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Abstract
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Mattapallil JJ, Tanuri A, Aguiar RS, Cardoso CC, Stratakis CA (Universidade Federal do Rio de 

Janeiro, Rio de Janeiro, Brazil; National Institutes of Health, Bethesda, MD, USA; Instituto de 
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Brazil; Uniformed Services University, Bethesda, MD, USA). Variations in maternal adenylate 
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Background.—Vertical transmission of Zika virus (ZIKV) is associated with congenital 

malformations but the mechanism of pathogenesis remains unclear. Although host genetics appear 

to play a role, no genetic association study has yet been performed to evaluate this question. In 

order to investigate if maternal genetic variation is associated with Congenital Zika Syndrome 

(CZS), we conducted a case–control study in a cohort of Brazilian women infected with ZIKV 

during pregnancy.
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Methods.—A total of 100 women who reported symptoms of zika during pregnancy were 

enrolled and tested for ZIKV. Among 52 women positive for ZIKV infection, 28 were classified as 

cases and 24 as controls based on the presence or absence of CZS in their infants. Variations in the 

coding region of 205 candidate genes involved in cAMP signaling or immune response were 

assessed by high throughput sequencing and tested for association with development of CZS.

Results.—From the 817 single nucleotide variations (SNVs) included in association analyses, 22 

SNVs in 17 genes were associated with CZS under an additive model (alpha = 0.05). Variations c.

319T>C (rs11676272) and c.1297G>A, located at ADCY3 and ADCY7 genes showed the most 

prominent effect. The association of ADCY3 and ADCY7 genes was confirmed using a Sequence 

Kernel Association Test to assess the joint effect of common and rare variations, and results were 

statistically significant after adjustment for multiple comparisons (P < 0.002).

Conclusion.—These results suggest that maternal ADCY genes contribute to ZIKV 

pathogenicity and influence the outcome of CZS, being promising candidates for further 

replication studies and functional analysis.
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Introduction

Zika fever is an arthropod-borne viral disease characterized by a self-limiting illness for 

which most common symptoms are fever, myalgia, arthralgia, rash and conjunctivitis, 

although most of the cases are asymptomatic [1]. Infections mainly occur by Aedes 
mosquitoes’ bites but alternative transmission routes have been described such as sexual 

transmission [2], blood/platelets transfusion [3] and vertical transmission [4]. Among them, 

mother-to-child transmission showed up as a major public health concern since ZIKV 

infection was associated with microcephaly and other developmental disorders in Brazil [5]. 

Nowadays, ZIKV infection during pregnancy has been clearly associated with severe 

neurological outcomes in foetuses beyond microcephaly, including ocular anomalies, 

arthrogryposis, other congenital malformations and postnatal neurodevelopmental deficits, 

comprising what is now known as congenital Zika syndrome (CZS) [6].

Despite the strong evidence for ZIKV vertical transmission, the mechanisms by which ZIKV 

impairs foetal development remain to be elucidated [7, 8]. Virus evolution and the search for 

pathogenic mutations have been the focus in many studies [9, 10] although, no specific viral 

mutations responsible for severe cases have been described [11]. In addition, even in regions 

where more pathogenic strains are present, most cases do not result in foetal malformations, 

indicating that additional risk factors such as environmental and host genetics, might be 

involved in Zika pathogenesis [6].

The first evidence for a role of host genetics in CZS was reported in a recent study of 

Brazilian twins, which showed higher outcome discordance among dizygotic pairs than 

between monozygotic twins and suggested that recessive and multifactorial inheritance 

might be involved in CZS susceptibility [12]. Cyclic adenosine monophosphate (cAMP) has 
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been shown to modulate different mechanisms of viral pathogenesis in hepatitis B, hepatitis 

C and HIV infections. Recently, this second messenger was also implicated in ZIKV 

neuropathogenesis, suggesting genes in this pathway as candidates for association studies 

[13–17].

To better explore the role of host’s genetics in CZS, we conducted a case-control study in a 

cohort of Brazilian women infected with ZIKV during pregnancy. A total of 205 candidates 

genes involved in cAMP pathway or in immune response to ZIKV were investigated. Our 

results, though in a relatively small cohort, suggest an important association between 

maternal adenylate cyclase genes and susceptibility to CZS.

Material and Methods

Subjects and study design

A total of 100 women who attended to Instituto de Pesquisa Professor Joaquim Amorim 

Neto (IPESQ), Campina Grande, PB Brazil from 2015 to 2017 and reported ZIKV-related 

disease symptoms during pregnancy were considered eligible for this study. After careful 

review of medical records, all participants were classified as cases or controls based on the 

presence of severe outcomes from ZIKV infection in infants (Congenital Zika Syndrome). 

