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Breast cancer (BC) is a complex, polygenic, and heterogeneous disease influenced by both genetic and 
environmental factors. Several genetic polymorphisms, including single nucleotide variants (SNVs) 
and variable number tandem repeats (VNTRs), have been implicated in BC susceptibility and prognosis 
across diverse populations. This study aimed to assess the association between genetic variants in 
the MMP-2, TYMS, and eNOS genes and breast cancer risk in the Jordanian population. A case–control 
study was conducted involving 300 BC patients and 321 healthy controls. Genotyping was performed 
using conventional PCR and PCR–RFLP techniques to analyze one SNV in MMP-2 (rs2285053) and two 
VNTRs in TYMS (rs45445694) and eNOS. The MMP-2 SNV (rs2285053) and TYMS VNTR (rs45445694) 
showed significant associations with increased BC risk, whereas the eNOS VNTR exhibited no 
significant correlation. Significant genetic associations were identified under the co-dominant and 
recessive models, particularly for the T/T and C/T genotypes compared with C/C. No significant 
relationship was found between these variants and patient survival; however, TYMS mRNA expression 
was significantly associated with survival probability (p = 0.0185). Overall, these findings suggest that 
MMP-2 and TYMS variants contribute to breast cancer susceptibility among Jordanians, with TYMS 
expression serving as a potential prognostic biomarker.
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By the 20th century, cancer had emerged as one of the most devastating and widespread diseases, with nearly 
one in four individuals projected to develop it at some point in their lives1. It is defined by the uncontrolled 
proliferation of abnormal cells that can arise in various organs throughout the human body. These cells bypass 
normal growth-regulatory mechanisms and aggressively invade surrounding tissues, depriving neighboring cells 
of essential nutrients1. In Jordan, cancer ranks as the second leading cause of death, following cardiovascular 
diseases. With increased exposure to environmental risk factors and the presence of inherited genetic mutations, 
cancer incidence is expected to rise further, particularly among the aging population2.

Breast cancer (BC) remains the most prevalent malignancy among women worldwide. Despite significant 
advances in diagnostics and treatment, it continues to pose a formidable challenge, with no definitive cure 
to date—a dilemma largely rooted in its biological complexity and heterogeneity3.Through large-scale gene 
expression profiling, researchers have identified five major molecular subtypes: basal-like, luminal A, luminal 
B, HER2-positive/ER-negative, and normal breast-like. Each subtype carries a unique clinical fingerprint, with 
markedly different prognoses. Basal-like tumors are often the most aggressive and difficult to treat, whereas 
luminal A tumors are typically associated with more favorable outcomes4. Breast cancer risk arises from a 
convergence of factors. Lifestyle and reproductive patterns—such as delayed first pregnancy, early onset of 
menstruation, and late menopause—contribute significantly. Family history also plays a pivotal role, especially 
when multiple relatives are affected. However, the most universal factor is aging, which not only increases 
susceptibility but also raises the likelihood of accumulating genetic mutations over time5.
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Family history is a factor that increases the odds of a woman being diagnosed with breast cancer (BC); 
numerous studies have reported that women with first-degree relatives affected by BC are more likely to develop 
the disease themselves6. Around 25% of hereditary cases are due to a pathogenic variant in one of the few 
genes proven to play a causal relationship to BC, including BRCA1, BRCA2, PTEN, TP53, CDH1, and STK11. 
Patients suspected to have a family history will be screened for polymorphism in these genes and advised on the 
appropriate treatment modality7. Although heredity in BC is a factor in the onset of malignancy, most cases are 
believed to be sporadic events. There are two primary classes of genes which, when harboring a mutation, breast 
carcinoma will develop: cancer-promoting genes, “oncogenes”, and “tumor suppressor genes”. The first class is 
activated, while the second is inactivated in cancer cells8. Heritable variants are composed of low penetrance 
genes like CASP8 (around 5%), moderate penetrance genes like CHEK2 (less than 3%), and high penetrance 
genes like BRCA1 and BRCA2 (approximately 22%)9.

