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Background

Leptin (LEP) plays a physiological role through its specific receptor (LEPR) and is involved in the occurrence and development of breast cancer. Our current study aimed at determining the influence of single-nucleotide polymorphisms (SNPs) in the genes coding for LEP and LEPR on breast cancer risk.



Methods

In the present study, 963 breast cancer cases and 953 controls were enrolled. Five SNPs of LEP and two of LEPR were chosen to evaluate the correlation of selected SNPs with breast cancer susceptibility among women in northern and eastern China. Analyses were further stratified by body mass index (BMI), waist–hip rate (WHR), estrogen receptor, and progesterone receptor status. The expression patterns of risk variant-associated genes were detected by expression quantitative trait locus (eQTL) analysis with eQTLGen and The Cancer Genome Atlas database.



Results

There were significant differences between breast cancer cases and control groups in the menopausal status and family history of breast cancer. Two SNPs (rs1137101 and rs4655555) of the LEPR gene decreased overall breast cancer risk, and other five SNPs showed no significant association with breast cancer risk. rs1137101 (GA vs. GG; adjusted OR = 0.719, 95% CI = 0.578–0.894, p = 0.003) and rs4655555 (TT vs. AA; adjusted OR = 0.574, 95% CI = 0.377–0.873, p = 0.009) significantly decreased breast cancer risk after Bonferroni correction for multiple testing. In subgroup analyses, the GA and GA + AA genotypes of LEPR rs1137101 associated with decreased breast cancer risk in the subgroup of BMI ≤ 24 kg/m2 or WHR ≥ 0.85 after Bonferroni correction. Furthermore, we found that the expressions of rs4655555-associated gene LEPR and leptin receptor overlapping transcript (LEPROT) were upregulated in breast cancer tumor tissues compared with adjacent normal tissues, and a higher expression of LEPR in tumor tissues was correlated with poor prognosis of breast cancer patients using The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) data.



Conclusion

Our study demonstrated that the polymorphisms rs1137101 and rs4655555 located in the LEPR gene decreased breast cancer risk in Chinese females, which might be a research-worthy bio-diagnostic marker and applied for early prediction and risk assessment of breast cancer.
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Introduction

According to Global Cancer Statistics 2021, breast cancer is the most commonly diagnosed cancer worldwide, which accounts for 30% of all new cancers in women. Furthermore, breast cancer is the second leading cause of cancer death among women (1). China is undergoing cancer transition with an increasing burden of breast cancer, and female breast cancer patients took up 18.41% of breast cancer deaths across the world (2). Breast cancer incidence rates continue to increase by about 0.5% per year, which is attributed at least in part to continued declines in fertility rate and increased body weight (3). There are varieties of factors that can increase the risk of breast cancer, including family history of breast cancer, breastfeeding, secondhand smoke, eating habits, obesity, and diabetes mellitus (4). Based on larger observational studies, obesity is associated with a higher risk of developing breast cancer, particularly in postmenopausal women (5, 6). Obesity induces the dysfunction of adipocyte and changes the expression levels of adipokines and hormones, which will promote the progress of obesity related-tumors (7). A high expression of leptin (LEP) and low levels of adiponectin in obese patients were identified associated with the occurrence of breast cancer (8).

Leptin (LEP), the circulating product of the obesity gene, is a 16-kDa glycoprotein expressed and secreted primarily by the adipocyte. LEP plays an important role in body weight homeostasis by influencing food intake and energy expenditure and maintaining constant energy stores (9). In addition to the regulation of body weight, LEP was also identified to be involved in insulin resistance, cancer cell inflammation, oxidative stress, cell proliferation, apoptosis, angiogenesis, and antitumor immune regulation (10, 11). Leptin exerts its biological action majorly through binding to and activating the leptin receptors (LEPR) (12) and the gene encoding LEPR overlapping transcript (LEPROT).

