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ARTICLE INFO ABSTRACT
Keywords: Single nucleotide polymorphisms (SNPs) that do not change the composition of amino acids and cause synon-
Synonymous mutation ymous mutations (sSNPs) were previously considered to lack any functional roles. However, sSNPs have recently
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PI3Ky

Single nucleotide polymorphism
151129293

been shown to interfere with protein expression owing to a myriad of factors related to the regulation of tran-
scription, mRNA stability, and protein translation processes. In patients with Chagas disease, the presence of the
synonymous mutation rs1129293 in phosphatidylinositol-4,5-bisphosphate 3-kinase gamma (PIK3CG) gene
contributes to the development of the chronic Chagas cardiomyopathy (CCC), instead of the digestive or
asymptomatic forms. In this study, we aimed to investigate whether rs1129293 is associated with the tran-
scription of PIK3CG mRNA and its activity by quantifying AKT phosphorylation in the heart samples of 26
chagasic patients with CCC. Our results showed an association between rs1129293 and decreased PIK3CG mRNA
expression levels in the cardiac tissues of patients with CCC. The phosphorylation levels of AKT, the protein
target of PI3K, were also reduced in patients with this mutation, but were not correlated with PI3KCG mRNA
expression levels. Moreover, bioinformatics analysis showed that rs1129293 and other SNPs in linkage
disequilibrium (LD) were associated with the transcriptional regulatory elements, post-transcriptional modifi-
cations, and cell-specific splicing expression of PIK3CG mRNA. Therefore, our data demonstrates that the syn-
onymous SNP rs1129293 is capable of affecting the PIK3CG mRNA expression and PI3Ky activation.

1. Introduction amino acid sequence of the translated protein are called synonymous
mutations. These type of mutations were previously considered to be

Single nucleotide polymorphisms (SNPs) are considered to be the “silent,” without any functional consequences to the organisms; how-
simplest type of DNA mutations. Substitution of one single nucleotide ever, recent studies have shown that synonymous mutations can inter-
with another can change or not the encoded amino acid. SNPs that fere with several points of protein synthesis (Plotkin and Kudla, 2011).
change a codon for another synonymous codon and do not alter the Synonymous SNPs (sSNPs) can alter the protein expression,

Abbreviations: SNP, single nucleotide polymorphism; sSNP, synonymous single nucleotide polymorphism; GWAS, genome-wide association studies; CCC, chronic
Chagas cardiomyopathy; PI3K, phosphatidylinositol 3-kinase; eQTL, expression quantitative trait loci; sQTL, splicing quantitative trait loci; HWE, Hardy-Weinberg
equilibrium.
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conformation, and/or function via several mechanisms. sSNPs can
disrupt the spliceosome machinery, and affect intron removal during the
RNA processing (Cartegni et al., 2002), as well as the availability of anti-
codons in a specific tissue or cell type (Chamary and Hurst, 2005).
Micro-RNA (miRNA) binding sites can also be altered by synonymous
mutations, which interfere with the post-translational modifications of
proteins (Brest et al., 2011). In addition, synonymous changes can
interfere with the mRNA expression and also reduce mRNA stability
(Eyre-Walker and Bulmer, 1993; Gutman et al., 2021; Gu et al., 2010). In
addition, although some sSNPs do not impact on splicing, miRNA
regulation, or mRNA expression and stability, they impact protein
translation (Kim et al., 2020).

Our group has already showed that when people carrying the sSSNP
151129293 are infected with Trypanosoma cruzi, they exhibit an
increased risk of developing the severe cardiac form of Chagas disease,
instead of the asymptomatic or digestive forms (Silva et al., 2021). In
general, studies involving SNPs have primarily focused on non-
synonymous mutations; however, sSNPs are involved in disease mech-
anisms similar to non-synonymous SNPs (Chen et al., 2010). In fact,
sSNPs are associated with>50 human diseases. This discovery was
possible due to the development of computational methods to analyze
these data using genome-wide association studies (GWAS) or ap-
proaches that use arrays with a very high number of genes (Sauna and
Kimchi-Sarfaty, 2013). These findings reveal the importance of per-
forming association studies along with functional studies. Here, using
functional and computational studies, we investigated the effects of the
synonymous mutation rs1129293 on PIK3CG gene expression and pro-
tein function in the heart samples of chagasic patients with chronic
Chagas cardiomyopathy (CCC).