Tandem repeats (TRs) are highly variable DNA elements that contribute substantially to genome diversity 
and have been shaped by evolution, playing important roles in human-specific traits, particularly in neural 
function and susceptibility to neurological and psychiatric disorders10. When TR copy numbers vary between 
individuals, they are termed variable number tandem repeats (VNTRs), which make up a notable portion of 
the human genome and can influence disease risk through repeat length variation, sequence instability, and 
population-specific distributions10. VNTRs are originally used as genetic markers that are now recognized 
to influence gene regulation, mRNA function, protein activity, and disease susceptibility, highlighting their 
important biological and physiological roles11. Despite extensive research on rare and common genetic variants, 
much of the inherited risk for many diseases remains unexplained. A retrospective study suggested that variable 
number tandem repeats (VNTRs) may account for part of this missing genetic risk, showing that several VNTRs 
were significantly associated with increased breast cancer risk and earlier age at diagnosis among BRCA1 
mutation carriers, supporting a potential modifying role of VNTRs in breast cancer susceptibility12.

Endothelial nitric oxide synthase (NOS3 or eNOS) is an isoform of the nitric oxide synthase (NOS) family, 
along with NOS1 and NOS2. It is located on chromosome 7 at locus 7q35–36 and encodes an mRNA of 4,052 
nucleotides and a protein of approximately 1,200 amino acids that is responsible for nitric oxide production13. 
eNOS (NOS3) is a physiological vasodilator that can also provide vaso-protection in various ways. eNOS inhibits 
platelet aggregation and adherence to the vascular wall after being released into the vascular lumen, thus helping 
prevent thrombosis. It also hinders the release of platelet-derived growth factors, which stimulates smooth 
muscle proliferation and the production of its matrix molecules14. Although the 4b/4a VNTR polymorphism 
has been reported to be associated with a higher risk of hypertension in the Asian population, this variant is 
also linked to siRNA production. Endothelial cells carrying the 4b allele (5 copies) produce higher amounts of 
siRNA, resulting in reduced NOS3 expression compared with cells carrying the 4a allele (4 copies)15,16. It was 
speculated that the action of eNOS through upregulation of vascular endothelial growth factor (VEGF) might 
amplify the solidity of tumor cells and enhance their invasiveness and metastatic ability17. The 4b/4a VNTR 
polymorphism has been shown to be associated with breast cancer occurrence in the Mexican population, 
suggesting that it may contribute to angiogenesis within tumor tissue, which could ultimately promote tumor 
cell growth and migration13.

 MMP-2, also known as gelatinase A or type IV collagenase, is encoded by a highly polymorphic gene located 
on chromosome 16 and consists of 13 exons. The resulting protein has a molecular weight of approximately 72 
kDa. In addition to its role in degrading collagen and its various types, MMP-2 exerts both pro-inflammatory and 
anti-inflammatory effects on different tissues. Polymorphisms in this gene may be associated with an increased 
risk of cancer due to reduced enzymatic activity18. The MMP-2 rs2285053, Genomic location (NC_000016.10–
55478465), (g. -735 C > T) mutation has previously been shown to influence MMP-2 transcription by preventing 
specificity protein (Sp) 1 transcription factor binding19. A meta-analysis study on MMP-2 mutation suggested 
that it may increase breast cancer susceptibility20.

 TYMS is a gene located on chromosome 18 that contains 8 exons and encodes a 74 kDa protein that forms 
a homodimer. Using 10-methylenetetrahydrofolate (methylene-THF) as a cofactor, thymidylate synthase (TS) 
catalyzes the reductive methylation of dUMP to dTMP. This activity maintains a stable dTMP (thymidine-5′-
monophosphate) pool, which is essential for DNA replication and repair. The enzyme has attracted interest 
as a potential target for cancer chemotherapy drugs21. Increased TYMS gene expression has been associated 
with enhanced invasive and metastatic potential of damaged cells. Human thymidylate synthase (TS) undergoes 
conformational changes to bind and properly orient substrates for the catalysis of dUMP to dTMP. During 
this process, the active site residues must realign, a phenomenon well documented in prokaryotic TS, leading 
to domain closure around the substrate and cofactor22. In some cases, TS binds to its mRNA with significant 
affinity, causing inhibition of its translation23.

To the best of our knowledge, no prior studies have investigated the association between MMP-2, TYMS, and 
eNOS gene variants and breast cancer (BC) in the Jordanian population of Arab descent. Therefore, this study 
aims to evaluate the genetic susceptibility of these genes to BC by analyzing variable-number tandem repeats 
(VNTRs) in the eNOS and TYMS genes, as well as a single-nucleotide polymorphism (SNP rs2285053) in the 
MMP-2 gene, in both BC patients and healthy control individuals.