The expressions of LEP and LEPR were associated with enhanced cell proliferation and angiogenesis in both benign and malignant breast epithelial cells (13–17). Higher circulating leptin concentrations were significantly associated with an increased risk of breast cancer (18). Previous studies indicated that LEPROT could negatively regulate the cell surface expression of LEPR and the silencing LEPROT expression in the mouse hypothalamic arcuate nucleus prevented the development of high-fat-diet-induced obesity (19). In contrast, LEPROT was found to activate the JAK/STAT pathway and may facilitate cancer development (20). A recent study identified an aberrant expression of LEPROT in 78.9% cancers compared with corresponding normal tissues (21).

Studies have identified genetic variants of LEP and LEPR correlated with susceptibility of various malignant tumors, including breast cancer (22, 23). Several single-nucleotide polymorphisms (SNPs) of LEP and LEPR were found correlated with breast cancer risk, including LEP-2548G/A (rs7799039), LEPR K109R (rs1137100), and LEPR Q223R (rs1137101) (24–27), but the results are not exactly consistent. Based on these results, in the current study, we selected 7 polymorphisms located in the LEP and LEPR genes and identified the association with breast cancer risk in northern and eastern Chinese Han females by conducting a multicenter case–control study. This exploration could further provide a research basis for discovering pathogenic targets of breast cancer prevention.



Materials and Methods


Participants

Characteristics of the study participants have been reported previously (4). Briefly, participants in the case group were Han ethnic female patients aged 25 to 70 years, who had newly diagnosed, histologically confirmed breast cancer and were recruited at 21 hospitals located in 11 provinces of northern and eastern China between April 2012 and April 2013. The control group comprised age-matched (± 3 years) volunteers recruited at the same hospital who were examined within 2 months of the case group and were confirmed as being breast cancer free by negative physical and imaging findings. Participants with other malignant tumors were excluded from the study. The ethics committee of the Second Hospital, Cheeloo College of Medicine, Shandong University, had approved this study, and all participants signed informed consent.

Personal information and samples from each participant were obtained after signing the informed consent. The demographic information and lifestyle habits of the participants, clinical data including age, body mass index (BMI), waist–hip rate (WHR), personal medical history, family backgrounds, the clinical examination results of visual examination, palpation, and related diagnostic tests such as breast ultrasound and mammography were documented. The statuses of the estrogen receptor (ER) and progesterone receptor (PR) were determined by immunohistochemical staining and obtained from the patients’ medical records. According to the American Society of Clinical Oncology/College of American Pathologists (2020) guideline recommendations, samples with 1% to 100% of tumor nuclei positive for ER or PR are interpreted as positive (28). For each participant, a 4-ml non-fasting blood sample was collected using an EDTA vacutainer (Becton Dickinson, New York). Each blood sample was stored vertically in a freezer at -80°C after sedimentation.



Genotyping and Laboratory Methods

Blood DNA was extracted using the Wizard Genomic DNA Purification Kit (Promega, Madison, USA). According to previous studies, 7 SNPs were reported in relation with obesity, weight, or cancer risk including rs10244329 (29), rs10954173 (30), rs2167270 (31), rs3828942 (29), and rs4731426 (32) of LEP and rs1137101 (33) and rs4655555 (34) of LEPR (Supplementary Table 1) with a minor allelic frequency (MAF) > 5% according to the dbSNP database (https://www.ncbi.nlm.nih.gov/snp/), which were selected for further analysis. All participants were genotyped using the Sequenom MassARRAY SNP system (CapitalBio Technology, Beijing, China), as previously described (35).



