in Fig. 6.

Additionally, the ESR was markedly elevated in breast cancer patients, with a mean +SD of 43.37 +17.20 mm
in the first hour, compared to 18.09 +5.83 mm in healthy controls. These findings are shown in Fig. 7.

In-silico analysis of the effects of rs17134592 on the AKR1C4 protein

Determination of the functional consequences of rs17134592 (L311V)

Various computational tools were employed to evaluate the impact of the L311V mutation on protein

functionality. All assessments indicated that the L311V mutation is either tolerated or neutral. Notably, MUpro

and INPS-MD suggested a reduction in protein stability due to this mutation. These findings are summarized in

Table 8, and the detailed scores from different web-based tools are available in Supplementary Table S3.
Furthermore, the HOPE server analyzed various properties affected by amino acid substitution. The mutation

(L311V) introduced an amino acid that differed in size but not in charge or hydrophobicity. This change in

amino acid structure reduced interactions and disrupted hydrogen bonding. Key results from the HOPE analysis

are summarized in Supplementary Table S4.

Homology modeling

The three-dimensional configuration of the human AKR1C4 protein was retrieved from the Protein Data Bank
(PDB). The FASTA sequence of AKR1C4 was utilized to construct the 3D structure of its mutant variant L311V,
using PDB-ID 2FVL as a template. The resultant models were evaluated using tools such as the SWISS-MODEL
structure assessment tool, ProSA-web, and ERRAT, all of which confirmed the high quality of the models. The
evaluation scores from these tools are detailed in Supplementary Table S5.

Protein-ligand Docking analysis
The binding affinity between the native and mutant forms of the protein-ligand complex varies. In particular,
the interaction of the wild-type AKR1C4 protein with its ligand, NADPH, shows a binding energy of -11.1 kcal/
mol. When paired with NADPH, this energy decreases to -7.2 kcal/mol in the mutant Val311 AKR1C4 variant.

The 2D interaction plots for wild-type (Leu311) and mutant (Val311) AKR1C4-NADPH complexes are
presented in Figs. 8 and 9, respectively. These visualizations provide a comparative assessment of ligand-protein
interactions, demonstrating how the L311V mutation alters binding interactions within the active site. In the
wild-type AKR1C4-NADPH complex (Fig. 8), NADPH forms multiple conventional hydrogen bonds with
key residues, including Lys270, Asn280, Glu279, GIn222, Tyr55, Asnl67, Ser217, and Arg276, contributing to
ligand stabilization. Additionally, Pi-alkyl and Pi-Pi stacking interactions further enhance the binding affinity by
reinforcing hydrophobic and electrostatic interactions within the active site.

In contrast, the mutant (Val311) AKR1C4-NADPH complex (Fig. 9) exhibits notable alterations in hydrogen
bonding patterns and electrostatic interactions. The substitution of Leu311 with Val appears to shift the ligand’s

Scientific Reports |

(2025) 15:27526 | https://doi.org/10.1038/s41598-025-13411-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Total WBC Count (cells/cm?)

20,000

p <0.0001

0 I |
Control Case

Study Subjects

Fig. 6. Box-and-whisker plot comparing total WBC counts between breast cancer patients (Case) and healthy
controls (Control). The breast cancer group showed significantly higher WBC counts (p <0.0001), with
individual dots representing values beyond the 10th (lower limit) to 90th (upper limit) percentile range.

hydrogen bonding network, introducing new interactions with Thr221, Leu219, His117, Tyr23, and Tyr24 while
maintaining some existing contacts with Lys270, Arg276, and Tyr55. However, the number of hydrogen bonds
is reduced, particularly at Lys270, where two conventional hydrogen bonds are lost. Additionally, the mutant
complex exhibits fewer Pi-alkyl and Pi-Pi interactions, which may suggest a weakened binding affinity or altered
ligand orientation compared to the wild-type complex. Notably, the mutant complex also introduces unfavorable
donor-donor and acceptor-acceptor interactions, particularly involving Ser217, Arg276, and Asp50, which may
contribute to steric hindrance and reduced ligand stability.