Materials and methods
Sample population
Ethical approval for this study was obtained from the Institutional Review Board (IRB) at Jordan University 
of Science and Technology. Additional approval for patient recruitment, including the collection of blood 
samples and clinical data, was granted by the Human Ethics Committee. Peripheral blood samples (3 mL) were 
aseptically collected in EDTA-coated tubes from breast cancer patients who were randomly recruited from the 
Chemotherapy Clinics at King Abdullah University Hospital and King Hussein Medical Center.
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In this case–control study, a total of 300 unrelated Jordanian breast cancer patients were included after 
excluding individuals who did not meet the inclusion criteria. Eligibility required histopathological confirmation 
of breast cancer, availability of clinical data in the King Abdullah University Hospital (KAUH) registry system, 
and an age of 28 years or older. Patients undergoing or who had received chemotherapy or radiotherapy were 
also included. Additionally, blood samples were collected from 321 unrelated, ethnically homogeneous, healthy 
Jordanian female controls. Both patient and control groups were matched by ethnicity, gender, and age. Clinical, 
demographic, lifestyle, diagnostic, and treatment-related data were extracted from electronic medical records in 
accordance with KAUH protocols. Exclusion criteria included individuals unwilling to provide written informed 
consent, those with incomplete clinical data, and participants related up to the second degree to others enrolled 
in the study.

Sample analysis
Genomic DNA was extracted from 621 blood samples using the Wizard® Genomic DNA Purification Kit 
(Promega Corp., Madison, WI, USA), which is commercially available. The kit follows the manufacturer’s 
protocol.

The candidate gene and SNVs selection
In our study, we concentrated on three specific polymorphisms within the candidate genes MMP-2, TYMS, and 
eNOS, all of which are crucial to breast cancer susceptibility. These polymorphisms were chosen based on their 
significant functional and biological roles, as well as their location within the selected genes. The selection process 
utilized public databases, such as the SNV database from the National Centre for Biotechnology Information 
(NCBI) (http://www.ncbi.nlm.nih.gov/SNP/) and the Ensemble database (http://www.ensembl.org/index.html), 
alongside previous literature that underscored the importance of these polymorphisms in various diseases, 
including breast cancer. Additionally, we examined the functional annotations of the variants studied using 
HaploReg v4.2 (​h​t​t​p​s​:​​​/​​/​p​u​b​​s​.​b​r​o​a​d​i​n​s​t​i​​t​u​t​​e​.​​o​​r​g​/​m​a​​m​m​a​​l​s​​/​h​a​p​l​o​​​r​e​g​/​h​a​p​l​o​​r​e​g​.​p​h​p) and RegulomeDB version 2.2 
(https://regulomedb.org/regulome-search/).

The results from RegulomeDB revealed that MMP-2 (rs2285053) received a score of 4 with a rating of 
0.60906, while TYMS (rs45445694) also scored 4 with a rating of 0.74401. These findings suggest that these 
polymorphisms are likely to impact binding and may be associated with gene expression regulation. Furthermore, 
functional annotation via HaploReg v4.2 indicated that rs2285053, located within the intronic region of the 
MMP-2 gene, is a synonymous coding SNV that could potentially influence promoter and enhancer histone 
marks and alter transcription factor binding motifs. As a result, these markers might indirectly contribute to 
breast cancer pathogenesis by modulating the corresponding transcription factors of MMP-2.

DNA genotyping
Genetic polymorphisms in the eNOS, TYMS, and MMP-2 genes were analyzed using classical PCR and PCR-
RFLP techniques. The targeted gene regions were first amplified by PCR using specific forward and reverse 
primers, which are listed in Supplementary Table S113,24,25. For eNOS and TYMS, the amplified products were 
visualized using 2% agarose gel electrophoresis. In the case of MMP-2, PCR amplification was followed by 
restriction fragment length polymorphism (RFLP) analysis. The digested PCR products were then separated on 
a 3% agarose gel, with 8 µL of each sample loaded alongside 7 µL of 50 bp and 100 bp DNA ladders for fragment 
size estimation. Supplementary Table S2 provides detailed PCR conditions and expected fragment sizes for each 
gene.

Statistical analysis
The Hardy–Weinberg Equilibrium (HWE) was assessed for all polymorphisms in both breast cancer (BC) patients 
and control groups using the Chi-square (χ2) goodness-of-fit test, based on the equation (p2 + 2pq + q2 = 1). 
Allele frequencies and genotype distributions for each polymorphism investigated were compared between 
the two groups using the Chi-square test. For polymorphisms showing significant associations, four genetic 
inheritance models—co-dominant, dominant, over-dominant, and recessive—were applied to further analyze 
genotypic effects.