Statistical Analysis

SPSS 26.0 statistical software (IBM, New York) was used to analyze the data. Among them, χ2 tests were used to compare the differences in demographic and lifestyle data between the case and control groups. A population representative was detected using Hardy–Weinberg equilibrium (HWE) in the control group. Unconditional logistics regression was used to assess the co-dominant (heterozygous or mutant homozygous vs. wild-type homozygous), dominant (heterozygous and mutant homozygous vs. wild-type homozygous), and recessive (mutant homozygous vs. wild-type homozygous and heterozygous) models of genetic variants and breast cancer risk. Odds ratios (OR) with 95% confidence interval (95% CI) were estimated after adjustment for menstrual status and family history of breast cancer. Subjects were further stratified into subgroups according to BMI, WHR, ER, and PR statuses. Bonferroni correction was used to adjust for multiple testing, and the level of significance was set at α < 0.01 (0.05/5) for testing the five loci of LEP and α < 0.025 (0.05/2) for testing the two loci of LEPR.

The eQTLGen database was used to identify affected genes related to the risk SNPs (36). The expressions of related genes in paired breast tumor tissue and normal tissue (n = 112) of The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) were further analyzed by using the two-tailed paired Wilcoxon rank-sum test. The association between related genes and the survival rate of breast cancer patients were analyzed by the Kaplan–Meier survival analysis based on TCGA Breast Invasive Carcinoma (TCGA-BRCA) data. The curves were generated with an optimum cutoff value for LEPR or LEPROT expression. A p-value < 0.05 was considered as statistically significant unless otherwise specified.




Results


General Demographic Characteristics of Participants

In this study, we enrolled 963 controls and 953 cases. The general demographic characteristics of the participants are presented in Table 1. The menstrual status and family history of breast cancer showed significant differences between the case and control groups (p < 0.05). There was no significant difference for other factors between the two groups.


Table 1 | Demographic characteristics of participants.





Genotype Distribution of LEP/LEPR and Breast Cancer Risk

The association of LEP and LEPR SNP genotypes with breast cancer risk after adjustments for risk factors, including menstrual status and family history of breast cancer, is shown in Table 2. All SNPs were consistent with HWE in the control group (p > 0.05). Among the 7 SNPs, LEPR rs1137101 showed a significantly decreased breast cancer risk under the dominant genetic model (GA + AA vs. GG, adjusted OR = 0.722, 95% CI = 0.584–0.893, p = 0.003) and co-dominant genetic model (GA vs. GG, adjusted OR = 0.719, 95% CI = 0.578–0.894, p = 0.003). For LEPR rs4655555, a significant association with decreased breast cancer risk was also identified in the co-dominant genetic model (TT vs. AA, adjusted OR = 0.574, 95% CI = 0.377–0.873, p = 0.009) and recessive model (TT vs. TA + AA, adjusted OR = 0.595, 95% CI = 0.394–0.899, p = 0.014). However, the other five SNPs showed no significant association with overall breast cancer risk.


Table 2 | Genotype distribution of LEP/LEPR and breast cancer risk.





Associations Between LEP/LEPR Polymorphisms and Risk of ER+/PR+ or ER-/PR- Breast Cancer Patients

Among the 953 cases, 848 (89.0%) patients had explicit joint ER and PR statuses. Overall, 572 (60.0%) cases were ER+/PR+, 189 (19.8%) cases were ER-/PR-, 72 (7.6%) cases were ER+/PR−, and 15 (1.6%) cases were ER-/PR+. Due to the limited sample size, we excluded ER+/PR- and ER-/PR+ cases for further analysis. The association between the genotypes of LEP/LEPR and the risk of ER+/PR+ or ER-/PR- cases is shown in Table 3 and Supplementary Table 2. LEPR rs1137101 decreased ER+/PR+ breast cancer risk in the dominant genetic model (GA + AA vs. GG, adjusted OR = 0.727, 95% CI = 0.568–0.930, p = 0.011) and the co-dominant genetic model (GA vs. GG, adjusted OR = 0.739, 95% CI = 0.575–0.951, p = 0.019). For LEPR rs4655555, a significant association with decreased ER+/PR+ breast cancer risk in the co-dominant genetic model (TT vs. AA, adjusted OR = 0.533, 95% CI = 0.321–0.884, p = 0.015) and the recessive model (TT vs. TA + AA, adjusted OR = 0.562, 95% CI = 0.341–0.925, P = 0.023) was identified.


