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Background: Adenylyl cyclase type 9 (ADCY9) modulates signal transduction by producing the second messenger cyclic AMP. It has been reported that ADCY9 gene polymorphisms were associated with cancer development. The aim of this study was to investigate whether ADCY9 gene polymorphisms could contribute to the susceptibility of hepatocellular carcinoma (HCC) in the Chinese Han population.

Methods: In the present study, five single-nucleotide polymorphisms (SNPs) in ADCY9 were genotyped using Agena MassARRAY platform in 876 subjects from China. Logistic regression was used to assess the effects of SNPs on HCC risk. Associations were also evaluated for HCC risk stratified by age and gender. False discovery rate (FDR) was used to correct multiple testing.

Results: After adjusting for age and gender, we found a significant relationship between heterozygous genotypes of rs2531995 and HCC risk (OR = 1.34, 95% CI = 1.01–1.77, p = 0.045). ADCY9 rs2230742 had a strong relationship with lower risk of HCC in allele (p = 0.006), co-dominant (p = 0.023), dominant (p = 0.010), and additive (p = 0.006) models. Stratified analysis showed that rs879620 increased HCC risk and rs2230742 was associated with lower risk of HCC in the individuals aged 55 or younger, rs2531992 significantly decreased HCC risk in the elder group (age > 55). For women, rs2230742 and rs2230741 were significantly associated with HCC risk in multiple models (p < 0.05). FDR analysis showed that rs2230742 could protect individuals from HCC risk in the allele model (FDR-p = 0.030). In addition, haplotype analysis indicated that Crs879620Ars2230742Ars2230741 haplotype was a protective factor for HCC (OR = 0.67, 95% CI = 0.50–0.89, p = 0.007, FDR-p = 0.028).

Conclusion: Our findings suggest that ADCY9 gene polymorphisms are associated with HCC risk in the Chinese Han population.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common malignant tumor in the liver (1). Although mechanism of hepatocellular carcinogenesis is still not fully clear, it is widely recognized that HCC development is the consequence of complex interactions between the genome, lifestyle, and environment (2). Genome-wide association studies have highlighted that genetic variants might play a vital role in HCC susceptibility (3). It is reported that HCC is the fifth most common cancer and the third leading cause of cancer mortality worldwide (4). The prevalence of HCC is the highest in East, Southeast Asia, and Sub-Saharan Africa, especially in China, which accounts for ~50% of all cases (5, 6). Moreover, the prevalence of HCC is increasing with age and in men (7, 8). Hence, understanding the effects of genetic variants in different populations is highly important for studying the mechanisms of HCC and applying these results to risk prediction.

The adenylyl cyclase type 9 (ADCY9) gene belongs to the adenylyl cyclase (AC) gene family, which produces the second messenger cyclic AMP (adenosine-3′,5′-monophosphate) in response to G protein-coupled receptors (GPCRs) activation and codes for the protein AC type 9, an integral membrane protein composed of 12 transmembrane segments (9, 10). Previous studies have shown that ADCY9 gene polymorphisms were related to the development of many diseases, including cardiovascular diseases, mood disorders, malaria, asthma, and allergy (2, 10–12). The potential function of ADCY9 in cancer development was also reported. Yongzhen et al. found that ADCY9 mutation altered bladder cancer development (13). The involvement of ADCY9 in phospholipase C signaling has effects on colorectal cancer progression and metastasis (14). Elevated expression of ADCY9 is a potential prognostic biomarker for patients with colon cancer (9). Nonetheless, there were no studies that focused on the relationship between ADCY9 gene polymorphisms and HCC risk.

Hence, we hypothesized that ADCY9 gene polymorphisms could play an important role in the progression of HCC. This case–control study was conducted to assess the effects of five single-nucleotide polymorphisms (SNPs) in ADCY9 gene on the risk of HCC among the Chinese Han population. To the best of our knowledge, this is the first study to investigate the impact of ADCY9 SNPs for HCC susceptibility in the Chinese Han population.



MATERIALS AND METHODS


Study Subjects

A total of 434 HCC patients and 442 age- and gender-matched healthy individuals were enrolled in this study. The patients were diagnosed as HCC by histology or pathology in the hospital, and the controls were healthy individuals without family history diseases, cardiovascular diseases, autoimmune diseases, respiratory diseases, cancers, or other severe diseases derived randomly from the same hospital. None of the patients had received radiation, chemotherapy, or surgical therapy before joining our study. Characteristic information was obtained from their medical records, including age, gender, smoking, and drinking status.