Kaplan–Meier survival analysis was performed to assess the impact of MMP-2, eNOS, and TYMS variants on 
overall survival (OS) in breast cancer patients. Overall survival was defined as the time from diagnosis to death 
or to the last recorded follow-up for patients who were alive at the time of analysis. Follow-up data were obtained 
from the Chemotherapy Clinics at King Abdullah University Hospital and King Hussein Medical Center. In 
addition, mRNA expression data from 1,905 breast cancer patients available in the cBioPortal database26were 
analyzed to evaluate the association between gene expression levels (high vs. low) and survival outcomes. 
Survival curves were generated using GraphPad Prism 9 software.

To address multiple testing corrections, the effective number of SNVs was determined using the method 
described in the previous study27. Furthermore, the Bonferroni correction was applied, setting the significance 
threshold at α/n, where α is 0.05 and n represents the number of tests28. This correction ensures that the overall 
p-value remains at a significance level of 0.01667 or less. Through these thorough statistical analyses, our goal 
was to comprehensively assess the genetic factors linked to disease susceptibility and phenotype expression, 
while also reducing the likelihood of Type I errors.

Results
Sample characteristics
The Current study consists of 300 unrelated Jordanian Arabs Female BC patients and 321 unrelated healthy 
Female control individuals. The mean age (± SD) of the patients was (52.32 ± 11.38) years, with a median of 51 
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and a range of 25–85 years (Supplementary Table S2). A control group of 321 healthy individuals was recruited 
with an average age of (52.55 ± 11.27), a median of 52, and a range of 23–83 years. Moreover, all of the participants 
in this study have met the inclusion criteria and agreed to be included in the research. The patient description, 
including demographic and clinical data and the demographic data for healthy controls, are summarized in 
Supplementary Table S3 and Table 1.

Allelic and genotypic frequencies of the studied polymorphisms among Jordanians
Table 2 presents the allelic and genotypic frequencies of the SNVs/VNTRs in the TYMS, eNOS, and MMP-2 
genes among 621 Jordanians of Arab descent. Hardy–Weinberg equilibrium (HWE) testing was performed for 
each variant. The HWE p-values were acceptable for TYMS in cases (p = 0.73) and for eNOS in both controls 
(p = 0.68) and cases (p = 1.0). In contrast, MMP-2 and TYMS in the control group deviated from HWE, showing 
significant p-values (p < 0.0001), and were therefore not accepted.

Genetic association between breast cancer patients and healthy individuals
The frequency distribution of the TYMS, eNOS, and MMP-2 and their correlation with breast cancer was studied 
among both BC patients and control groups in the Jordanian population. Case-control genetic analysis was 
applied to investigate whether TYMS, eNOS, and MMP-2 are responsible for breast cancer susceptibility. A 
difference in the genotype and allele frequencies in the BC patients was observed when compared to the healthy 
individuals in both TYMS and MMP-2, shown in Table 3 and Supplementary Table S4.

Genotype versus phenotype correlation among brest cancer patients
The association between genotypes and clinical phenotypes related to breast cancer (BC) was evaluated to 
explore potential genotype–phenotype correlations. Pearson’s Chi-square test and one-way ANOVA were 
employed to assess the statistical significance of these associations. The TYMS genotypes demonstrated 
significant correlations with several clinical parameters, including breastfeeding status (p = 0.0353), axillary 
lymph node metastasis (p = 0.0132), lymphovascular invasion (p = 0.0192), and a history of benign breast tumors 
(p = 0.0171). Similarly, MMP-2 genotypes were significantly associated with age (p = 0.0253), polycystic ovary 
syndrome (PCOS) (p = 0.0203), and uterine fibroids (p = 0.0256). In contrast, no significant associations were 
observed between eNOS genotypes and any clinical phenotypes examined. Following Bonferroni correction 
for multiple comparisons, the threshold for statistical significance was adjusted to p = 0.01667. After correction, 
the association between TYMS genotypes and axillary lymph node metastasis remained statistically significant 
(p = 0.0132). A summary of these findings is presented in Table 4.

Association of MMP-2, eNOS, and TYMS genotypes and the survival rate of BC
All 300 breast cancer (BC) patients were included in the survival analysis, which was conducted using Kaplan–
Meier survival curves and the log-rank test. No statistically significant associations were found between the 
polymorphisms of the three studied genes (MMP-2, TYMS, and eNOS) and overall survival in BC patients. These 
findings are illustrated in Fig. 1.