Table 3 | The association of LEP/LEPR genetic variations with risk of ER+/PR+ and ER-/PR- breast cancer.





The Association Between LEP/LEPR Genotypes and Breast Cancer Risk According to BMI and/or WHR

We further performed stratified analysis to determine the association between LEP/LEPR polymorphisms and breast cancer risk according to obesity indicators including BMI and WHR (Table 4 and Supplementary Tables 3, 4).


Table 4 | The association of LEP/LEPR genetic variations with breast cancer risk according to BMI or WHR category.



According to the BMI category, rs1137101 and rs4655555 only showed a significant association with decreased breast cancer risk in the subgroup of BMI ≤ 24 kg/m2 (Table 4, p < 0.01). In the subgroup of WHR ≥ 0.85, rs1137101 and rs4655555 showed a lower breast cancer risk in the dominant genetic model (Table 4, rs1137101, GA + AA vs. GG, adjusted OR = 0.533, 95% CI = 0.376–0.755, p = 0.000; rs4655555, TA + TT vs. AA, adjusted OR = 0.693, 95% CI = 0.515–0.933, p = 0.016). A similar association between rs4655555 and breast cancer risk was also identified in women with WHR < 0.85 (Table 4, TT vs. AA, adjusted OR = 0.453, 95% CI = 0.239–0.860, p = 0.015; TT vs. TA+ AA, adjusted OR = 0.455, 95% CI = 0.242–0.856, p = 0.015).

We further conducted a stratified analysis by combining BMI and WHR. The results indicated a similar association between the rs1137101 genotype and decreased breast cancer risk in the BMI ≤ 24.0 kg/m2 and WHR ≥ 0.85 subgroup (Supplementary Table 4, GA+AA vs. GG, adjusted OR = 0.482, 95% CI = 0.288–0.807, p = 0.006) and BMI > 24.0 kg/m2 and WHR ≥ 0.85 subgroup (Supplementary Table 4, GA+AA vs. GG, adjusted OR = 0.563, 95% CI = 0.344–0.921, p = 0.022). The TT genotype of rs4655555 showed a decreased breast cancer risk in women of BMI ≤ 24.0 kg/m2 and WHR < 0.85 (Supplementary Table 4, TT vs. AA, adjusted OR = 0.397, 95% CI = 0.179–0.884, p = 0.024; TT vs. TA+ AA, adjusted OR = 0.389, 95% CI = 0.177–0.852, p = 0.018).



Expression of rs4655555-Associated Genes in Breast Cancer Tissues

To further identify the downstream associated genes of breast cancer risk-related variants, we found that 2 cis-eQTL genes (LEPR and LEPROT) were associated with rs4655555 based on the eQTLGen database (36) (Table 5). The expression pattern of LEPR and LEPROT in breast cancer tissues was analyzed using TCGA data. The results indicated that compared to matched adjacent normal tissues, both LEPR and LEPROT showed a higher expression in breast cancer tumor tissues (p < 0.001, Figures 1A, B).


Table 5 | Identification of rs4655555 associated genes by eQTL analysis.






Figure 1 | The association between LEPR/LEPROT expression and prognosis of breast cancer patients. The expression of LEPR (A) and LEPROT (B) in adjacent normal tissues and primary tumor issues of paired TCGA-BRCA data as analyzed by two-tailed paired Wilcoxon’s rank-sum test. ***p-value < 0.001. Kaplan–Meier curves for overall survival (OS) and disease-free interval (DFI) by using TCGA-BRCA data according to high and low LEPR (C, E) or LEPROT (D, F) gene expression. HR with 95% CI and log-rank p values were calculated. A log-rank p value < 0.05 was considered as statistically significant.



