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Abstract

Objective

To explore their association with the development of diabetes retinopathy (DR), single

nucleotide polymorphism (SNP) mutations were screened out by high-throughput sequenc-

ing and validated in patients diagnosed with DR. To understand the role of PIK3CA in the

pathogenesis of DR and explore the relationship between PIK3CA,phosphatidylinositol 3-

kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR),and DR, the

effect of PIK3CA.rs17849079 mutation was investigated in a DR cell model.

Methods

Twelve patients diagnosed with DR at the Qinghai Provincial People’s Hospital from Sep-

tember 2020 to June 2021 were randomly selected as the case group, while 12 healthy sub-

jects of similar age and gender who underwent physical examination in Qinghai Provincial

People’s Hospital physical examination center during the same period were randomly

selected as the control group. Blood samples (2 mL) were collected from both groups using

EDTA anticoagulant blood collection vessels and frozen at −20˚C for future analysis. SNP

mutations were detected by high-throughput sequencing, and the shortlisted candidates

were subjected by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analyses. The detected SNP candidates were verified by expanding

the sample size (first validation: 56 patients in the case group and 58 controls; second vali-

dation: 157 patients in the case group and 96 controls). A lentivirus vector carrying mutated

or wild-type PIK3CA.rs17849079 was constructed. ARPE-19 cells were cultured in a

medium supplemented with 10% fetal bovine serum (FBS) to establish a DR cell model.

PIRES2-PIK3CA-MT and PIRES2-PIK3CA-WT vectors were transfected into DR model

cells, which were categorized into control, mannitol, model, empty vector, PIK3CA wild-

type, and PIK3CA mutant-type groups. Cell activity was detected by the cell counting kit

(CCK)-8 assay, and cellular apoptosis was evaluated by flow cytometry. Glucose concentra-

tion and levels of cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-1β were

detected using enzyme-linked immunosorbent assay kits. The expression of PIK3CA,

AKT1, mTOR, and VEGF genes was detected by real-time quantitative polymerase chain
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reaction (RT-qPCR), while the expression of PI3K, p-PI3K, AKT1, p-AKT1, mTOR, p-

mTOR, and VEGF proteins was detected by western blotting.

Results

The mutated SNPs were mainly enriched in the PI3K/AKT pathway, calcium ion pathway,

and glutamatergic synaptic and cholinergic synaptic signaling pathways. Seven SNPs,

including PRKCE.rs1533476, DNAH11.rs10485983, ERAP1.rs149481, KLHL1.rs1318761,

APOBEC3C.rs1969643, FYN.rs11963612, and KCTD1.rs7240205, were not related to the

development of DR. PIK3CA.rs17849079 was prone to C/T mutation. The risk of DR

increased with the presence of the C allele and decreased in the presence of the T allele.

High glucose induced the expression of PIK3CA and VEGF mRNAs as well as the expres-

sion of PI3K, p-PI3K, p-AKT1, p-mTOR, and VEGF proteins in ARPE-19 cells, which led to

secretion of inflammatory factors TNF-αand IL-1, cell apoptosis, and inhibition of cell prolif-

eration. The PIK3CA.rs17849079 C allele accelerated the progression of DR. These biologi-

cal effects were inhibited when the C allele of PIK3CA.rs17849079 was mutated to T allele.

Conclusion

The mutated SNP sites in patients with DR were mainly enriched in PI3K/AKT, calcium ion,

and glutamatergic synaptic and cholinergic synaptic signaling pathways. The rs17849079

allele of PIK3CA is prone to C/T mutation where the C allele increases the risk of DR. High

glucose activates the expression of PIK3CA and promotes the phosphorylation of PI3K,

which leads to the phosphorylation of AKT and mTOR. These effects consequently increase

VEGF expression and accelerate the development of DR. The C to T allele mutation in

PIK3CA.rs17849079 can play a protective role and reduce the risk of DR.

Introduction

Diabetic retinopathy (DR) is the most common microvascular complication of diabetes melli-

tus (DM),characterized by microaneurysm formation, microvascular obstruction, and neovas-

cularization [1–3]. In DR, intracellular hyperglycemia damages the vascular endothelium via

dysregulation of multiple pathophysiological processes [4]. Vascular endothelial growth factor

(VEGF) is an important angiogenic molecule related to the progression of DR [5] that acts on

endothelial cells through the phosphatidylinositol 3-kinase (PI3K) pathway [6]. Studies have

highlighted the role of the PI3K/protein kinase B (AKT) pathway in cancer and the complex

relationship between PI3K/AKT upstream genes and downstream factors and VEGF. We spec-

ulate the involvement of the PI3K/AKT pathway in the pathogenesis of DR.

In this study, peripheral blood samples were collected from patients with DR for sequencing

and the SNPS associated with DR were searched. The SNPs with significant differences were

identified, and then the sample size was expanded for validation. Cell experiments were per-

formed to explore the relationship between screened SNPs and DR.

Material and methods

Ethical approval

Written informed consent was obtained from all donors as per the principles of the Declara-

tion of Helsinki. The study was performed in compliance with relevant Chinese laws and
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institutional guidelines. All protocols were approved by the institutional ethics committee of

the Qinghai Provincial People’s Hospital (approval number: 2020–104).