2. Materials and methods
2.1. Subjects and heart samples

We studied 26 heart samples collected postmortem from chagasic
patients exhibiting at least two positive serological tests (hemaggluti-
nation, immunofluorescence, or ELISA) for Chagas disease, as recom-
mended by Dias at al. (Dias et al., 2016). All the patients were diagnosed
with CCC. All samples were collected at the Heart Institute, Sao Paulo,
Brazil and storage in TRIzol™ Reagent (ThermoFisher Scientific) (RNA
extraction) or RIPA with a cocktail of protease and phosphatase in-
hibitors (protein extraction) at —80 °C. It is important to emphasize that
the samples were processed as soon as possible to avoid degradation of
the biological material.

2.2. Ethics statement

The research protocol used in this study was approved by the Insti-
tutional Ethics Committee of the CAPpesq-Heart Institute, University
Hospital of the Faculty of Medicine of Sao Paulo, Brazil (Protocol
#0265/10).

2.3. DNA extraction and genotyping

Genomic DNA was extracted from the heart samples of patients with
CCC using the specific kit Wizard® Genomic DNA Purification from
Promega®, according to the manufacturer’s instructions. The concen-
tration and purity of isolated genomic DNA were measured using the
NanoDrop™ One/One spectrophotometer (Thermo Scientific). The
genotyping experiment of rs1129293 (C > T) were carried out using the
TagMan genotyping assays on the StepOnePlus real-time PCR system
(Applied Biosystems®, California, USA). This SNP is a C/T substitution
located on chromosome 7, at a location that encodes the catalytic sub-
unit of the PI3Ky gene (PIK3CG). SNP genotyping probes for rs1129293
[VIC/FAM] TGAAATTTGAACCATACCATGATAG [C/T] GCCCTTGCCA-
GATTTCTGCTGAAGC, respectively (Catalog number: 4351379) were
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purchased from ThermoFisher Scientific. Real-time PCR reactions were
performed in a total final volume of 10 pL contained the following: 6.25
pL Tagman genotyping master mix (ThermoFisher Scientific), 5 ng DNA
sample, 0.7 pM TagMan probe (Thermo Fisher Scientific) and add
distilled water to 11.5 pL. Real time fluorescence quantitative PCR was
performed in triplicate per sample with the following conditions: An
initial denaturation at 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 s and annealing at 60 °C for 1 min. Geno-
types were analyzed using the StepOnePlus software.

2.4. RNA extraction and real-time quantitative PCR (qPCR) assay

Total RNA was extracted from the heart samples of patients with CCC
using the SV Total RNA Isolation System kit from Promega®, and the
cDNA was synthesized using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems®, California, USA), according to the
manufacturer’s instructions. PCR to detect the mRNA expression of
PI3Ky gene was carried out using the StepOnePlus real-time PCR system
(Applied Biosystems®, California, USA) along with the SYBR Green
GoTaq qPCR MasterMix (Promega®). qPCR data were analyzed by the
Ct delta-delta method, using the HPRT as an endogenous control for
transcript expression normalization. The sequences of PI3Ky and HPRT
primers are listed in Table 1.