The association between LEPR or LEPROT level and outcomes of breast cancer patients was further evaluated by Kaplan–Meier survival analysis based on TCGA-BRCA data. A high expression of LEPR is significantly associated with poor OS of breast cancer patients, with HRs (95% CIs) of 1.68 (95% CI: 1.01–2.80) (Figure 1C). However, the association between LEPROT expression and OS of breast cancer patients was not significant (Figure 1D, HR = 1.25, 95% CI = 0.84–1.87). Furthermore, no significant association between LEPR or LEPROT expression and disease-free interval (DFI) of breast cancer patients was identified (Figures 1E, F).




Discussion

Obesity is a common public health problem nowadays. A number of studies have shown that obesity is associated with the occurrence of breast cancer (5, 6). The molecular mechanisms of the relationship between obesity and breast cancer involve estrogens, insulin, leptin, adiponectin, and inflammatory cytokines. Specifically, the activation of leptin signaling leads to simultaneous activation of multiple oncogenic pathways, leading to increased breast cancer cell proliferation, epithelial–mesenchymal transformation, migration, and invasion (37, 38). Previous studies have shown that elevated leptin levels are associated with aggressiveness and poor prognosis of breast cancer patients (18, 39). In addition, studies also showed that variants of LEP and LEPR gene are associated with breast cancer susceptibility (24–26). In the current study, we recruited 1,616 participants including 963 breast cancer cases and 953 cancer-free controls to assess the correlation between LEP/LEPR polymorphisms and susceptibility of breast cancer. Our current study found a significant association between the LEPR rs1137101 and rs4655555 variants and decreased risk of breast cancer in a Chinese Han population.

The LEPR rs1137101 (Arg223Gln), a missense SNP, has been analyzed for the correlation with cancer risk and development; however, the previous results were not consistent. In the current study, we found that the GA and GA+AA genotypes of rs1137101 were associated with decreased breast cancer risk. Some previous case–control studies reported that the A allele of rs1137101 is a protective factor against cancer occurrence (26, 40, 41), which were consistent with our results, but some studies have shown the opposite results (42, 43). The inconsistent results may be due to differences in race, genetic background, environment, or lifestyle.

We further identified that the genotype of LEPR rs1137101 was associated with decreased breast cancer risk under the dominant genetic model in the subgroup of WHR ≥ 0.85 regardless of BMI by stratified analysis (Table 4 and Supplementary Table 4). The risk of breast cancer in rs1137101 GA carriers was most significantly reduced in women with WHR ≥ 0.85 and normal BMI (Supplementary Table 4, BMI ≤ 24.0 kg/m2 and WHR ≥ 0.85, adjusted OR = 0.446, 95% CI: 0.264–0.754, p = 0.003), which was the indicator of central obesity. Our previous study indicated that central obesity was positive with ER-/PR- breast cancer risk (44). A similar trend of the GA genotype of rs1137101 was associated with a decreased risk in ER-/PR- breast cancer (Table 3), indicating that rs1137101 may participate in mediating the correlation between central obesity and ER-/PR- breast cancer risk. We also found that the GA + AA genotype of rs1137101 was significantly associated with decreased breast cancer risk in women of WHR ≥ 0.85 and BMI > 24.0 kg/m2, which may partially explain for the reduced risk of ER+/PR+ cases (Table 3 and Supplementary Table 4). A previous study has shown that serum leptin levels are positively associated with increased expression of ER and PR in breast cancer patients (45). Similarly, LEPR expression was positively correlated with tumor size and ER expression in breast cancer (46). However, the association between rs1137101 genotypes and LEPR expression is still unknown. Therefore, the in-depth mechanism between rs1137101 and breast cancer risk in different hormone receptor statuses needs to be further explored.