DNA Extraction and Genotyping

Peripheral blood samples were collected from the participants and were stored at −80°C until analysis. Genomic DNA was extracted from EDTA-containing blood via a blood DNA kit (GoldMag Co. Ltd., Xi'an, China). DNA concentration was measured by Nanodrop 2000 (Thermo Scientific, Waltham, Massachusetts, USA) (15). Combined with previous studies and the criteria of minor allele frequency (MAF) ≥ 0.05, five SNPs (rs2531995, rs879620, rs2230742, rs2230741, and rs2531992) were selected in this study based on the dbSNP database (https://www.ncbi.nlm.nih.gov/snp/) and HapMap database (http://www.hapmap.org). Primers were designed by MassARRAY Assay Design 3.0 software and were listed in Supplemental Table 1. SNP genotyping was performed by the MassARRAY iPLEX platform (Agena Bioscience, San Diego, CA, USA) (16). Finally, the data analysis was accomplished by Agena Bioscience TYPER version 4.0 software (17).



Genetic Models

For most SNPs, they often contain two types of alleles: a minor allele “A” with low frequency and a wild allele “B” with high frequency. Four genetic models were identified based on the alleles: co-dominant model BB vs. AB vs. AA, dominant BB vs. AB+AA, recessive BB+AB vs. AA, and log-additive: for each A increase. These models were applied to further detect the risk effect of minor allele on disease in a population. In the manuscript, we defined the allele with low frequency as the minor allele “A,” and the other was the wild allele “B.” Furthermore, four genetic models (codominant: BB vs. AB vs. AA, dominant: BB vs. AB+AA, recessive: BB+AB vs. AA, and log-additive: for each A increase) were employed using SNPstats software (https://www.snpstats.net/start.htm) to estimate the relationship between each SNP and EC risk.



Statistical Analysis

The statistical analyses were performed using the SPSS 17.0 (IBM®, Armonk, New York, USA). The Hardy–Weinberg equilibrium (HWE) in the healthy control was assessed by Fisher exact test. A chi-square test was performed to compare the categorical variable—sex. We used t-test to assess the difference in age. Association analysis based on logistic regression was performed by estimating odds ratios (OR) and 95% confidence intervals (CI) with multiple models for each SNP. We used Power and Sample Size Calculation software (http://sampsize.sourceforge.net/iface/s3.html#ccp) to calculate the power of the significant difference. False discovery rate (FDR) was used to correct multiple testing. The haplotype analysis and linkage disequilibrium (LD) were conducted by PLINK software and Haploview software (version 4.2) (18). p < 0.05 was considered statistically significant in all tests. In addition, HaploReg v4.1 (https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php) was used to predict the possible functional effects on the selected SNPs.




RESULTS


Characteristics of the Participants

The characteristics of the 876 subjects (434 cases and 442 controls) are shown in Table 1. There was no significant difference in age (cases: 55.10 ± 10.19, controls: 55.16 ± 11.54; p = 0.941) and gender (cases: 80% men; controls: 80% men) between two groups. In addition, smoking and drinking status of all participants are presented in Table 1.


Table 1. Characteristics of hepatocellular carcinoma patients and healthy subjects.
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The Basic Information and Potential Function of the Selected SNPs

As shown in Table 2, the genotypic frequencies of the ADCY9 gene polymorphisms among the controls were in accord with HWE (p > 0.05) and the MAF of ADCY9 gene polymorphisms were larger than 0.05. In allelic tests, we found ADCY9 rs2230742 significantly decreased the risk of HCC (OR = 0.67, 95% CI = 0.50–0.89, p = 0.006, FDR-p = 0.030). However, there was no significant association between other SNPs and risk of HCC. Besides, these selected SNPs had association with “Promoter histone marks,” “Enhancer histone mark,” “SiPhy cons,” “DNAse,” “Motifs changed,” “NHGRI/EBI GWAS hits,” “GRASP QTL hits,” and “Selected eQTL hits” by online tool.


