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Objective

The aim of the current study was to investigate the contributing role of gene variation and transcription levels among the m6A methyltransferases METTL3, METTL14, and WTAP in pulmonary tuberculosis (PTB).



Methods

A case-control study including 461 PTB patients and 467 normal controls was designed for genotyping. Three SNPs in METTL3 (rs1061027, rs1139130, rs1061026), three SNPs in METTL14 (rs62328061, rs4834698, rs1064034), and two SNPs in WTAP (rs1853259, rs11752345) were genotyped via the SNPscan™ technique. METTL3, METTL14, and WTAP transcription levels were determined in 78 PTB patients and 86 controls via quantitative real-time reverse-transcription PCR.



Results

Frequencies of the METTL14 rs62328061 GG genotype, WTAP rs11752345 CT genotype, and T allele were significantly increased in PTB patients compared to controls. An increased risk of rs62328061 was detected in a recessive model, and a decreased risk of rs11752345 was detected in a dominant model in the PTB group. METTL3 gene variation was not associated with PTB risk. The METTL3 rs1139130 GG genotype was significantly increased with drug resistance, and the G allele was significantly decreased with drug-induced liver injury in PTB patients. A reduced frequency of the METTL14 rs62328061 G allele was associated with leukopenia, a reduced frequency of the WTAP rs11752345 T allele was associated with sputum smear positivity, and a higher frequency of the METTL14 rs4834698 TC genotype was evident in PTB patients with hypoproteinemia. Compared to controls, METTL3, METTL14, and WTAP transcription levels in PTB patients were significantly decreased, and the level of WTAP was increased in PTB patients with drug resistance. METTL3 level was negatively associated with erythrocyte sedimentation rate and aspartate aminotransferase, and METTL14 level was negatively correlated with alanine aminotransferase and aspartate aminotransferase.



Conclusion

METTL14 rs62328061 and WTAP rs11752345 variants were associated with the genetic background of PTB, and METTL3, METTL14, and WTAP levels were abnormally decreased, suggesting that these m6A methyltransferases may play important roles in PTB.
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Introduction

Tuberculosis (TB) is a common infectious disease caused by Mycobacterium tuberculosis (MTB), and it remains one of the most serious public health problems worldwide (1). A World Health Organization update reported that there was an estimated 9.9 million new incident TB patients globally in 2021 (2). It is well known that people infected with MTB can develop several possible outcomes, such as MTB clearance, primary TB, latent TB infection, and active TB. Studies indicate that approximately 10% of individuals infected with MTB will eventually progress to active TB (3, 4). The occurrence and development of TB is mainly influenced by complex interactions between the MTB strain, the external environment, and genetic factors (5, 6). Host genetics are the essential factor determining disease susceptibility and outcomes after MTB infection in many case-control studies, animal model studies, and twin and family studies (7, 8). Continuing studies on the roles of genetic variants in TB susceptibility would contribute to the development of advantageous approaches to TB prevention, diagnosis, and treatment, and many genetic variations have been shown to be associated with susceptibility to TB (9, 10).

N6-methyladenosine (m6A) is formed via methylation of the sixth N atom on the adenine base, which is reportedly the most abundant post-transcriptional modification of RNA in eukaryotes, particularly messenger RNA (mRNA) (11). m6A regulates post-transcriptional mRNA levels in a dynamic and reversible manner (12). m6A modification is regulated by several key regulators, including RNA methyltransferases (METTL3, METTL14, and WTAP), demethylases, and m6A-binding proteins (13). m6A modification is involved in many important biological processes, and it is closely related to the occurrence and development of many diseases.

Epigenetic modification, including DNA methylation and noncoding RNAs, reportedly contributes to pulmonary TB (PTB) progression (14, 15). In recent years m6A methylation was also found in the MTB genome (16). Therefore, m6A methylation may be involved in the pathogenesis of PTB. Strong evidence indicates that abnormal expression of m6A key regulators may result in abnormal RNA m6A modification, leading to a variety of diseases (17, 18). In addition, some functional single nucleotide polymorphisms (SNPs) in specific regions of m6A key regulator genes may influence m6A methylation, thereby affecting disease development. For example, several SNPs in METTL3 and METTL14 genes have been associated with neuroblastoma, Wilms’ tumor, acute lymphoblastic leukemia, and autoimmune thyroid disease (19–22). In a previous study, genetic variations in m6A demethylases FTO could affect susceptibility to PTB (23), but few studies have investigated associations between variation in key m6A modification regulatory genes and PTB risk. The current epidemiological study was conducted to identify novel m6A methyltransferases SNPs associated with susceptibility to PTB. The study assessed associations between three m6A methyltransferase genes (METTL3, METTL14, and WTAP) SNPs, as well as their transcription levels, and PTB risk.