To our knowledge, the association between rs465555 and breast cancer susceptibility has not been demonstrated in previous studies. We found that the TT genotype of rs4655555 was associated with decreased overall breast cancer risk. A similar association was identified in the subgroup of BMI ≤ 24.0 kg/m2 and BMI ≤ 24.0 kg/m2 and WHR < 0.85. Based on the eQTLGen database, we identified 2 cis-eQTL genes of rs4655555, including LEPR and LEPROT, the receptors for leptin action (47). A previous genome-wide association study also identified a strong association between rs4655555 and circulating soluble leptin receptor (sOB-R) levels (34). There is no previous correlation study between rs465555 and LEPROT expression. To evaluate the potential causal function of rs4655555-associated genes in breast cancer risk, based on the TCGA database, we found a higher expression of LEPR and LEPROT in breast cancer tumor tissues compared to that of adjacent normal tissues. Previous studies indicated that leptin signaling played a key role in breast cancer incidence and development, and a higher expression of leptin and LEPR was also validated in breast cancer tissues (48, 49). The expression of LEPR is also necessary for maintaining cancer stem cell-like and metastatic properties in triple-negative breast cancer (50). We further identified that a high expression of LEPR significantly correlated with worse prognosis of breast cancer patients, which suggesting that the rs4655555 variant may affect breast cancer risk and development through regulating the expression of LEPR, and subsequently prognosis. Further confirmatory studies are necessary to validate the regulatory mechanism in variant-associated breast carcinogenesis.

The strengths of this study include the multicenter retrospective study design, the large sample size, the availability of fasting blood samples, and the measurement and examination of relevant indicators in participants using standardized procedures. However, some limitations of this study need to be addressed. First, although the number of participants was relatively large, the sample sizes of some subgroups were small. A larger external multicenter prospective cohort study needs to be further conducted to validate our identification. Furthermore, the correlation between rs1137101, rs4655555, and downstream causal genes needs to be further validated by conducting experimental analyses.

In conclusion, our study provides evidence that rs1137101 and rs4655555 of the LEPR gene are associated with breast cancer susceptibility in Chinese women. In addition, rs1137101 may have the potential to inhibit the occurrence and development of breast cancer in centrally obese women, providing new ideas for the prevention of obesity-associated breast cancer.
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112 (69.3)
69
(36.5)
8(4.2)

112 (59.3)
77 (40.7)

181 (95.8)
8 (4.2

ER-/PR-

OR
(95% CI)?

1 (ref)
0669
(0.449-0.998)
0849
(0.245-2.940)

1 (ref)
0.681
(0.462-1.003)

1 (ref.)
0.933
(0.270-3.222)

1 (ref.)
0.967
(0.689-1.358)
0613
(0.284-1.320)

1 (ref.)
0910
(0.656-1.262)

1 (ref.)
0.620
(0.291-1.322)

p- value

0.049

0.796

0.052

0.912

0.848

0.211

0.573

0.216

Cl, confidence interval; OR, odds ratio; ref., reference.
Adjusted for menstrual status and family history of breast cancer.
Bonferroni correction, significant if o < 0.025 (in bold).
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Variables? Control, n (%) Case, n (%) xr p-value®
Age,y 3.563 0.468
25-34 76 (7.9) 62 (6.5)
35-44 329 (34.2) 30 (31.7)
45-54 352 (36.6) 364 (38.2)
55-64 183 (19.0) 20 (21.0)
65-70 23 (2.4) 25 (2.6)
Age at menarche, y 0.924 0.630
7-11 16 (1.7) 1(12)
12-13 231 (24.4) 223 (24.0)
>14 699 (73.9) 695 (74.8)
Menstrual status 6.251 0.012
Premenstrual 665 (71.9) 614 (66.5)
Postmenstrual 260 (28.1) 309 (33.5)
Family history of breast cancer 9.556 0.020
No 921 (96.2) 884 (93.1)
Yes 36 (3.8) 66 (6.9)
BMI, kg/m? 1.725 0.189
<24 469 (50.2) 432 (47.2)
>24 465 (49.8) 484 (52.8)
WHR 2.534 0.111
<0.85 485 (56.5) 420 (52.6)
>0.85 374 (43.5) 379 (47.4)

BMI, body mass index; WHR, waist-hip rate.
“The data were presented in the form of classified variables.
bh-value was calculated by the ¥ test, and p < 0.05 was statistically significant (Bold value).
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