Molecular dynamics simulation

Root mean square deviation (RMSD) of the wild-type AKR1C4 and the mutant (L311V) AKRIC4

The RMSD value of the wild (blue line) AKR1C4 (complexed with ligand, NADPH) was <0.2 nm from ~ 50 ns
to ~ 75 ns, whereas the mutant (red line) AKR1C4 (complexed with ligand, NADPH), showed > 0.2 nm (Fig. 10).
A major conformational change occurred before 50 ns for wild AKR1C4 and mutant AKR1C4. After 50 ns, the
mutant AKR1C4 showed higher RMSD values.
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Fig. 7. Violin plot showing the ESR in breast cancer patients (Case) and healthy controls (Control). The ESR is
significantly elevated in the breast cancer group (p <0.0001), reflecting higher systemic inflammation, with the
width of the plot indicating the distribution density of values in each group.

Root mean square fluctuation (RMSF) of wild AKR1C4 and mutant (L311V) AKR1C4

In the case of the mutant (L311V) (red line) AKR1C4 (complexed with ligand, NADPH), from the ~100th
amino acid to the ~200th amino acid, five significant peaks of RMSF were observed, whereas wild (blue line)
AKR1C4 (complexed with ligand, NADPH) had lower mobility in that region. From the 200th amino acid to the
250th amino acid region, a significant peak was observed in the mutant AKR1C4, which was not detected in the
wild AKR1C4 (Fig. 11).

The radius of gyration (Rg) of the wild AKR1C4 and the mutant (L311V) AKRIC4
The Rg value of mutant (redline) AKR1C4 (complexed with ligand, NADPH) significantly increased from 30 ns
to 60 ns during the simulation (Fig. 12).

Solvent accessible surface area (SASA) of the wild (red Line) AKR1C4 and the mutant (L311V) (blue line)
AKRI1C4

SASA values of the wild (blue-line) AKR1C4 (complexed with the ligand, NADPH) and the mutant (red-line)
AKR1C4 (complexed with the ligand, NADPH) non-significantly differed throughout the simulation (Fig. 13).
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Tool Prediction
SIFT Tolerated

Polyphen2 | Benign
PhD-SNP | Neutral
PredictSNP | Neutral

MAPP Neutral
SNAP Neutral
MuPro Decrease stability

INPS-MD | Decrease stability

Table 8. Prediction of the functional effects of rs17134592 (L311V) on AKR1C4 protein.
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Fig. 8. 2D interaction plot of wild-type (Leu311) AKR1C4 complexed with NADPH. The diagram illustrates
the molecular interactions between NADPH and the wild-type AKR1C4 (Leu311) within the active site. Key
conventional hydrogen bonds are formed with Lys270, Asn280, Glu279, GIn222, Tyr55, Asn167, Ser217, and
Arg276, stabilizing the ligand within the binding pocket. Additional Pi-alkyl and Pi-Pi stacking interactions
further enhance ligand binding.

Discussion

Breast cancer is the most common cancer among women worldwide, with rising incidences in emerging
economies despite lower rates in developed ones. Although its etiology is not fully understood, it arises from both
genetic predispositions and environmental factors. Key risk factors include early menarche, late menopause, age
at first childbirth, infertility, and family history”®. Additionally, exposure to ionizing radiation and carcinogenic
chemicals increases breast cancer risk>’4. Normal mammary cells, which respond to steroid hormones, typically
balance cell growth and death during menstrual cycles, pregnancy, and lactation. However, cancerous changes
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Fig. 9. 2D interaction plot of mutant (Val311) AKR1C4 complexed with NADPH. The L311V mutation alters
NADPH binding by introducing new interactions with Thr221, Leu219, His117, Tyr23, and Tyr24, while
retaining Lys270, Arg276, and Tyr55. The hydrogen bond count is reduced, particularly at Lys270, and fewer
Pi-alkyl and Pi-Pi interactions suggest weakened ligand binding. Additionally, unfavorable donor-donor and
acceptor-acceptor interactions involving Ser217, Arg276, and Asp50 may contribute to steric hindrance and
reduced ligand stability.
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disrupt this balance, leading to sustained increases in cell populations and tumor development, influenced by
fluctuations in estradiol and progesterone levels”.