Materials and methods


Study subjects

In this case-control study, 461 PTB patients and 467 normal controls were consecutively enrolled, and associations between m6A methyltransferase gene polymorphisms and PTB susceptibility were analyzed. Then, 78 PTB patients and 86 normal controls were enrolled to detect m6A methyltransferase transcription levels. All PTB patients were recruited from the Department of Tuberculosis at Anhui Chest Hospital, whereas normal controls were selected from a health center in the same area. PTB patients were diagnosed by specialists based on indicative clinical symptoms, chest radiography, sputum and/or bronchoalveolar lavage fluid MTB culture, microscopy for acid fast bacilli, and effects of anti-TB treatment. The exclusion criteria included HIV positivity, hepatitis, malignancy, and immunodeficiency. Individuals without a history of TB, malignant tumor, HIV or other infectious diseases were included in the study as normal controls. The control group was required to be asymptomatic with negative sputum smears and cultures, and normal chest radiographs. All subjects were of Chinese Han ethnicity.

The study was approved by the Medical Ethics Committee of Anhui Medical University (approval number 20200250). After obtaining informed consent, peripheral blood samples and relevant information were collected from each participant with the help of professional physicians. The data collected included basic demographic characteristics and some clinical data such as fever, drug resistance, drug-induced liver injury (DILI), pulmonary infection, leukopenia, sputum smears, total bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and erythrocyte sedimentation rate (ESR).



SNP selection

The three m6A methyltransferases METTL3, METTL14, and WTAP were included in the analyses, and the functional SNPs in their corresponding genes were chosen based on previous studies (24). Existing studies investigating associations between METTL3, METTL14, and WTAP gene polymorphisms and human diseases were systematically reviewed, and the SNPs related to human diseases were identified. Ensembl Genome Browser 85 and CHBS_1000g software were then used to obtain genotype data on these genes derived from Han Chinese people living in Beijing, and the tag SNPs of these genes were selected via the pairwise option of HaploView 4.0 software (Cambridge, MA, USA). The tag SNP selection criteria were: (1) a minor allele frequency ≥ 5% in CHB_1000g, and an r2 threshold > 0.8; (2) the common SNPs located within the chromosome locus transcribed into METTL3, METTL14, or WTAP and their flanking 2000 bp regions were captured; (3) potentially functional SNPs located within the 5’ untranslated region, 3’ untranslated region, and exon were preferentially selected. Lastly, three SNPs in the METTL3 gene (rs1061027, rs1139130, rs1061026), three SNPs in the METTL14 gene (rs62328061, rs4834698, rs1064034), and two SNPs in the WTAP gene (rs1853259, rs11752345) were selected.



DNA extraction and genotyping

Samples of approximately 5 mL of peripheral early morning fasting blood were collected from all subjects, and genomic DNA was extracted via a Flexi Gene-DNA Kit (Qiagen, Valencia, CA) for genotyping. Genotyping of all DNA samples for the selected SNPs was conducted via the Three SNPs in METTL3 (rs1061027, rs1139130, rs1061026), three SNPs in METTL14 (rs62328061, rs4834698, rs1064034), and two SNPs in WTAP (rs1853259, rs11752345) were genotyped via the SNPscan™ technique, with technical support from the Center for Genetic and Genomic Analysis, Genesky Biotechnologies Inc. (Shanghai). Only participants with 100% genotyping success for the selected SNPs were included in the final analysis.



Quantitative real-time reverse-transcription PCR

Peripheral blood mononuclear cells (PBMCs) were isolated from 3 mL anticoagulant peripheral blood, and total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). A NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) was used to determine total RNA concentrations. Total RNA was then reverse transcribed into cDNA by the PrimeScript™ RT Reagent Kit (Takara Bio Inc., Japan). In this experiment a 20-μL reverse transcription reaction system with a maximum of 1 μg total RNA was used, and the amount of total RNA needed in the reaction system was determined based on the RNA concentration.

