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Background: Aberrant homocysteine level is associated with metabolic disorders and DNA damage, which may be involved in the carcinogenesis of hormone-related cancers, but clinical results of observational studies are controversial. In this study, we investigated the causal relationships between plasma homocysteine and breast cancer (BRCA), prostate cancer (PrCa), and renal cell carcinoma (RCC) using Mendelian randomization (MR) analyses.

Design and Methods: To investigate the putative causal associations between homocysteine and the aforementioned three types of cancers, a two-sample MR study was employed for the study. The primary strategy for summary data analyses was the inverse-variance-weighted (IVW) approach. In our study, the single-nucleotide polymorphisms (SNPs) excluded confounding factors through Linkage Disequilibrium (LD). Phenoscanner tests were the instrumental variants (IVs), homocysteine was the exposure, and BRCA, PrCa, and RCC were the outcomes. Single-nucleotide polymorphisms associated with homocysteine were extracted from a large genome-wide association study (GWAS) meta-analysis of European participants (n = 44,147). Summary Statistics of BRCA were obtained from the latest and largest GWAS meta-analysis comprising of 82 studies from Breast Cancer Association Consortium (BCAC) studies, including women of European ancestry (133,384 cases and 113,789 controls); we obtained summary-level data from the GWAS meta-analysis of PrCa comprising 79,148 cases and 61,106 controls of European ancestry, and the dataset of RCC was a sex-specific GWAS meta-analysis comprising of two kidney cancer genome-wide scans for men (3,227 cases and 4,916 controls) and women (1,992 cases and 3,095 controls) of European ancestry. The MR-Egger and weight median analyses were applied for the pleiotropy test.

Results: The results showed null associations between plasma homocysteine levels and overall BRCA (effect = 0.97, 95% CI: 0.90–1.06, P = 0.543), overall PrCa (effect = 1.01, 95% CI: 0.93–1.11, P = 0.774), RCC in men (effect = 0.99, 95% CI: 0.73–1.34, P = 0.929), and RCC in women (effect = 0.89, 95% CI: 0.61–1.31, P = 0.563).

Conclusions: We found no putative causal associations between homocysteine and risk of BRCA, PrCa, and RCC.
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INTRODUCTION

Homocysteine is derived from the essential amino acid methionine (1) and functions as a metabolic intermediate of the methionine cycle that is essential for one-carbon metabolism (2). Activated by ATP, methionine is converted to S-adenosyl methionine (SAM), a donor for DNA methylation (3) that also leads to producing homocysteine as a crucial intermediate for methionine regeneration. This process requires a 5-methyl-tetra-hydrogen-folate (5-MTHF) unit and a specialized methyltransferase that uses vitamin B12 as a coenzyme (4). Hence, deficiency of folic acid and vitamin B12 may lead to a defective methionine cycle thus the accumulation of the plasma homocysteine level (5, 6), which has been linked to an elevated risk of cardiovascular and metabolic disorders (7–9). Indeed, plasma levels of these one-carbon-unit related metabolites are usually measured for clinical diagnosis of cardiovascular diseases and atherosclerosis. Conversely, reduced plasma homocysteine levels had been reported in some clinical cases of patients who received hormone replacement therapy for post-menopause or severe hypothyroidism (10, 11). On one hand, this negative correlation between hormone and homocysteine levels may be explained by the effects of hormones (estrogen or thyroid hormones) on various enzymes including those involved in methionine metabolism. On the other hand, homocysteine levels have been found to be elevated in the plasma of patients with breast cancer (BRCA), colorectal cancer, primary hepatocellular carcinoma, and many other malignancies (12, 13); this might be manifested by altered methionine cycle that is robust during cancer pathogenesis and is related to facilitated DNA double strand breaks and other mutations. Indeed, elevated homocysteine levels have been linked to tumorigenesis through DNA hypomethylation and inactivation of tumor suppressor genes (14, 15), and it has been noted for some years that plasma homocysteine concentrations are associated with risks of tumorigenesis (16–18). However, the causal relationship between homocysteine and cancers remains controversial. For instance, certain observational studies suggest that homocysteine is a risk factor for some cancers, e.g., BRCA and prostate cancer (PrCa) (19, 20). Other studies, however, suggest otherwise (21–24).