Gene

Control (n = 321) Cases (n = 300)

MA MAF HWE p-value MA MAF HWE p-value

TYMS 2R 41% < 0.0001 2R 44% 0.73

eNOS 4R 16% 0.68 4R 18% 1

MMP-2 C 42% < 0.0001 T 44% < 0.0001

Table 2.  Hardy–Weinberg equilibrium (HWE) test and minor alleles frequencies for both breast cancer cases 
and controls.

 

Characteristics Control (n = 321)

Age (Years) (Mean ± SD) (52.55 ± 11.27)

Body Mass Index (BMI) (Mean ± SD) 29.25 ± 5.75

Breastfeeding
Yes
No

176 (74.26%)
61 (25.74%)

Allergy
Yes
No

137 (66.82%)
68 (33.18%)

Smoker
Yes
No

43 (16.10%)
224, (83.90%)

Table 1.  Description of demographic characteristics of Jordanian unrelated female controls.
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Association of MMP-2, eNOS, and TYMS mRNA expression and the survival rate of BC
mRNA expression profiles were collected for 1905 patients diagnosed with BC from the (cBioportal) database21. 
All the overall status (OS) information has been analyzed; high and low expressions for the three genes (MMP-2, 
eNOS, and TYMS) were calculated and exported to Graph Pad Prism 9 software to obtain the survival curves and 
the probability of survival. Only one mRNA expression for the TYMS gene was found to be significant. Log-rank 
p values were reported as (p = 0.4209), (p = 0.0734) and (p = 0.0185) for MMP-2 ,eNOS, and TYMS respectively 
as shown in Fig. 2 .

Discussion
Breast cancer is the most common cancer in women worldwide and a major cause of cancer-related death. 
Although improved diagnosis and treatment have reduced mortality, the number of new cases continues to 
increase, creating a need for better treatments and reliable biomarkers29. Genetic factors play an important role 
in breast cancer risk. While mutations in BRCA1 and BRCA2 explain only a small number of familial cases, low-
penetrance genetic variants likely account for a larger part of inherited risk. Studying these variants together 
may improve risk prediction and support targeted prevention strategies30. This study is the first in Jordan to 
investigate the association between MMP-2, TYMS, and eNOS gene polymorphisms and breast cancer risk. It 
included 300 breast cancer patients and 321 age- and gender-matched healthy controls.

After testing for Hardy–Weinberg equilibrium (HWE) in all examined polymorphisms within both case and 
control groups, only variants that met HWE criteria were included in the genetic analysis. Two exceptions were 
noted: the SNV rs2285053 in the MMP-2 gene, which was non-polymorphic, and the VNTR in the TYMS gene 
within the control group. These variants were therefore excluded from further analysis.

HWE is a fundamental principle in population genetics that describes the expected distribution of alleles and 
genotypes in a population under ideal conditions, including large population size and random mating, and in the 
absence of mutation, selection, genetic drift, or gene flow31. When these conditions are met, allele and genotype 
frequencies are expected to remain stable across generations. Deviations from HWE indicate that one or more of 
these assumptions may have been violated. In this study, deviations from HWE (p < 0.05) suggest non-random 
mating as the most likely contributing factor, although other influences such as mutation, selection, or gene 
flow cannot be excluded32,33. HWE testing is commonly used to evaluate genotype data, as departures from 
equilibrium may reflect biological or population-specific factors, including purifying selection, copy number 
variation, inbreeding, or population structure32. Notably, consanguineous marriage is relatively common in 
Arab populations, including Jordan. A Jordanian study reported that approximately 35% of marriages were 
consanguineous in 2012, although the prevalence has declined with increased education, urbanization, and 
greater awareness of the health consequences of such unions34. Consanguinity leads to non-random mating, 
which reduces genetic diversity and increases the frequency of homozygous genotypes, thereby disrupting HWE 
assumptions35.

Thymidylate synthase is closely associated with DNA repair and synthesis, and mutations in its gene have 
been reported to significantly affect patient prognosis. High expression of this enzyme can function as an 
oncogene, disrupting normal cell regulation and division, thereby promoting cancer development. Increased 
TYMS gene expression has also been linked to enhanced invasive and metastatic potential of damaged cells. 
Studies in transgenic mice have demonstrated that overexpression of TYMS results in pancreatic islet hyperplasia 
and islet cell malignancies36.

Jakobsen et al. reported that TYMS is a polymorphic gene, with mutations that contribute to the development 
of various malignancies. The most significant mutation is a VNTR located in the promoter region (5′-UTR), 
which consists of 2 or 3 repeats differing by 28 base pairs37.Another study reported that cells with the 3R/3R 
genotype had elevated expression of the TYMS gene when compared with the 2R/2R genotype in BC patients25. 