AKRI1C4, a crucial liver enzyme, metabolizes steroids by converting 5a-DHT into 3a-diol and 3p-diol, which
are then glucuronidated and sulfated for excretion?®-2. Notably, 3B-diol acts as an ERp ligand, triggering anti-
proliferative and apoptotic effects in specific tissues*»*!. AKR1C4 also converts the progesterone derivative,
5a-pregnane-3,20-dione (5aP), to allopregnanolone, which is further metabolized to androsterone and 3a-diol
by AKR1CS3 for excretion®~’. A genetic variant in AKRIC4, rs17134592 (C931G), results in a leucine to valine
substitution at position 311 (L311V), reducing enzyme activity. This reduction could impair the clearance of
5a-DHT, testosterone, and 5aP, potentially elevating the risk of tissue proliferation®®. High testosterone levels
may increase 17p-estradiol production through aromatase activity, stimulating breast tissue growth’. Moreover,
excessive 5aP could promote cell proliferation in breast tissues by enhancing mitotic activity and reducing
apoptosis and cell detachment””.

Given the enzyme’s role in steroid metabolism affecting cell proliferation and cancer progression, this study
investigated the relationship between the rs17134592 polymorphism in the AKRI1C4 gene and breast cancer
susceptibility in the Bangladeshi population. While specific other polymorphisms have been associated with
cancer susceptibility in East Asian and European populations, data from South Asian populations remain scarce.
Our study addresses this gap by evaluating the rs17134592 polymorphism in a Bangladeshi cohort, providing
novel insights into the genetic epidemiology specific to this population. We utilized in silico techniques and
molecular dynamics simulations to assess the impact of this genetic variation on the AKR1C4 protein. In
American females, those with the low-activity Val alleles showed a significant increase in mammographic breast
density after combined estrogen-progestin therapy compared to carriers of the Leu allele, suggesting a higher
breast cancer risk!®. Apart from that study, the rs17134592 variant has not been extensively examined for its
direct correlation with the onset of breast cancer. Consequently, this investigation may represent the inaugural
study to assess the direct association between rs17134592 in the AKRIC4 gene and breast cancer across the
entire population.

In this research, the genotypic variations of the AKRIC4 gene, specifically at the rs17134592 locus, were
examined across a cohort of 300 individuals, divided evenly between 310 healthy subjects and 310 breast
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Fig. 10. RMSD value of wild (blue line) AKR1C4 and mutant (red line) AKR1C4. A significant conformational
change took place before 50 ns for both proteins. After 50 ns, the mutant AKR1C4 showed higher RMSD
values.

cancer (BC) patients. Despite similarities in age, menstrual status, and number of pregnancies, these groups
differed significantly in age at menarche and BMI (Table 1). The analysis revealed a statistically significant
association between the rs17134592 genetic variant and increased breast cancer risk among the Bangladeshi
cohort. Significant differences in the genotypes and allele frequencies of the AKR1C4 rs17134592 (C931G) were
observed between the two groups, with a higher prevalence of the G allele in the breast cancer group (Table 3).
The study identified a markedly increased risk of breast cancer associated with the GG genotype compared to
the CC genotype in both the additive model 2 and recessive model, with odds ratios (OR) of 3.39 and 3.25,
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Fig. 11. RMSF value of wild (blue line) AKR1C4 and mutant (red line) AKR1C4. From the 200th amino acid
to the 250th amino acid region, a major peak was observed in the mutant AKR1C4, which was not detected in
the wild AKR1CA4.

respectively. Additionally, carriers of the G allele exhibited a 1.56-fold increased risk of developing breast cancer
(Table 3).