METTL3, METTL14, and WTAP mRNA levels in PBMCs were detected via quantitative real-time reverse transcription (qRT) PCR with SYBR Green (SYBR Premix Ex Taq II, Takara Bio Inc., Japan). qRT-PCRs were conducted using a QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems, Foster City, CA, USA), and the cycle conditions of reactions were 95°C for 1 min, followed by 42 cycles at 95°C for 10 sec, 60°C for 30 sec, and 72°C for 1 min. Relative transcription levels of METTL3, METTL14, and WTAP were calculated via comparisons with the housekeeping gene (internal control) β-actin in the same sample, and the 2-△△Ct method was used to express levels (25).



Statistical analysis

Whether the genotypes distribution of all SNPs in normal controls were in Hardy-Weinberg equilibrium was assessed via the Chi-square test. Associations between m6A methyltransferase gene polymorphisms and PTB susceptibility were estimated via odds ratios (OR) and 95% confidence intervals (CI) with logistic regression analyses. Two genetic models (dominant and recessive) were used to analyze associations between these SNPs and PTB risk, and haplotype analysis was conducted via SHEsis software (26). Transcription levels of METTL3, METTL14, and WTAP are expressed as median and quartile intervals, and the Mann-Whitney U test and the Kruskal-Wallis H test were respectively used to evaluate differences in these m6A methyltransferase levels between two groups and among three groups. Correlations between these m6A methyltransferase levels and experimental indexes in PTB patients were analyzed via the Spearman rank correlation coefficient test. All statistical analyses were conducted with SPSS 23.0 (SPSS Inc., IL, USA), and two-sided p values of < 0.05 were deemed to indicate statistical significance.




Results


Associations between m6A methyltransferase gene polymorphisms and PTB susceptibility

The PTB group genotyped included 194 females and 267 males, with a mean age of 45.56 ± 17.75 years. The normal control group genotyped included 265 females and 202 males, with a mean age of 43.38 ± 13.86 years. The genotype distributions of all SNPs in normal controls were in Hardy-Weinberg equilibrium, and the allele and genotype frequencies of these SNPs are shown in Table 1.


Table 1 | Association between METTL3, METTL14, and WTAP genes polymorphism and PTB risk.



In the METTL14 gene, the frequency of the rs62328061 GG genotype was significantly higher in PTB patients than in normal controls, and the genotype was associated with PTB susceptibility in the recessive model (GG versus AA p = 0.043; GG versus AG+AA p = 0.024). There was no significant association between the rs1064034 variant and PTB risk. In comparisons of WTAP rs11752345 variant genotype and allele frequencies between the PTB group and control group, the CT genotype and T allele frequencies were significantly increased in PTB patients (CT versus CC p = 0.004; T versus C p = 0.025). There was a decreased risk of the rs11752345 variant in the dominant model (CC versus CT+TT p = 0.008). PTB risk was not significantly associated with the WTAP rs1853259 variant, or with the METTL3 rs1139130, rs1061026, or rs1061027 variants (all p > 0.05).

A case-only analysis was performed to analyze associations between METTL3, METTL14, and WTAP gene variants and common clinical features of PTB (Table 2). METTL3 gene rs1139130 GG genotype frequency was significantly positively associated with drug resistance (p = 0.017), whereas rs1139130 G allele frequency was significantly negatively associated with DILI (p = 0.041) in PTB patients. The METTL14 gene G allele frequency of the rs62328061 variant was significantly associated with a decreased risk of leukopenia (p = 0.016), and a higher frequency of the rs4834698 TC genotype was observed in PTB patients with hypoproteinemia (p = 0.042). A decreased frequency of the WTAP rs11752345 T allele was significantly associated with sputum smear positivity (p = 0.041). There were no significant associations between other SNPs and the clinical features of PTB.


Table 2 | Associations between METTL3, METTL14, and WTAP genes polymorphisms and clinical features of PTB patients.





Haplotype analysis

The main haplotypes of METTL3, METTL14, and WTAP genes were detected via SHEsis software, and the frequency distributions of these haplotypes, including five for METTL3 (AGC, ATC, GGC, GTA, GTC), four for METTL14 (ATA, ATG, TCA, TTA), and three for WTAP (CA, CG, TA) are shown in Table 3. Compared with normal controls, the frequency of the METTL3 AGC haplotype was significantly lower in PTB patients (p = 0.046), and the frequency of the WTAP TA haplotype was significantly higher (p = 0.035).