Breast cancer constitutes a malignancy with the highest incidence rate in women worldwide (25). Epidemiological investigations showed that high estrogen levels can significantly change the endocrine environment in vivo and induce the carcinogenesis of BRCA (26, 27). Estrogen triggers transcriptional programs through estrogen receptors and cognate co-activators, and target genes include certain oncogenes that are deregulated in BRCA cells—which are thought to be the primary driving forces for the pathogenesis (28). The wealth of evidence shows that the high incidence of BRCA and ovarian cancer in women (29), along with PrCa and testicular cancer in men, might be related to the disordered hormonal status, presumably owing to the fact that relevant tissues are sensitive to hormones and chemicals that disrupt hormone balance. For instance, serum androgen level is one of the important indicators in the initial diagnosis of the majority of PrCa (30, 31), and clinical endocrine therapy of PrCa is mainly to reduce androgen levels and to inhibit the function of the androgen receptor (32). Renal cell carcinoma may also be hormone-related cancer, given that clinical studies have found that multiple hormone receptors were highly expressed in RCC tumor tissues (33) and abnormal hormone levels are of vital importance for RCC development (34, 35). In a sense, BRCA, PrCa, and RCC are all hormone-related cancers.

Epidemiological/observational studies have limitations because of (potentially) biased results, limited cases, confounding factors, and reverse causation. It is interesting to note that published observational studies on the association of homocysteine, as a potential cancer biomarker, with risks of BRCA and PrCa have drawn inconsistent conclusions (19–24). One limitation of these studies is that it is difficult to interpret the results with confounding and reverse causation. Mendelian randomization (MR) study design has significant strengths by using randomlyassigned SNPs as proxies for exposure to evaluate its causal effects on the outcome in the absence of pleiotropic effects and reverse causality (36, 37), which is unachievable by epidemiological/observational studies. Whether excess homocysteine is the cause of cancer without confounding factors remains unclear. Therefore, we designed a two-sample MR analyses to solve the problem. The MR analyses using genome-wide association study (GWAS) data have been widely employed to establish casual relationships between (genetic) exposure factors and clinical outcomes. According to the genetic law of Mendel's, SNPs are randomly-assigned during gamete formation, which can evaluate the causality between an exposure and an outcome. Mendelian randomization analyses need to satisfy three assumptions: (1) selected instrumental variant (IV) must be associated with the exposure factor; (2) selected IV can only have an effect on the outcome through the exposure; and (3) selected IV cannot be affected by the confounding factors that have an impact upon the association between the exposure and the outcome. In our study, the SNPs excluded confounding factors were the IVs, homocysteine is the exposure, and BRCA, PrCa, and RCC are the outcomes. This study aimed to identify putative causal associations between homocysteine and risks of BRCA, PrCa, and RCC.



MATERIALS AND METHODS


Genetic Associations With the Plasma Level of Homocysteine

The flow chart of the MR study design is shown in Figure 1. We designed the MR analyses based on the aforementioned three assumptions to assess the associations between homocysteine and risks of BRCA, PrCa, and RCC.
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FIGURE 1. The flow chart of the MR study. IVs, instrumental variables; SNP, single nucleotide polymorphism; IVW, inverse-variance-weighted; BRCA, breast cancer; PrCa, prostate cancer; RCC, renal cell carcinoma.


Candidate IVs linked to plasma homocysteine concentrations were selected from a study that included data from 44,147 participants of European ancestry on total plasma homocysteine concentrations (38). This meta-analysis included individual-level data from 10 cohorts. Plasma homocysteine levels were measured in each cohort by Liquid chromatography–tandem mass spectrometry, high performance liquid chromatography, and enzymatic methods. The participants from each cohort were genotyped by using the Affymetrix 5.0 GeneChip 500K 500K (Thermo Fisher), Illumina Infinium HumanHap610K, 550, and Illumina HumanCNV370 BeadChips (Illumina). The exclusion criteria for SNPs in each cohort [minor allele frequency (MAF) <1%, P-value for the Hardy–Weinberg equilibrium (HWE) <1.0 × 10−6, call rate <95%] were used. General characteristics of the contributing cohorts and study population are described elsewhere (38). Briefly, the age of the participants of each cohort ranged from 17 to 79 years. Except for the four cohorts [The TwinsUK cohort (TUK1&TUK2), Women's Genome Health Study (WGHS), and Nurses' Health Study (NHS)], which are mainly composed of women, the number of men and the number of women in the rest of the cohorts are roughly the same (women: 45–58%).



IVs Selection and Validation

To single out the genetic variables linked to plasma homocysteine concentrations, a genome-wide significance (P < 5 × 10−8) was set as the standard to ensure a close relationship between SNPs and plasma homocysteine levels. A total of 18 SNPs were obtained from a study of total homocysteine level datasets. Among them, three SNPs (rs1801133, rs957140, and rs12921383) were weeded out because of the linkage disequilibrium (LD) to conform the independence of selected IVs (r2 < 0.05) (Supplementary Table 1). Given the primary assumption of MR analyses that IVs can only affect the outcome through the exposure, we also performed a search on the Phenoscanner website to detect the pleiotropic effects of the selected IVs and removed one SNP (rs12921383) due to its link to skin cancer; in fact, this one overlapped with the aforementioned three SNPs. Eventually, the remaining 15 SNPs were selected to analyze the relationships between genetic variants for homocysteine levels and the risk of BRCA. The characteristics of the 15 SNPs are shown in Table 1 and Supplementary Table 2.