The following congenital malformations were considered severe outcomes: brain 

calcifications ventriculomegaly, microcephaly, cerebellar hypoplasia, arthrogryposis, 

lissencephaly and/or hydrocephaly. The control group consisted of infected mothers who 

gave birth to healthy babies. All clinical diagnoses were performed by specialized physicians 

from IPESQ. Medical ultrasound exams with the Samsung WS80 ELITE ultrasound 

equipment were performed during pregnancy. Magnetic resonance was realized postdelivery 

in cases with apparent neurological damage with the Siemens MAGNETOM Espree scanner.

To confirm ZIKV infection, all samples were subjected to molecular and serological 

analysis. Molecular diagnosis was performed by a Real-time RT-qPCR assay on 7500 Real-

Time PCR System (Thermo Fisher Scientific) using OneStep RT-PCR Kit (QIAGEN) and 10 

μL of total RNA. Primers and probe (ZIKV1107-FAM) used were specific for the envelope 

sequence, described previously [18]. Serological tests for ZIKV were performed in addition 

to tests for DENV, CHIKV and for STORCH infections in order to exclude possible 

confounders. Different kits were used to access the serum levels of IgG/IgM from collected 

samples. For ZIKV, DENV and CHIKV, tests were performed with XGen kits (Biometrix). 

For STORCH, DIA.PRO kits (Dia.Pro Diagnostic Bioprobes) were used. Protocols were 

followed as specified by the manufacturer. The criteria for discrimination of IgG cross-

reactivity between ZIKV and DENV were values for ZIKV at least three times higher than 

for DENV. Subjects with negative results for ZIKV infection or positive results for other 

infections (based on IgM for DENV, CHIKV or STORCH) were excluded from the study.

After molecular and serological tests, the final sample size included 52 women (28 cases and 

24 controls). General characteristics of cases and controls are summarized in Table 1. The 

present study was approved by the Institutional Review Board at University of São Paulo 

and written informed consent was obtained from all individuals included in the study.
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DNA extraction and storage

DNA extraction was performed using QIAamp DNA Blood Mini Kit following 

manufacturer’s recommendation (QIAGEN®). After extraction, the DNA concentration was 

determined with a Qubit HS DNA Assay kit (Invitrogen®) and stored at −80 °C until 

sequencing.

Exon sequencing and genotyping

The exomes from the 205 targeted genes were queried using probes designed in Illumina’s 

DesignStudio using TruSeq Custom Amplicon v1.5 with the following options: CDS only; 

nominal amplicon size 250-bp; 10-bp padding. This resulted in 3603 amplicons covering 

504 099-bp. Targeted Amplicon-Seq libraries were constructed from 100 to 250 ng of 

genomic DNA using Illumina’s TruSeq Custom Amplicon kit. The libraries were barcoded, 

pooled together and sequenced on an Illumina MiSeq using v2 chemistry to generate 2 × 250 

bp reads. This yielded an average of 200 000 paired-end reads per sample. Sequenced data 

was aligned to the human genome build hg19 using BWA. Mutation calls were generated in 

the capture design regions using Sentieon Genomics and annotated using SnpEff and 

dbNSFP.

In silico prediction of variant functional impact

Functional impact of each variant was predicted using the algorithms CADD (v1.4), DANN, 

FATHMM (v2.3), MutationTaster2, PolyPhen-2 and SIFT. Scores were interpreted as 

recommended by the developers [19–24].

Statistical analyses

All statistical analyses were performed using R software (version 3.4) and the packages 

“SNPassoc”, “qqman”, “multtest” and “SKAT”. Deviations from Hardy-Weinberg 

equilibrium (HWE) were assessed by χ2 tests. The association between each SNP and 

development of CZS was assessed by unconditional logistic regression models with 

adjustment for gestational age at the moment of infection (1st trimester or other). We 

primarily considered additive genetic models and secondarily considered dominant and 

codominant models. Possible effects of population stratification were assessed using the 

inflation factor λ. Values below 1.05 were considered benign [25].

Genes with at least one variation with statistically significant association under an alpha of 

0.05 were included in gene-level analysis using a sequence kernel association test (SKAT). 

Associations between each gene and the phenotype were assessed using a SKAT version 

which determines the joint effect of common and rare (minor allele frequency <0.01) 

variations [26]. Equal weights were applied for all variants. A Bonferroni adjustment for 

multiple comparisons was performed to minimize type I error.

Results

Quality control and single SNP analysis

A total of 1591 single nucleotide variations (SNV) were found in our sample (N = 52 

individuals). From these, 653 were removed from further analysis because they could not 
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reach a 98% call rate (N = 412) or because they were monomorphic in control group (N = 

241). In addition, 121 variants that showed deviation from Hardy-Weinberg equilibrium 

among controls were also removed. The remaining 817 SNVs were included in the case-

control analyses (Figure 1).