Table 2. Summarized information of selected SNPs in the ADCY9 gene.
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Association Between ADCY9 Gene Polymorphisms and Risk of HCC

Among the five SNPs in ADCY9 gene, rs2531995 and rs2230742 were significantly associated with HCC risk (Table 3). In contrast to homozygous wild-type alleles, heterozygote T/C of rs2531995 remarkably increased the risk of HCC (adjusted OR = 1.34, 95% CI = 1.01–1.77, p = 0.045). rs2230742 was identified to decrease the HCC risk in codominant (adjusted OR = 0.68, 95% CI = 0.49–0.95, p = 0.023), dominant (adjusted OR = 0.66, 95% CI = 0.48–0.90, p = 0.010), and additive (adjusted OR = 0.67, 95% CI = 0.50–0.89, p = 0.006) models. The other three SNPs showed no significant evidence of an association with HCC.


Table 3. Associations between ADCY9 gene polymorphisms and hepatocellular carcinoma risk.

[image: Table 3]



Stratified Analysis Based on Age and Gender

To further assess the five potential susceptible polymorphisms to the risk of HCC, a stratified analysis was performed by subgroups of participants' age and gender (Tables 4, 5). In the subgroup of age > 55, rs2531992 was associated with decreased HCC risk in additive (adjusted OR = 0.64, 95% CI = 0.42–0.99, p = 0.044) and allele (adjusted OR = 0.64, 95% CI = 0.42–0.99, p = 0.044) models. Furthermore, in the group of age ≤ 55, rs879620 was associated with higher risk of HCC in multiple models (dominant: adjusted OR = 1.50, 95% CI = 1.04–2.18, p =0.031; additive: adjusted OR = 1.35, 95% CI = 1.04–1.76, p = 0.026; allele: adjusted OR = 1.35, 95% CI =1.03–1.76, p = 0.028), whereas rs2230742 was related to lower risk of HCC. For the subgroup of gender, rs2230742 also significantly decreased HCC risk in the women group (dominant: adjusted OR = 0.43, 95% CI = 0.21–0.88, p =0.022; additive: adjusted OR = 0.42, 95% CI = 0.21–0.83, p = 0.012; allele: adjusted OR = 0.43, 95% CI = 0.22–0.83, p = 0.011). The rs2230741 polymorphism showed an increased relationship with HCC risk in dominant (adjusted OR = 1.91, 95% CI = 1.04–3.50, p = 0.037) and additive (adjusted OR = 1.78, 95% CI = 1.04–3.06, p = 0.037) models, and the minor allele G of rs2230741 was also related to increasing HCC risk (adjusted OR = 1.69, 95% CI = 1.01–2.80, p = 0.043) among women. It revealed that the effects of ADCY9 gene polymorphism on HCC risk were dependent on age or gender. Nevertheless, there was no significant association of these five polymorphisms with the risk of HCC in the men group. After FDR correction, no remarkable linkages were shown in the subgroups, suggesting that the differences in age or gender may not affect the relationship of ADCY9 gene polymorphism and the susceptibility of HCC.


Table 4. The association between ADCY9 gene polymorphisms and hepatocellular carcinoma risk in subgroup of age.
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Table 5. The association between ADCY9 gene polymorphisms and hepatocellular carcinoma risk in subgroup of gender.
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Haplotype Analysis of Polymorphisms in ADCY9

Then, we performed the LD and haplotype analysis of these five polymorphisms to HCC risk. As shown in Figure 1, one block including rs879620, rs2230742, and rs2230741 was detected. In Table 6, the results indicated that the haplotype C-A-A (rs879620, rs2230742, and rs2230741) was associated with the decreased risk of HCC (adjusted OR = 0.67, 95% CI = 0.50–0.89, p = 0.007, FDR-p = 0.028).


[image: Figure 1]
FIGURE 1. Haplotype block map for the SNPs of ADCY9. Block includes rs879620, rs2230742, and rs2230741. The LD between two SNPs is standardized D′.