Table 1. The characteristics of 15 valid SNPs and their associations with homocysteine levels.
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Study Outcomes

Breast cancer, PrCa, and RCC were the outcomes. We selected the latest published GWAS meta-analysis that contained the most complete clinical data available, on three types of cancers, respectively. The sources of datasets are shown in Table 2.


Table 2. The characteristics of genome-wide association studies (GWAS) on the included outcomes.
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Summary statistics of overall BRCA were obtained from the latest and largest GWAS meta-analysis comprising of 82 studies from the Breast Cancer Association Consortium (BCAC), including women of European ancestry (133,384 cases and 113,789 controls) [BRCA–GWAS] (39). Two Illumina iSelect genotyping arrays, iCOGS and OncoArray, were applied for sample genotyping in this study. Single-nucleotide polymorphisms with MAF < 0.005 were excluded.

For PrCa, we extracted summary-level data from the GWAS meta-analysis of Prostate Cancer Association Group to Investigate Cancer-Associated Alterations in the Genome (PRATICAL) consortium comprising of 79,148 cases and 61,106 disease-free controls of European ancestry [PrCa–GWAS] (40). This GWAS meta-analysis included the PrCa GWAS meta-analysis published in 2014, and the summary data of PrCa samples from 52 studies genotyping on the OncoArray analysis published in 2017. The QC criteria excluded SNPs with P-value for HWE < 1.0 × 10−12 in cases or P < 10−7 in controls, the call rate <95%, or with concordance <98%.

The dataset of RCC was a sex-specific GWAS meta-analysis comprising of two kidney cancer genome-wide scans for men (3,227 cases and 4,916 controls) and women (1,992 cases and 3,095 controls) of European ancestry [RCC–GWAS] (41). HumanHap 317k, 550, or 610Q were conducted to genotype the selected participants. Standard QC procedures (P-value for HWE <1.0 ×10–7, call rate <90%, and MAF < 0.05) were applied.



Statistical Analyses

In our study, three different statistical methods of two-sample MR analyses were employed. First of all, the inverse-variance-weight (IVW) approach (42) was applied for the primary two-sample MR analyses to quantify the causal associations between plasma homocysteine concentrations and the risk of three types of cancers. Briefly, the ratio of coefficients was calculated in the IV outcome regression to evaluate the causal effects. ME-Egger regression approach was used to examine the horizontal pleiotropy between IVs and the three types of cancers, independent of homocysteine levels. The intercept differs from zero (p > 0.05) and indicates no horizontal pleiotropy. In addition, a weighted median method (WM), an effective statistical tool that only needs half of the effective SNPs, was used as proof for the IVW approach by calculating the median value of selected estimates of IVs (43).

All analyses were conducted by “Mendelian Randomization” package in R version 3.6.1.




RESULTS


Causal Associations With Diverse Cancers

To establish putative causal associations between homocysteine concentrations and BRCA, PrCa, and RCC, we performed IVW analyses to estimate causal effects. The associations between genetic variants for plasma concentrations of homocysteine and all the outcomes are listed in Supplementary Tables 3–5. Our study suggested null significant causal associations between homocysteine concentrations and three types of cancers.

The outcomes suggested no evidence that homocysteine levels had causal effects on overall BRCA (effect = 0.97, 95% CI: 0.90–1.06, P = 0.543; Figure 2; Supplementary Table 6).
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FIGURE 2. Causal associations between homocysteine levels and overall breast cancer, overall prostate cancer, renal cell carcinoma in men, and renal carcinoma in women. The effects, 95% CIs, and P-values of associations are contained. Effect, the combined causal effect; CI, confidence interval; P-value, P-value of the causal estimate.


There was no significant relationship between homocysteine levels and overall PrCa (effect = 1.01, 95% CI: 0.93–1.11, P = 0.774; Figure 2; Supplementary Table 6).

Inverse-variance-weight analyses showed no effects of homocysteine concentrations on RCC of different sexes, RCC in men (effect = 0.99, 95% CI: 0.73–1.34, P = 0.929), and RCC in women (effect = 0.89, 95% CIl: 0.61–1.31, P = 0.563) (Figure 2; Supplementary Table 6).



Sensitivity Analyses

The MR-Egger and the weight medium methods were used to further analyze the influence of pleiotropic effects on the final outcome. A similar conclusion was drawn according to the sensitivity analyses. The MR-Egger test showed non-zero intercept values (p > 0.05), which indicated little horizontal pleiotropy (Supplementary Table 7). Similar results were observed in the WM analyses (Supplementary Table 7). All the results confirmed no pleiotropy effects on our estimated associations.