Twenty-two variations in 17 genes were associated with the development of CZS under an 

additive model considering a 5% significance level (Fig. 1; Table S1). From these, 14 were 

single nucleotide polymorphisms (SNPs) registered in dbSNP (Build 151) with minor allele 

frequencies (MAF) varying from 3.8 (rs61731968, AKAP1 gene) to 48.1% (rs11676272; 

ADCY3 gene). The remaining 8 variations were all missense variations with frequencies 

between 3.8 and 23% in our cohort (Table S1). The calculated inflation factor (λ= 1.03) did 

not suggest an impact of population stratification.

Variations in genes encoding A-kinase anchor proteins and adenylate cyclases were the most 

frequent among the statistically significant associations (16 SNVs in 9 genes and 7 SNVs in 

4 genes, respectively, including results obtained after adjustment for gestational age - Table 

S1). The strongest effect was observed for the missense variants c.319T>C (rs11676272) at 

ADCY3 (OR = 3.69; 95%CI = 1.58–8.65; P = 0.00087) and c.1297G>A, at ADCY7 (OR = 

0.2; 95%CI = 0.06–0.65; P = 0.00545). After adjustment for gestational age at the moment of 

infection (first trimester or not), rs11676272 and c.1297G>A remained significant and 

rs11676272 had even a stronger association (OR = 5.04; 95%CI = 1.76–14.42; P = 

0.0005004) (Table S1). The total number of statistically significant associations (including 

both models) increased to 55 variations at 39 genes with this change (Table S1). However, 

due to the small sample size, they were not statistically significant after Bonferroni 

adjustment for multiple comparisons (data not shown).

Variant functional impact

Possible functional impacts of the nonsynonymous variations rs11676272 and c.1297G>A 

were investigated in silico using six different algorithms (Table 2). Results obtained from all 

algorithms classified c.1297G>A as a functional and potentially pathogenic variation. The 

data suggest a direct functional impact for c.1297G>A since Poly-Phen2 and SIFT results 

indicated that this variant affects protein activity and/or structure. No evidence of a 

functional impact was observed for rs11676272 (Table 2).

Sequence kernel association test (SKAT)

Sequence kernel association test analyses were performed to investigate the joint effect of 

common and rare variations from each of the 17 genes with SNVs associated to CZS in 

univariate models. All analyses were performed with and without adjustment for gestational 

age at the moment of ZIKV infection, resulting in a total of 7 genes with statistically 

significant associations (Table 3).

The most prominent results were again obtained for ADCY3 and ADCY7 genes, which 

showed a very low P-value compared to others, remaining statistically significant even after 

Bonferroni adjustment for multiple comparisons (α= 0.00294 considering 17 genes included 

in SKAT analyses) (Table 3). This finding strongly supports the conclusion that variations 
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observed in these two maternal ADCY genes are in fact associated with development of CZS 

in this cohort.

Discussion

The cAMP pathway is one of the most ubiquitous signalling pathways in cellular 

physiology, being operational in both prokaryotes and eukaryotes [27]. In mammals, this 

pathway is involved in many biological processes such as immune regulation, stress 

responses, hormone signalling and development [28–31]. During pregnancy, cAMP has been 

associated with decidualization of the endometrium, invasion of the trophoblast, 

syncytialization and placental function/physiology [32–35]. Recently, cAMP was also 

implicated in ZIKV neuropathogenesis (Olmo et al., 2017), which makes genes related to 

the cAMP pathway promising candidates for genetic association studies in the context of 

ZIKV infection.

In the present study, SNVs in three genes encoding adenylate cyclases (ADCY3, ADCY7 
and ADCY10) were associated with CZS. The association of those genes with susceptibility 

to CZS was confirmed after gene-based analysis, and results for ADCY3 and ADCY7 
remained statistically significant after Bonferroni adjustment for multiple comparisons. 

Moreover, in silico analyses showed that c.1297G>A variation had a high potential for 

damaging ADCY7 protein structure and/or function. Although rs11676272 was considered 

benign by the algorithms, this variation has already been reported as an expression 

quantitative trait locus (eQTL) for ADCY3 gene, with the G allele associated with higher 

transcription levels in whole blood samples [36]. Altogether, these data show that genetic 

variation in cAMP-related genes in pregnant women of this cohort influence the risk for 

CZS in their newborns and support a role for this pathway on ZIKV replication, vertical 

transmission and/or pathogenesis.