2.5. Western blotting analysis

Protein lysates from the heart samples of patients with CCC were
prepared in the RIPA buffer (Sigma-Aldrich®) supplemented with pro-
tease and phosphatase inhibitors (Cell Signaling®). The same amount of
total protein for each sample was loaded and separated in 4-20% Mini-
PROTEAN® TGX™ Precast Protein Gel (BIORAD). After electrophoresis,
the proteins were electrotransferred onto nitrocellulose membranes (0.2
pm; GE Healthcare) and incubated for 1 h with 5% non-fat dry milk (Cell
Signaling®), followed by overnight incubation at 4 °C with the primary
antibodies. After washing, the membranes were incubated for 1 h with
horseradish peroxidase (HRP)-conjugated secondary antibodies. Im-
munoblots were visualized after membrane incubation with the Immo-
bilon® Forte HRP Substrate (Millipore) using a ChemiDoc™ XRS System
(BIORAD). The primary antibodies used in this study were phospho-AKT
(Thr308) (1:2000; Cell Signaling; #13038); and AKT (pan) (1:2000; Cell
Signaling; #4691). The images of the western blot bands were analyzed
using the program Image Lab (BIORAD).

2.6. Statistical and bioinformatics analyses

The normal distributions for PIK3CG transcript quantification by
qPCR pAKT levels by western blotting were determined by using the
Kolmogorov-Smirnov test. Hardy-Weinberg equilibrium (HWE) was
determined using the Haldane exact test with SELOME p-value calcu-
lation (Haldane, 1954) wusing the R package, HardyWeinberg
(https://www.jstatsoft.org/v64/i03/) and p < 0.05 as a significant
threshold for HWE deviation. We tested the genotype association of
rs1129293C > T with PIK3CG levels and pAKT using multiple linear
regression considering additive (CC, CT, and TT) and recessive (CC and
CT + TT) genetic models, assuming C as the major allele, T as the minor
allele, and sex and age as covariates. SNPs in linkage disequilibrium with

Table 1
Sequence of primers used in the study.
Gene Primer sequence
PIK3CG Fwd: 5'- CATATTGACTTCGGGCACATTCTTG — 3’

Rev: 5'- GTCTCTGCAAACTTCGATCTGATC — 3'
HPRT Fwd: 5'- GCGATGTCAATAGGACTCCAG — 3
Rev: 5'- TTGTTGTAGGATATGCCCTTGA — 3’

Fwd = forward primer; Rev = reverse primer.
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rs1129293 within R% > 0.8 were obtained using the LDProxy tool from
Ldlink webservice (Machiela and Chanock, 2015) using genotype data
from phase 3 of the 1000 Genomes Project (Auton et al., 2015). The
functional effects of genomic variants on PI3KCG transcripts were pre-
dicted using the Ensembl Variant Effect Predictor (VEP) (McLaren et al.,
2016) Expression quantitative trait loci (eQTLs) and splicing quantita-
tive trait loci (sQTLs) for rs1129293, and SNPs in LD annotated to im-
mune cells and cardiac tissues of the EBI eQTL Catalogue (Kerimov et al.,
2021) were obtained from Fivex (Kwong et al., 2021) with p < 0.01 as
the threshold for the size significance of the effect. Illustrations of
annotation heatmaps, genomic regions, and associations were made
using the packages, pheatmap, Gviz (Hahne and Ivanek, 2016), and
ggplot2.

3. Results

3.1. Decrease in PIK3CG mRNA transcription is associated with SNP
rs1129293

The 26 chagasic patients from whom we collected the heart samples
did not differ in sex or age (Table 2). All the patients were diagnosed
with CCC (Table 2). First, the subjects were classified according to the
occurrence of SNP rs1129293. DNA samples were collected from the
cardiac tissues, and the genotype distribution did not deviate from HWE
(p = 0.631), with 50.0% of patients exhibiting the ancestral genotype
CC, 46.15% of patients exhibiting the mutant genotype CT, and 3.85% of
patients exhibiting the genotype TT (Table 3). Samples from subjects
with and without the mutation rs1129293 were evaluated for the mRNA
expression of PIK3CG. The associations between ancestral and mutant
genotypes and mRNA transcription levels, tested in the additive genetic
model, indicated that the occurrence of the mutation rs1129293 was
associated with decreased PIK3CG mRNA transcript levels (p = 0.044)
(Fig. 1A).