Polymorphism

Allelic and Genotypic frequencies in BC patients and control

Allele/Genotype
Cases
(N = 300)

Control
(N = 321) p-value Chi-square

TYMS

2R
3R

261 (44%)
339 (56%)

274 (43%)
368 (57%) 0.7703 0. 0852

2R/2R
2R/3R
3R/3R

55 (18%)
151 (50%)
94 (32%)

27 (8%)
220 (69%)
74 (23%)

< 0.00001 24.0922

eNOS

4R
5R

110 (18%)
490 (82%)

103 (16%)
539 (84%) 0.2847 1.1444

5R/5R
4R/5R
4R/4R

200 (67%)
90 (30%)
10 (3%)

227 (71%)
85 (26%)
9 (3%)

0.3061 1.0475

MMP-2

T
C

265 (44%)
335(56%)

343 (58%)
253 (42%) < 0.00001 21.4288

T/T
C/T
C/C

108 (36%)
49 (16%)
143 (48%)

139 (47%)
65 (22%)
94 (32%)

0.00003 16.2606

Table 3.  Genetic association of TYMS, eNOS, and MMP-2 between breast cancer patients and healthy controls. 
P- Values < 0.01667 ( 0.05/# of SNVs, 0.05/3 = 0.01667 after applying multiple comparison ) are considered as 
significant.
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Another insertion–deletion (indel) mutation within the 3′-UTR has also been associated with multiple diseases. 
For example, Silva et al. reported that this polymorphism increased the likelihood of cervical abnormalities. 
Therefore, it may serve as a useful marker for monitoring women with persistent pre-neoplastic cervical lesions38.
Furthermore, the TYMS 5’-UTR VNTR and 3’UTR 6-bp indel were strongly related to an elevated risk of non-
syndromic cleft lip39. A common variant in the intronic region, involving a C-to-T substitution (rs1059394), has 
been studied. The TT genotype was strongly associated with an increased risk of gastric cancer40. In studies of 
brain cancer, one report revealed that the former variant decreased the risk of glioma, whereas the rs2847153 G 
> A mutation increased susceptibility41.

In our study, the 2R/3R genotype was the most prevalent among Jordanian women, representing 69% of 
the control group and 50% of breast cancer patients—a difference that was highly significant (p < 0.00001). 
This pattern closely aligns with findings from Fujishima et al., who reported a similar predominance of the 
heterozygous 2R/3R genotype (74%) in a Japanese cohort42. Similarly, in Brazil, the heterozygous 2R/3R genotype 
was the most common, observed in 37% of the population, with the 3R allele being the most frequent at 54%, 
mirroring our results43.likewise, a Sicilian study documented a 51% incidence of the 2R/3R genotype in their 
population44.An Argentinean investigation also echoed these trends, with heterozygous genotypes accounting 
for 52.3% of individuals studied45.However, a recent American study offered a contrasting view, identifying the 
2R/2R genotype—not 2R/3R—as the most frequent, accounting for 24.6% of their patients46.