DISCUSSION

This two-sample MR study suggested no putative relationships between plasma homocysteine levels and the risk of BRCA, PrCa, and RCC. In addition, the levels of homocysteine were not significantly related to the risk of BRCAs with different ER expression status and RCC of different sexes.

As a plasma component involved in one-carbon metabolism, homocysteine has attracted attention in diverse clinical studies. Higher plasma homocysteine levels tend to be associated with metabolic disorders, even cancer; but the conclusions drawn from previous observational studies on associations between levels of plasma homocysteine with cancer risk are controversial given that other studies found no evidence for casual associations between genetically-determined plasma homocysteine levels with risk of hormone-related cancers. In an EPIC–Varese cohort study (23), researchers recruited 276 BRCA cases to study on the role that one-carbon metabolism plays in breast carcinogenesis. The team concluded that high homocysteine levels were not linked to BRCA risks; however, others found that increased homocysteine levels were inversely related to multiple cancers (17–19). Some case control studies also found that SNPs existed in genes involved in homocysteine metabolism. These polymorphisms were reported to be closely related to different cancers. These controversial findings may be explained by the following reasons: (1) The sample size of these observational studies might not be large enough to draw a valid conclusion; (2) establishing causality is a much more difficult task which many epidemiological techniques cannot achieve; (3) observational studies are prone to residual confounding factors, such as diversified nutrients involved in one-carbon metabolism, which results in biased conclusion, and thus inaccuracy. It is still unknown whether homocysteine is one of the causes of cancers or the result. Therefore, our MR analyses wanted to explore whether homocysteine is the cause of cancer without confounding factors. Our findings that plasma homocysteine levels had no causal effect on the risk of cancer are consistent with the EPIC–Varese cohort study.

The plasma homocysteine levels were not found to be significantly elevated in early stage cancers, as opposed to a sharp increase in their advanced stages (17). In addition, pre-menopausal and post-menopausal patients with BRCA showed different levels of plasma homocysteine (44). Moreover, upon patients receiving surgery or chemotherapy, their plasma homocysteine levels increased significantly leading to a higher incidence of thromboembolism (45), one of the most frequent complications caused by hyperhomocysteinemia (46). Regarding why homocysteine concentrations differ among different stages of cancer development whereas they lack association with cancer risk, we speculate that homocysteine might not be an independent risk factor, that is, it exerts effects by interplaying with other exposure factors. At an early stage of cancers, the homeostatic level of homocysteine may suffice to support cancer cell growth in conjunction with other methionine cycle components such as 5-MTHF, the methyl-group carrier, or other metabolite(s) like folate. An observational study suggested that women with higher homocysteine levels and low folate levels may be at risk of increased BRCA (16). It was indeed suggested that one or more micronutrients involved in homocysteine metabolism may act in combination to associate with the risk of cancer. At advanced stages, more cancer cells may encounter elevated metabolic stresses, and more nutrient-available cells can secrete homocysteine to avoid homocysteine toxicity and maintain cellular homocysteine homeostasis for those more metabolically stressed cancer cells. Such “cross-feeding” could be common among metabolically heterogeneous cancer cells. In this capacity, therefore, any role of homocysteine metabolism is likely to be complex, possibly involving a dual cancer-initiate effect in cooperation with other risk factors.

Mendelian randomization can utilize genetic instruments to analyze a large number of patient samples because of increasingly/readily more available published data from diverse GWAS datasets, which can significantly increase the accuracy thus the credibility of analyses. To the best of our knowledge, this is the first two-sample MR study that has accurately evaluated potential associations between plasma homocysteine level and cancer risk. The advantage of this MR approach is that genetic variation is a long-term and stable cause of exposure. Compared with randomized controlled trials, it is elaborated directly and is not subject to interferences by confound factors like social environment and lifestyle. In this particular study, the LD analyses were used to rule out three SNPs, and the MR-Egger intercept test and sensitivity analyses showed no pleiotropic effect of the 15 selected SNPs, which additionally increases the credibility of our study.

However, our study is not without limitations. The data that the MR analyses utilized have been collected from earlier published available GWAS summary data that have been adjusted. Further, the grouped data did not allow us to effectively explore the associations between homocysteine levels with different stages of cancer and different hormone status of different cancers. In a broader sense, the methionine cycle is but one of the pathways of one-carbon metabolism; further studies are needed to explore whether other biochemical components involved in one-carbon-fixation pathways, such as those engaged in de novo nucleotide biosynthetic pathways, are associated with risks of cancer development.



CONCLUSIONS

In conclusion, our study demonstrated no evidence of causal associations between plasma homocysteine and cancers of the BRCA, PrCa, and RCC via a two-sample MR approach. Herein, our MR study suggested that homocysteine alone might not be useful as a dynamic biomarker alone for the risks of the aforementioned three cancers.
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