3.2. Synonymous mutation rs1129293 is associated with low levels of
phosphorylated AKT in the cardiac tissue

The main protein phosphorylated after the activation of PI3K is the
AKT (Burgering and Coffer, 1995). We investigated PI3Ky activation in
patients with or without the mutation in PIK3CG gene by determining
the levels of pAKT at the threonine 308 (T308) site. Interestingly, heart
samples from patients carrying the mutation showed decreased phos-
phorylation of AKT when tested in the recessive genetic model (p =
0.040) (Fig. 1B and C). Although PI3Ky expression and pAKT level were
decreased in patients carrying this SNP, the two variants were not
directly proportional to each other (r = 0.216; p = 0.289) (Fig. 1D),
indicating that even when the PIK3CG mRNA is highly expressed, some
additional post-transcriptional modifications can affect the AKT
phosphorylation.

Table 2
Gender and clinical form of the studied population.

Gender (n, %)

F 13, (50.0%)
M 13, (50.0%)
Age (Yers, + SD)

F 51, (+£9.7)
M 47, (£13.7)
Clinical form (n, %)

CARD 26, (100.0%)

F = female; M = male; CARD = cardiac; SD = standard
deviation.
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Table 3
Genotype of patients used in the study.

Genotype (n, %)

CC 13, (50.00%)
CT 12, (46.15%)
TT 1, (3.85%)

3.3. rs1129293 and other SNPs in LD are predicted to interfere with the
expression and post-transcriptional modification of PIK3CG

After bioinformatics analysis using the 1000 Genome data in
LDproxy service, five SNPs were found to be in LD with rs1129293, one
of them was localized upstream of PIK3CG and the other four in the
intronic regions of the protein-coding transcripts of this gene (Fig. 2A).
Among the SNPs in LD, rs4730204 was located in the upstream region
and predicted to affect the regulatory promoter region of the PIK3CG,
while intronic rs6963859 was predicted to be located in the promoter
flanking region (Fig. 2A). Thereafter, we searched for significant eQTLs
and sQTLs for PIK3CG associated with these SNPs in the immune cells
and cardiac tissues found in the FIVEx database (Fig. 2B). Due to the
high LD between these SNPs, the association values were very close. For
eQTLs we observed only a small mean positive effect of 0.063 annotated
for the expression of PIK3CG in Treg naive cells from the Schmie-
del 2018 study (Schmiedel et al., 2018). Interestingly, we observed
bigger effects for sQTLs datasets showing distinct tissue and cell
expression splicing variants, which were compiled by considering the
mean effects of all SNPs in Fig. 2B. The biggest effect associated with
allelic variations was a decrease in transcript ENST00000496166
expression with mean effect size —0.68 for CD4_T_cell_anti-CD3-CD28
from the Schmiedel 2018 study. Decreased levels of transcript
ENST00000440650 were observed in T-cell (BLUEPRINT study) and
naive macrophage (Alasoo_2018 study) (Alasoo et al., 2018). Interest-
ingly, decreased and increased levels of the transcripts,
ENST00000440650 and ENST00000496166, respectively, were associ-
ated with SNPs in both monocytes and neutrophils in the BLUEPRINT
study. The same behavior was observed for the pair of transcripts,
ENST00000473541 and ENST00000496166, in the artery aorta from
GTEx study (Fig. 2B).