In our study, we observed a significant association between the rs17134592 polymorphism and increased
breast cancer risk in post-menopausal women, with the GG genotype in both the additive model 2 and
recessive model, showing respective risks of 4.02 and 3.92 times higher than the CC genotype (Table 4). After
menopause, ovarian estrogen production sharply decreases, resulting in increased peripheral androgen-to-
estrogen conversion through aromatase activity!®>. AKR1C4 typically contributes to controlling androgen
availability, converting active androgens to less active metabolites?>?%?°. However, the L311V polymorphism
could compromise this metabolic capacity®, potentially leading to increased androgenic substrates available for
peripheral aromatization into estrogens. This could elevate local estrogen concentrations within breast tissue,
thereby exacerbating estrogen-related carcinogenic pathways, specifically in post-menopausal women.

However, no significant correlations were found between tumor grade or size and breast cancer risk (Tables 5
and 6). One possible biological explanation is that this genetic variant might influence the initial carcinogenic
processes rather than tumor progression or differentiation. Additionally, our study’s moderate sample size may
have limited statistical power to identify subtle genotype-phenotype correlations with clinical parameters such
as tumor size and grade. Furthermore, tumor progression is inherently complex, influenced by numerous genetic
and environmental factors beyond a single genetic variant, potentially obscuring any direct association between
rs17134592 and these tumor characteristics.

Furthermore, the observed Hardy-Weinberg equilibrium (HWE) deviation in the case group suggests a
potential association between rs17134592 and breast cancer susceptibility, rather than a random occurrence.
This deviation may arise due to selection pressure, population stratification, or an overrepresentation of risk-
associated genotypes in affected individuals. In contrast, the control group remained in HWE, reinforcing the
reliability of the dataset and minimizing concerns regarding genotyping errors or sampling bias. The significant
deviation in the combined dataset further indicates that rs17134592 may influence disease predisposition,
potentially altering gene expression or enzyme function in a way that contributes to breast cancer risk. However,
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Fig. 12. The Rg value of the wild (blue line) AKR1C4 and the mutant (red line) AKR1C4. The Rg value of the
mutant AKR1C4 was relatively less stable during the simulation.

factors such as genetic drift or population substructure cannot be entirely ruled out. These findings highlight the
necessity for further replication in more extensive, independent cohorts and functional studies to elucidate the
precise role of this polymorphism in breast cancer development.

Consistent with the findings of Alam et al. (2024)%, our study demonstrated that breast cancer patients
exhibited increased levels of both WBC counts and ESR, indicating enhanced immune activity and systemic
inflammation. The elevated WBC levels likely result from the body’s response to tumor-induced stress and
malignancy, reflecting an attempt to combat the progression of cancer cells’®. Meanwhile, the rise in ESR points
to the accumulation of inflammatory mediators, such as cytokines and acute-phase proteins, which are prevalent
within the tumor microenvironment (TME)”’. These immune and inflammatory interactions within the TME
foster cancer cell survival, promote angiogenesis, and facilitate metastasis, further driving disease progression®.

The AKRIC4 gene, known for its involvement in steroid hormone metabolism, may also be impacted by
trace element status, particularly since steroid hormone metabolism and detoxification processes rely heavily
on metalloenzymes and redox balance, which are modulated by zinc and copper levels. Disruption of this
delicate balance could influence the enzymatic activity of AKR1C4, potentially altering hormone profiles and
influencing breast cancer risk®. In addition to zinc and copper, elevated lead (Pb) levels have been identified
as a potential risk factor for ovarian cancer in BRCA1 mutation carriers, highlighting the broader importance
of environmental metal exposure in cancer development. While the relationship between lead exposure and
AKRIC4 polymorphisms in breast cancer remains unexplored, these findings highlight the need to investigate
environmental-genetic interactions in breast cancer risk®.