Adenylate cyclase genes encode proteins that catalyze the synthesis of cAMP from ATP, 

being crucial for its generation. cAMP levels act as a potent regulator of innate and adaptive 

immune responses and manipulation of its cellular concentration is a well-known pathogen 

strategy to avoid host immune system [37]. By increasing cAMP production, pathogens 

inhibit NF-kB activation and, consequently, impair downstream proinflammatory events, 

sometimes making use of adenylate cyclase to do so [38–40]. Moreover, in the context of 

ZIKV infection, higher levels of cAMP could not only stimulate virus replication but also 

affect placental innate immunity as previously shown, facilitating mother-to-child 

transmission [41]. Recent data also show that inhibition of cAMP downstream effectors 

suppress ZIKV replication, supporting the relevance of cAMP levels on ZIKV pathogenesis 

[42].

In addition, our data may also suggest that higher levels of cAMP could influence ZIKV 

severe outcomes. The rs11676272 G allele was associated with a risk effect and it could 

induce higher levels of ADCY3 [36], which would consequently lead to higher levels of 

cAMP. On the other hand, c.1297G>A was associated with a protective effect and 

considering that this variation could damage ADCY7 function and impair cAMP production, 
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it could lead to lower levels of cAMP. This makes cAMP a very interesting molecule for 

future in vitro studies regarding its ability to influence ZIKV replication.

We also would like to address that among our results, SNVs not yet described appear with 

high frequency in the present cohort, including c.1297G>A, with a frequency of 23.1% in 

our study. This might be explained by some inbreeding observed in Brazilian Northeast 

region [43–45] and the lack of genetic studies in this region of Brazil. On the other hand, 

frequency of the SNP rs11676272 in the present study (48.1%) was the same as described in 

ExAC Browser for the general population (48%) and similar to that observed among 

individuals with European ancestry (46%). According to data from the 1000 Genomes 

project retrieved from Ensembl genome browser, Africans showed the highest frequency of 

the G allele (85%) while the lowest was observed among Native Americans (AMR, 39%). 

The population from the Brazilian Northeast region is quite admixtured, with a high 

contribution of European and African ancestries, followed by Native American ancestry [46, 

47].

Another mechanism that might be causing an enrichment of new SNVs in this study is a 

possible association with susceptibility to ZIKV infection per se, since all subjects included 

in our study presented with symptomatic ZIKV infection. Finally, the high frequency of such 

variants may also be a consequence of the sample size of our cohort, reinforcing the 

importance of replication studies with independent cohorts to validate the associations found 

here.

Taken together, our data suggest a role for ADCY genes in ZIKV infection and/or related 

disease, not only highlighting them as promising candidates for further population and 

functional studies but also providing the first evidence of maternal genetics influencing the 

risk to CZS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Manhattan plot showing the 817 single nucleotide variations (SNVs) included in the 

association analysis. SNVs were plotted according to chromosomal location (x axis), with 

[C0]log10 P values (y axis) derived from logistic regression analysis under an additive 

model. The horizontal dashed line indicates P = 0.05. Variations highlighted in red showed 

the most prominent associations among the 22 SNVs above the threshold.
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Table 1

Characteristics of the cohort from Campina Grande, Brazil

Controls (N = 24) Cases (N = 28)

Gestational age

 First trimester 13 (46.42) 20 (71.4)

 After 15 (53.58) 8 (28.6)

ZIKV diagnosis

 PCR+ 13 (54.16) 9 (32.14)

 IgM+ 8 (33.33) 0 (0)

 IgG+ 3 (12.5) 19 (67.86)

 Microcephaly
a – 22 (78.6)

 Other – 6 (21.4)

Results are represented as % of N.

a
Individuals in this category may present other malformations in addition to microcephaly.
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Table 3

Gene-based association analysis with Congenital Zika Syndrome in the cohort from Campina Grande, Brazil

Gene Variants analyzed (N) SKAT results (P-value)

Rare Common Crude Adjusted
*

ADCY3 2 9 0.00191 0.00115

ADCY7 2 3 0.00146 0.00180

ADCY10 6 15 0.07424 0.01397

AKAP1 7 17 0.06081 0.04884

AKAP3 2 10 0.06084 0.03914

AKAP8 2 5 0.04259 0.06712

COL1A2 2 10 0.02810 0.02797

Results were obtained from a SKAT model allowing for the joint effect of common and rare variants.

*
Results adjusted for gestational age at the moment of infection (first trimester or other). P-values that remained statistically significant after 

Bonferroni adjustment for multiple comparisons (α = 0.00294) are shown in bold.

J Intern Med. Author manuscript; available in PMC 2020 February 01.


	Abstract
	Introduction
	Material and Methods
	Subjects and study design
	DNA extraction and storage
	Exon sequencing and genotyping
	In silico prediction of variant functional impact
	Statistical analyses

	Results
	Quality control and single SNP analysis
	Variant functional impact
	Sequence kernel association test (SKAT)

	Discussion
	References
	Fig. 1
	Table 1
	Table 2
	Table 3