Table 3 | Haplotype analysis of METTL3, METTL14, and WTAP genes in PTB patients and controls.





m6A methyltransferase transcription levels in the PTB group and the control group

The transcription levels of METTL3, METTL14, and WTAP in PBMCs were significantly lower in PTB patients than in normal controls (all p < 0.001) (Figure 1). Associations between METTL3, METTL14, and WTAP mRNA levels and multiple clinical features were investigated in PTB patients. WTAP transcription level was significantly greater in PTB patients with drug resistance than in PTB patients without drug resistance (p = 0.030) (Table 4). METTL3 transcription level was negatively associated with ESR (p = 0.035) and AST (p = 0.022) in PTB patients, and METTL14 transcription level was negatively associated with ALT (p = 0.049) and AST (p = 0.004) (Table 5).




Figure 1 | The transcription levels of METTL3, METTL14 and WTAP in PTB patients and controls.




Table 4 | Association between METTL3, METTL14, and WTAP transcription levels and several clinical features in PTB patients.




Table 5 | The correlation between METTL3, METTL14, and WTAP transcription levels and ESR, TBIL, ALT, AST of PTB patients.





Associations between m6A methyltransferase gene polymorphisms and their transcription levels in PTB patients

The Associations between genes variation in m6A methyltransferase METTL3, METTL14, and WTAP and their transcription levels were assessed in 64 PTB patients, and no significant differences were detected (all p > 0.05) (Table 6).


Table 6 | Association between METTL3, METTL14, and WTAP genes polymorphisms with their transcription levels in PTB patients.






Discussion

Many novel genetic variants associated with susceptibility to PTB have been identified via genome-wide association studies and candidate gene studies, but unearthing the full range of PTB susceptibility variations remains a challenge. Given the important role of m6A modification in the development of multiple diseases, potential associations between genetic variation of m6A-modified genes and disease susceptibility have also attracted increased attention in recent years (27, 28). The classic m6A methyltransferase complex mainly consists of METTL3, METTL14, and WTAP, which mediate m6A methylation of mRNA. METTL3 is a vital methyltransferase as an S-adenosylmethionine-binding subunit, whereas METTL14 is an RNA-binding scaffold for substrate recognition. WTAP interacts with METTL3 and METTL14, then localizes them into nuclear speckles (29, 30). Notably the SNPs located in these m6A methyltransferases are reportedly associated with disease susceptibility via m6A methylation and related biological processes (19, 20, 31). To the best of our knowledge, the current study is the first to investigate associations between polymorphic variants of the m6A methyltransferase genes METTL3, METTL14, and WTAP and PTB susceptibility. The study provides strong evidence that the METTL14 gene variant rs62328061 and the WTAP gene variant rs11752345 are associated with the risk of PTB, and that METTL3, METTL14, and WTAP levels are decreased in PTB patients.

To date, studies on genetic variation of METTL3 and disease susceptibility have mainly focused on cancers. Lin et al. (32) suggested that the combination of rs1139130, rs1263801, rs1061026, and rs1061027 variants in the METTL3 gene could reduce the risk of Wilms’ tumor in children. Another study reported that these four SNPs were also related to higher susceptibility to neuroblastoma (19). In contrast with these findings, rs1061027, rs1139130, and rs1061026 variants were not significantly associated with PTB susceptibility in the present study. Compared with single SNPs, association studies based on haplotypes of multiple markers can significantly enhance the mapping and characterization of disease susceptibility genes (33). In this study, we assessed whether the main haplotypes consisting of the aforementioned three polymorphisms were associated with PTB, and the AGC haplotype was significantly associated with a lower risk of PTB. These results suggest that there may be weak associations between METTL3 gene variation of and PTB susceptibility, and these variants may interact with each other to modify the PTB risk. This should be confirmed in future studies with larger sample sizes. In addition, rs1139130 polymorphism was also significantly associated with drug resistance and DILI in PTB patients. This further proved that METTL3 gene variation was involved in the pathogenesis of PTB, and indicated that this SNP could be used to predict adverse reactions in patients, thus contributing to the formulation of more appropriate treatment measures.