Clinical outcome
TYMS
2R2R/2R3R/3R3R

eNOS
4R4R/4R5R/5R5R

MMP-2
TT/CT/CC

Age 0.6010a

0.5100b
0.1422a

1.964b
0.0253a

3.723b

Age at BC Diagnosis 0.4427a

0.8171b
0.5065a

0.6818b
0.1107a

2.218b

Stage of BC 0.6993a

0.3592b
0.2243a

1.519b
0.0843a

2.541b

Age at First Pregnancy 0.7970a

0.2271b
0.5765a

0.5524b
0.1264a

2.090b

Body Mass Index 0.1728a

1.766b
0.1144a

2.185b
0.5798a

0.5461b

Age of Menarche 0.2461a

0.3246b
0.3644a

1.014b
0.2058a

1.591b

Age of Menopause 0.3547a

0.2365b
0.8671a

0.1426b
0.4214a

0.8674b

Breastfeeding status 0.0353a

6.6876c
0.0817a

5.0092c
0.3443a

2.1321c

Family history of cancer 0.3601a

2.0426c
0.1902a

3.3192c
0.5465a

1.2083c

Other Type of Cancer 0.4037a

1.8139c
0.0741a

5.205c
0.1179a

4.2752c

Polycystic ovary syndrome (PCOS) 0.2799a

2.5465c
0.2316a

2.9253c
0.0203a

7.7923c

Uterine fibroid 0.2695a

2.6225c
0.3557a

2.0672c
0.0256a

7.5336c

Benign breast tumor 0.0171a

8.1354c
0.8538a

0.3163c
0.1354a

3.9993c

Estrogen receptor 0.9919a

0.0162c
0.3973a

1.8462c
0.4019a

1.8231c

Progesterone receptor 0.9991a

0.0018c
0.1838a

3.3873c
0.1973a

3.2462c

Human epidermal growth factor receptor 2 (HER2) 0.4331a

1.6732c
0.7509a

0.573c
0.3089a

2.3491c

Axillary lymph node metastasis 0.0132a

8.6515c
0.7374a

0.6092c
0.0939a

4.7309c

Lymph vascular invasion 0.0192a

7.9052c
0.7749a

0.510c
0.2469a

2.7973c

Distant metastasis 0.4283a

1.696c
0.9436a

0.1162c
0.1598a

3.6679c

Allergy 0.5814a

1.0845c
0.4555a

1.5726c
0.9386a

0.1266c

Smoking 0.7782a

0.5016c
0.8315a

0.3689c
0.3443a

2.1323c

Table 4.  Association between TYMS, eNOS, and MMP-2 genotypes and the clinical outcomes of breast 
cancer. ap < 0.05 was considered statistically significant. b F-value; Analysis of variance (ANOVA) test was 
used to determine genotype-phenotype association. c Chi-squared value; Pearson’s chi-squared test was used 
to determine genotype-phenotype association. P- Values < 0.01667 ( 0.05/# of SNVs, 0.05/3 = 0.01667 after 
applying multiple comparison ) are considered as significant.
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Fig. 2.  Overall survival for 1905 patients according to mRNA expression of (A) MMP-2, (B) eNOS, and 
(C)TYMS, Log-rank p values were reported as (p = 0.4209), (p = 0.0734) and (p = 0.0185) respectively.

 

Fig. 1.  Overall survival for 300 patients according to Genotype of (A) MMP-2, (B) eNOS, and (C)TYMS, Log-
rank p-values were reported as (p = 0.8029), (p = 0.3121), and (p = 0.3490) respectively.

 

Scientific Reports |         (2026) 16:4391 7| https://doi.org/10.1038/s41598-025-34531-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


In our study, the most common eNOS genotype was 5R/5R, observed in 71% of the control group and 29% 
of breast cancer cases, with the 5R allele being the most frequent at 84%. This finding is consistent with research 
from the South Indian population, where 5R/5R was also the predominant genotype (48.1%), accompanied by 
a 5R allele frequency of 69%47. Similarly, a study involving the Turkish population reported the homozygous 
5R/5R genotype as the most frequent, accounting for 77.3% of individuals48. However, results from Southern 
Turkey presented a contrasting pattern, identifying the 4R/5R genotype as the most common at 35.3%49. In line 
with our findings, research on the Mexican population showed 5R/5R as the leading genotype, present in 77% 
of cases and 87% of controls13.

In the current study, the most frequent genotype was CC in the BC group and TT in the control group, 
observed in 48% and 47%, respectively. The CC genotype is thought to be associated with increased susceptibility 
to BC. However, a Tunisian study by Habel et al. contradicted our findings, reporting that the SNV rs2285053 
(− 735 C/T) was negatively associated with BC50. A study in the Iranian population found the CC genotype to 
be more frequent than the other genotypes in both BC cases and controls (59.3% and 71%, respectively). The 
study reported that the presence of the C allele of MMP-2 increased the risk of BC by 1.64-fold51. A study in 
the Chinese population by Beeghly-Fadiel et al. found a marginally significant increase in BC risk associated 
with the heterozygous genotype compared to the homozygous genotype, which did not confer a substantial 
risk of the disease52. A study reported an association between the rs12285053 C/T polymorphism and reduced 
susceptibility to digestive cancers, including gastric and lung cancer. The study suggested that populations such 
as Caucasians and East Asians are more likely to exhibit a significant correlation between the prevalence of this 
SNV and increased susceptibility to gastric and lung cancer53. Another study had similar findings, confirming an 
association between MMP-2 (rs2285053) variants and susceptibility to gallbladder cancer (GBC)54.