Table 6. Associations between ADCY9 haplotype frequencies and hepatocellular carcinoma risk.
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DISCUSSION

In the present study, we focused on the Chinese Han population and found that the AA, AA-AG genotype, and the A allele of rs2230742 could decrease the risk of HCC. Moreover, rs2230742 was related to HCC risk in the subgroup of younger participants (age ≤ 55 years old) and women, indicating that subjects with A allele of rs2230742 are less likely to have HCC. After FDR analysis, rs2230742 was still significantly associated with lower risk of HCC in the allele model. It means that rs2230742 may be a potential protective factor for HCC and help to guide treatment, and rs2230742 possibly affects the susceptibility of HCC by associating with “SiPhy cons,” “DNAse,” and “Motifs changed.” However, there were no significant linkages between other polymorphisms and HCC susceptibility after FDR correction. Besides that, Crs879620Ars2230742Ars2230741 haplotype could protect individuals from HCC (OR = 0.67, 95% CI = 0.50–0.89, p = 0.007, FDR-p = 0.028). These results suggested that ADCY9 gene polymorphisms might be involved in the susceptibility of HCC in the Chinese Han population.

ADCY9 is a widely distributed adenylyl cyclase, which catalyzes the formation of cyclic AMP from ATP. Human ADCY9 is stimulated by beta-adrenergic receptor activation but is insensitive to forskolin, calcium, and somatostatin (10). Defects in ADCY9 gene can lead to immune-mediated diseases (14). Nevertheless, the role of ADCY9 in tumorigenesis is still not clear. ADCY9 expression was found to be significantly different in endometrial cancer when compared to the controls, which might be involved in the pathogenesis of this cancer (19). In addition, ADCY9 is a known target of microribonucleic acids-−142-3p, which is associated with the invasiveness of breast cancer cells (20). Previous studies also reported that the SNPs in ADCY9 were associated with stroke, malaria, medicine responses, and cancer (9, 21–23). Rs2230739 of ADCY9 was involved in various pathways and processes, which might contribute to the susceptibility of pancreatic cancer (24). However, no significant associations were reported between ADCY9 and diseases. Our study firstly demonstrated that ADCY9 gene polymorphisms were associated with HCC risk, especially rs2230742 significantly altered the susceptibility of HCC, and it confirmed that ADCY9 was involved in cancer development in previous studies (9). However, further studies on the molecular function of ADCY9 SNPs should be performed to decipher its role in HCC.

Age and gender are considered as risk factors in the development of cancer, including HCC. The incidence of HCC increases with age, and it is the highest in individuals around the age of 70 (25). It also provided that males have higher liver cancer rates than females (26). Then, we did stratification analysis by age and gender. We found that ADCY9 gene polymorphisms altered HCC susceptibility in the subgroups except for men. Among them, rs2230742 significantly decreased HCC risk in the subgroup of women and individuals younger than 55 years old. Rs2531992 was also associated with a decreased risk of HCC for the elderly people (age > 55). Nevertheless, rs879620 and rs2230741 were associated with higher risk of HCC for the individuals aged 55 or younger and women, respectively. It suggests that the influence of ADCY9 gene polymorphisms on HCC risk is age- and gender-dependent, which may be helpful for the individual treatment of HCC in the Chinese Han population. After FDR correction, no significant associations were observed in the subgroups. It suggests that some positive findings might be caused by false positives. In the future, more studies are required to verify the influences of age and gender on the association of ADCY9 gene polymorphisms with HCC risk.

We further conducted haplotype analysis in order to demonstrate whether the interaction of these five SNPs has effect on HCC risk. Analysis of the results indicates that the ADCY9 haplotype CAA (rs879620, rs2230742, and rs2230741) is associated with a decreased risk of HCC, which may suggest that these SNPs work together. There is also a probability that this haplotype is a genetic marker for a rare mutation among the Chinese Han population.

Our study also had some limitations. First, this is a single central study, so selection bias is inevitable. Then, we did not analyze the influence of lifestyle factors and other risk factors because of lacking related information. Hence, further studies are necessary to confirm the association between ADCY9 gene polymorphisms and HCC risk.



CONCLUSION

To sum up, the present study suggests that the ADCY9 gene polymorphisms (rs2531995 and rs2230742) are associated with HCC susceptibility in the Chinese Han population and may be involved in tumor development. Additionally, the relationships of ADCY9 gene polymorphisms and HCC susceptibility are age- and gender-dependent; it may guide us to individual treatment. Further functional studies and large population with more races are needed to confirm the influence of ADCY9 variants on HCC risk.
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