In previous studies, METTL14 gene rs62328061 polymorphism was significantly associated with reduced susceptibility to neuroblastoma (34), and rs1064034, rs298982 polymorphisms were significantly associated with reduced susceptibility to Wilms’ tumor (21). In the current study, the rs62328061 GG genotype was associated with an increased risk of PTB, but there was no significant association between the rs1064034 variant and PTB susceptibility. These results provided key indications of an association between METTL14 gene variation and PTB susceptibility. In PTB patients, a decreased frequency of the rs62328061 G allele was associated with leukopenia, and an increased frequency of the rs4834698 TC genotype was associated with hypoproteinemia. This confirmed the important role of METTL14 gene variation in the development of PTB, and further functional studies are needed to investigate the molecular mechanisms involved in the effects of rs62328061 on PTB risk. The present study also investigated associations between WTAP gene polymorphisms and the risk of PTB, and the WTAP rs11752345 CT genotype and T allele frequencies were significantly increased in PTB patients. Moreover, the rs11752345 T allele was closely related to sputum smear in PTB patients. These results suggested that the CT genotype/T allele of rs11752345 may increase the risk of PTB, and the T allele may be useful for distinguishing different phenotypes in PTB patients.

Increasing studies indicate that transcription levels of m6A methyltransferases are closely related to the pathogenesis and progression of many diseases. Dysregulation of METTL3 is considered an important factor affecting the progression of various malignant tumors such as endometrial cancer (35) and bladder cancer (36). Another study detected lower METTL14 expression in colorectal cancer (37). Functional m6A methyltransferase SNPs may affect m6A methyltransferase expression and thus modify disease susceptibility. Hence, we designed a case-control study to determine METTL3, METTL14, and WTAP transcription levels in PTB patients to investigate the possible mechanism of SNP-mediated PTB susceptibility. Transcription levels of METTL3, METTL14, and WTAP were significantly decreased in PTB patients compared to controls. This suggested that METTL3, METTL14, and WTAP may be involved in PTB occurrence, and their levels may be used as auxiliary indicators for PTB diagnosis. This must be verified in the future by well-designed studies. WTAP level was also significantly associated with drug resistance, ALT, and AST, and METTL3 level was negatively associated with ESR and AST in PTB patients. These findings contribute to improving our understanding of the role of m6A methyltransferases in PTB development. Lastly, we analyzed potential associations between m6A methyltransferase gene variants and their transcription levels in PTB patients. No significant associations were detected, possibly due to the small sample size.

The major strengths of this study include its novelty and rational design, but the study also had several limitations. It was focused on the analysis of genetic factors in PTB, but it did not assess the effects of environmental factors on PTB, or interactions between environmental factors and genetic variation. Second, associations between gene variation and the prognosis of PTB were not analyzed. Lastly, the study lacked a functional investigation into the effects of m6A methyltransferase on PTB pathogenesis.

In summary, the current study indicates that polymorphisms of METTL14 rs62328061 and WTAP rs11752345 may contribute to increased PTB susceptibility, and several SNPs in METTL3, METTL14, and WTAP genes were associated with the clinical features including drug resistance, DILI, and leukopenia in PTB patients. The study demonstrated the important roles of alterations in METTL3, METTL14, and WTAP in PTB, and these m6A methyltransferases in the development of PTB. In order to further validate these findings and determine the underlying biological mechanisms involving these m6A methyltransferases in PTB, more studies incorporating larger sample sizes and different ethnic populations are warranted.
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METTL3 rs1139130-rs1061026-rs1061027

AGC 27.94 (3.0) 45.14 (4.8) 0.046 0.615 (0.380,0.995)
ATC 573.06 (62.2) 551.86 (59.1) 0.177 1.137 (0.944,1.370)
GGC 4791 (5.2) 41.62 (4.5) 0457 1.175 (0.768,1.799)
GTA 171.85 (18.6) 184.76 (19.8) 0.531 0.929 (0.737,1.170)
GTC 101.09 (11.0) 110.38 (11.8) 0.562 0.919 (0.690,1.224)
METTLI14 rs1064034-rs4834698-rs62328061
ATA 124.00 (13.4) 136.67 (14.6) 0476 0.909 (0.699,1.181)
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TA 83.17 (9.0) 59.95 (6.4) 0.035 1.449 (1.026,2.046)

frequency < 0.03 in both controls & PTB patients has been dropped.
Bold value means P < 0.05.
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