After analyzing the genotypes of the targeted genes and their polymorphisms alongside the clinical and 
phenotypic outcomes in breast cancer, significant associations were found between TYMS genotypes and 
breastfeeding status (p = 0.0353), as well as with axillary lymph node metastasis (p = 0.0132) and lymph vascular 
invasion (p = 0.0192). These findings align with a Chinese study that reported TYMS polymorphisms to be 
significantly linked with lymph node metastasis and suggested their potential use as predictive markers in 
colorectal cancer patients55. Supporting this, another Chinese study found a similar association between TYMS 
polymorphisms and lymph node metastasis in low-grade glioma56. Additionally, MMP-2 genotypes showed 
significant correlations with age (p = 0.0253), polycystic ovary syndrome (p = 0.0203), and uterine fibroids (p 
= 0.0256). This echoes recent research from the Chinese population reporting significant associations between 
MMP-2 polymorphisms and polycystic ovary syndrome57. Conversely, eNOS genotypes in our study did not 
display any significant associations with clinical phenotypes, although a study from the Mexican population 
reported a possible link between eNOS and tumor progression and metastasis13.

In the genetic model analysis, significant associations were observed within the co-dominant model 
(OR = 1.05, 95% CI = 0.67–1.65, P < 0.0001). This model reflects how each allele of a genetic variant independently 
contributes to the phenotype or disease risk, with heterozygous individuals typically displaying an intermediate 
effect compared to either homozygous genotype. Conversely, in the recessive genetic model, no significant 
associations were found when comparing homozygous T/T and heterozygous C/T genotypes against the 
common homozygous C/C genotype (OR = 0.50, 95% CI: 0.36–0.70, P < 0.0001). This suggests that possessing 
two copies of the T allele may be necessary to increase breast cancer risk in the Jordanian population.

Our study revealed that the three genes and their polymorphisms were not significantly associated with 
improved overall survival (OS) in breast cancer patients. However, Kaplan–Meier analysis indicated that patients 
with higher TYMS expression experienced better OS, with a log-rank p-value of 0.0185. In contrast, previous 
research has associated positive MMP-2 expression with poorer survival outcomes in breast carcinoma58. Another 
study highlighted that both MMP-2 and MMP-9 are highly expressed in breast cancer tissues, contributing 
to lymph node metastasis and thus correlating with poor prognosis; conversely, lower expression levels were 
associated with better patient outcomes59. Beyond breast cancer, TYMS expression has also been associated with 
survival outcomes in other cancers; it is closely linked to both overall and disease-free survival in patients with 
malignant low-grade gliomas56. and in prostate cancer, high TYMS expression has been identified as a strong, 
independent prognostic marker predictive of overall survival60.

To deepen our understanding of how genetic polymorphisms influence breast cancer susceptibility and 
treatment efficacy, future research should also consider patients’ lifestyles and habits. This is crucial, as lifestyle 
factors can interact with genetic profiles, potentially affecting treatment responses and disease progression. 
Integrating genetic data with lifestyle information brings us closer to truly personalized medicine in breast 
cancer care.

This study contributes to this evolving field by highlighting the genetic factors that influence breast cancer risk 
and treatment outcomes in Jordanian patients. By focusing on the unique genetic landscape of this population, 
our findings aim to lay the foundation for more precise, targeted therapies. Adopting an integrated approach that 
combines genetics with lifestyle insights promises to enhance our understanding of breast cancer and improve 
personalized treatment strategies in oncology.

Conclusion
Our study is pioneering in its focus on Jordanian Arab descendants, exploring the impact of specific genetic 
polymorphisms and ethnicity on breast cancer risk. It provides evidence that genetic variants in MMP-2 and TYMS 
contribute to breast cancer development in this population and are significantly associated with susceptibility, 
while higher TYMS expression may be linked to improved overall survival. This research is significant because 
it addresses the role of genetic factors in an understudied ethnic group, contributing to the advancement of 
personalized medicine for breast cancer. By expanding scientific inquiry into diverse populations, our work 
underscores the importance of understanding disease risk factors across different ethnicities. Through genetic 
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association studies in various populations, we aim to validate our findings and reveal the broader implications 
of genetic influences on breast cancer susceptibility. Overall, this study not only enhances our understanding 
of breast cancer in the Jordanian context but also provides a foundation for broader insights into its genetic 
underpinnings across populations.

Limitations
Despite the insights provided by this study, few limitations should be acknowledged. First, the participants sample 
size, while sufficient for initial analysis, may limit the statistical power to detect associations with less common 
genotypes or subtle effects, potentially affecting the generalizability of the findings. Additionally, the lack of 
duplicate genotyping analysis represents another limitation that should be addressed in subsequent research.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author upon 
reasonable request.
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