The evaluation of the L311V mutation in the AKR1C4 protein, using computational tools like MUpro and
INPS-MD, suggested it is biochemically tolerated but leads to decreased protein stability. The HOPE server
analysis further revealed that changes in amino acid properties disrupted interactions and hydrogen bonds.
Notably, the mutation reduced the protein’s binding affinity for the ligand NADPH, indicating a potential impact
on its biological function. From the 2D interaction diagram, it is found that L311V mutation weakens NADPH
binding by reducing hydrogen bonds and Pi-alkyl/Pi-Pi interactions. While the wild-type complex forms strong
Lys270 hydrogen bonds, the mutant introduces new interactions (Thr221, Leu219, His117, Tyr23, Tyr24) but
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Fig. 13. SASA analysis of wild-type and mutant AKR1C4-NADPH complexes. SASA values of the wild
(blue line) AKR1C4 and mutant (red line) AKR1C4 were found to be non-significantly different during the
simulation.

loses key Lys270 bonds. Additionally, unfavorable interactions with Ser217, Arg276, and Asp50 may cause steric
hindrance, further destabilizing ligand binding. These changes suggest a potential impact on AKR1C4 structure
and function, affecting its catalytic efficacy.

Furthermore, molecular dynamics simulations of the AKR1C4 enzyme, in both its wild-type and L311V
mutant forms with NADPH, revealed distinct dynamic and structural changes due to the mutation. The wild-
type complex showed lower RMSD values, indicating more stable conformational behavior than the L311V
mutant, which had higher RMSD, suggesting significant structural disruptions. Differences in RMSF values
between the forms indicate altered flexibility, potentially affecting enzyme function. Despite similar solvent
accessibility (SASA) across both forms, the radius of gyration data suggested a less compact and destabilized
structure in the mutant. These in silico and molecular dynamics simulation findings are consistent with the
results reported by T. Kume et al.*, who concluded that the L311V variation impacted the enzymatic activity of
AKRI1C4, leading to a significant decrease in catalytic efficiency.

Our study faced several limitations that should be considered when interpreting the findings and guiding
future research. Firstly, the sample size was relatively small. Additionally, key hormonal measurements—such
as 5a-DHT, 3a-diol, 3B-diol, 5aP, and allopregnanolone—were not conducted due to the lack of fresh blood
sample. Also, mammographic percent density (MPD) data was unavailable from the medical center records.
Considering the complexity of genetic influences, analyzing a single variant appears inadequate for definitive
conclusions. Despite the novel insights provided by this study, our study primarily utilized computational in-
silico approaches, such as molecular docking and molecular dynamics simulations, to predict the structural and
functional effects of the AKR1C4 polymorphism (rs17134592). While valuable, these computational methods
cannot fully replicate the complexity of in vivo enzyme kinetics, including dynamic interactions within biological
systems, enzyme-substrate affinities, or environmental influences.

Future research should aim to include larger sample sizes, diverse populations, more genetic variants, and
the measurement of specific hormones in plasma. Population coverage analyses were not performed as this
study specifically targeted a homogenous Bangladeshi population. However, future studies aiming to generalize

Scientific Reports |

(2025) 15:27526 | https://doi.org/10.1038/s41598-025-13411-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

findings beyond this specific demographic should consider incorporating population coverage analyses to
understand broader applicability. It should also ensure the collection of MPD data. Additionally, future studies
should combine AKRIC4 genotyping with trace element profiling from diet, environment, and blood biomarkers
to assess whether trace element imbalances modify the effect of AKRIC4 polymorphisms on breast cancer risk,
particularly in populations with distinct dietary and environmental exposures. Moreover, future functional
studies involving cellular or animal models would be crucial to validate our computational predictions and
provide deeper biological insights into the role of AKR1C4 variants in breast cancer pathogenesis. These
enhancements will help clarify the gene’s role in breast cancer and its underlying biological mechanisms.

In conclusion, we found an association between AKRIC4 gene polymorphism (rs17134592) and breast
malignancy in Bangladeshi individuals. The frequency of the G allele was notably greater in breast cancer
individuals compared to control subjects. Thus, the GG genotype would be considered a risk factor, and CC
genotypes would be a molecular marker of reducing breast cancer. In silico analyses and molecular dynamics
simulations suggested that the L311V mutation results in considerable conformational instability to the AKR1C4
enzyme, which may affect its biological function and efficiency in catalytic processes. Overall, the genotyping of
the AKRIC4 (rs17134592) gene would be a biomarker of early breast cancer diagnosis.

Data availability

All data generated or analysed during this study are included in this manuscript [and its supplementary material
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