4. Discussion

The activation of PI3K isoforms has controversial roles in the pro-
tection in different models of infection in humans and mice (Olayinka-
Adefemi et al., 2021; Hsu et al., 2015; Silva et al., 2018; Xiang and
Wang, 2018). Following PI3K activation, AKT is phosphorylated and
activated, executing its kinase function, which is essential for the PI3K
signaling pathway (Burgering and Coffer, 1995). Modifications at any
step of the protein expression, including the occurrence of sSNPs, can
interfere with the protein function. Here, we used experimental and
bioinformatics analyses to evaluate the functional effects of the synon-
ymous SNP rs1129293 in PIK3CG, gene. Since our group have showed
that this sSNP is highly prevalent in chagasic patients with CCC (Silva
et al., 2021), we used in this study only samples provided from patients
with the cardiac form of Chagas disease, in order to obtain a consider-
able number of samples with the mutant genotype CT or TT.

Although non-synonymous mutations commonly affect protein
function, several studies have shown that sSNPs can alter the mRNA
expression (Chen et al., 2020; Kerna et al., 2013), post-transcriptional
modifications (Duan and Antezana, 2003; Meijer et al., 2013; Mueller
et al., 2015), and protein functions (Karakostis et al., 2019; Simhadri
et al., 2017).

mRNA expression is not always related to protein expression or
function. This point is extremely relevant because contextual changes,
such as temporal changes, can affect the mRNA-protein correlation,
(Buccitelli and Selbach, 2020). Our results showed that, during the
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chronic phase of Chagas disease, patients with the polymorphism
rs1129293 presented reduced PIK3CG mRNA expression levels, and also
reduced PI3Ky activity, that is, reduced AKT phosphorylation compared
to those without the mutation. However, it was not surprising to observe
that there is no positive correlation between the enzyme mRNA
expression, and enzyme function. Recent papers have showed that,
independently of the amount of mRNA, SNPs can affect the translation
process (Robert and Pelletier, 2018) and the phosphorylation of proteins
(Feng et al., 2020). Furthermore, using computational analysis, Wang
et al. showed that sSNPs can change miRNA-mediated gene regulation
affecting protein function (Wang et al., 2015).

Polymorphisms can affect the AKT signaling pathway in different
ways. Since this signaling pathway is activated downstream of several
receptors (Liem et al., 2017; Schabbauer et al., 2008; Zhang et al., 2007)
in response to different stimuli, polymorphisms in several proteins can
affect AKT activation (Brognard et al., 2009; Ma et al., 2017). Moreover,
mutations in PI3K gene (Wang et al., 2016) and the occurrence of LD can
interfere with this signaling pathway. However, only a few studies have
shown the effects of synonymous mutations on PI3K signaling.

LD is a non-random association of alleles in the same or different
genes (Lewontin and Kojima, 1960). The occurrence of SNPs in LD with
rs1129293 in PIK3CG makes it difficult to identify the specific
phenotype-associated SNPs. Moreover, bioinformatics analysis of sQTL

indicated that mutations in LD with the rs1129293 can interfere with the
splicing of PIK3CG. Recent studies have shown that several SNPs located
in sQTL are related to disease development (Guo et al., 2020; Liu et al.,
2020).

The SNPs predicted via GWAS were mostly located in the non-coding
regions of the gene (Nishizaki and Boyle, 2017). Our results showed that
most SNPs in LD with rs1129293 were located in introns, that is, the
non-coding DNA regions. Interesting, mutations in these regions can also
be associated with protein changes and promote various diseases (Lin-
hares et al., 2020; Taheri et al., 2020).

Overall, our results showed that the sSNP rs1129293 in PIK3CG
gene, which is highly prevalent in patients with CCC, is related to
decreased PIK3CG expression and PI3Ky activation. Moreover, our
target SNP was in LD with other SNPs also able to interfere in the gene
expression and splicing. Therefore, further studies are necessary to
identify the specific mutations responsible for the observed phenotype
in the encoded protein.

5. Conclusion
The findings of our study revealed that the occurrence of the syn-

onymous SNP rs1129293 in patients with CCC is related to decreased
PIK3CG expression and PI3Ky activation. We further showed that this
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mutation is in LD with several other SNPs that are located in sQTLs and
are able to interfere with the post-transcriptional modifications, such as
splicing.
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