Clinical information of patients

Twelve patients diagnosed with DR at the Qinghai Provincial People’s Hospital from Septem-

ber 2020 to June 2021 were randomly selected as the case group. In addition, 12 healthy sub-

jects of similar age and gender who underwent physical examination at the Qinghai Provincial

People’s Hospital physical examination center during the same period were randomly selected

as the control group. The diagnosis was carried out as per the International diabetic retinopa-

thy diagnostic criteria [7]. Inclusion criteria were as follows: (1) Patients who met the interna-

tional diagnostic criteria for diabetic retinopathy and (2) long-term residents of areas above

2100 m. Duration of residence (�10 years). Exclusion criteria were as follows: (1) Participants

were excluded if they had acute complications of diabetes and co-infection. (2) Those with

severe cardiovascular and cerebrovascular complications. (3) Patients with recent trauma or

surgery. (4) Patients with long-term liver and kidney diseases and other endocrine diseases. (5)

Pregnant women. (6) Patients with hypertensive retinopathy, high myopic retinopathy, and

other fundus diseases.

Sample collection and DNA extraction

Two milliliters of peripheral blood sample was collected from each participant. After anticoag-

ulant treatment, the sample was frozen at −80˚C before analysis. The DNA extraction process

was carried out according to the instructions of a DNA extraction kit (DP335, Beijing

Tiangen).

SNP genotyping

The quality and quantity of the purified DNA were determined by measuring the absorbance

at 260 nm/280 nm (A260/A280) using Nanodrop One (Thermo). DNA samples were

sequenced by Illumina sequencing, and the resulting data were analyzed by Genome Studio.

Selection of SNPs

The software PLINK 1.09 was used to perform quality control on the genotyping results. Sam-

ples with genotyping call rates< 95% were excluded. According to the Hardy-Weinberg

genetic equilibrium testing, gene frequencies were substituted to obtain genotype equilibrium

frequencies and then multiplied by the total population to obtain the estimation. χ2 test was

conducted to compare observations and estimations, and the SNPs with Hardy-Weinberg

equilibrium P value <1×10−5 and linkage disequilibrium (LD) r2�0.8 with respect to the con-

trols were removed. Then, pairwise identity by state (IBS) potential genetic kinship checks

were conducted on all successfully genotyped samples. On the identification of a first- or sec-

ond-degree relative pair, one of the two related individuals were removed. The remaining sam-

ples were then evaluated for population outliers and stratification using principal component

analysis (PCA)-based methods.

Validation of SNPs by quantitative polymerase chain reaction (qPCR)

To clarify the distribution difference of the differential SNP sites between the case and control

groups, we expanded the DR patient cohort to 56 cases and the control cohort to 58 cases for

the first validation analysis. For the second validation, we further expanded the DR patients to

157 cases and the control group to 97 cases.
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The identified SNPs were subjected to real-time (RT)-qPCR to assess the validity of the

DNA-sequencing data. S1 Table lists the primers specific for each SNP used in RT-qPCR con-

ducted using total RNA samples. PCR amplification for each SNP was performed with three

technical replicates. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a ref-

erence gene. The expression levels of all genes were normalized to that of GAPDH and calcu-

lated using the 2−ΔΔCT method.

Cell experiment

Cell culture. A DR cell model was established by treating normally cultured ARPE-19

cells with 25 mM mannitol for 48 h.

Target sequence construction. Wild and mutant plasmids were constructed from

PIK3CA.rs17849079 gene information (PIK3CA gene ID: 5290, mutant size: exon, size of

sequence: 1022 bp, mutation site: rs17849079). The inserted fragment was 813 bp. PIRE-

S2-PIK3CA-MT and PIRES2-PIK3CA-WT vectors were synthesized and transfected into the

model cells.

Grouping of cells. The cells were categorized in the following groups: Control group, nor-

mally cultured ARPE-19 cells; mannitol group, normally cultured ARPE-19 cells treated with

25 mM mannitol for 48 h; DR model group, ARPE-19 cells cultured normally and treated with

25 mM glucose (high glucose) for 48 h; Empty vector group, ARPE-19 cells cultured normally,

treated with 25 mM glucose (high glucose) for 48 h, and then transfected with the blank vector;

PIK3CA wild-type group (PIK3CA wt group), ARPE-19 cells cultured normally, treated with

25 mM glucose (high glucose) for 48 h, and then transfected with the PIK3CA wild-type vec-

tor; PIK3CA mutant-type group (PIK3CA mut group), ARPE-19 cells cultured normally,

treated with 25 mM glucose (high glucose) for 48 h, and then transfected with the PIK3CA

mutant vector.

Cell activity was detected by the cell counting kit-8 (CCK-8) assay, and the rate of apoptosis

was analyzed by flow cytometry. Glucose level was detected by a glucose assay kit, and the lev-

els of cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-1β were determined by

enzyme-linked immunosorbent assay (ELISA) kits, according to the instructions of the kits

(DP335, Beijing Tiangen).

RT-qPCR. The expression of PIK3CA, AKT1, mTOR, and VEGF genes was detected by RT-

qPCR.

Western blot analysis. The protein expression of PI3K, p-PI3K, AKT1, p-AKT1, mTOR, p-

mTOR, and VEGF was analyzed by western blotting. The details of the antibodies are shown

in S2 Table.

Statistical analyses

Statistical analyses were performed using the statistical software SPSS (version 20; SPSS Inc.,

Chicago, IL, USA). GraphPad Prism 5 was used to produce graphs. Data for continuous vari-

ables were expressed as mean ± standard deviation (SD). Student’s t-test or Mann-Whitney

test was used, as appropriate, to compare two groups of independent samples.

Results

SNP microarray results

SNP microarray analysis revealed 14596 SNP loci in patients with DR relative to the control

group. Nine genes were associated with DR, upon comparison of the DR-associated predicted

genes with the GeneCards database. S2 Table lists the CHB frequencies in the HapMap
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database. The SNP mutation rate was significantly higher in DR patients than in controls

(Fig 1A and 1B).

Gene Ontology (GO) and pathway analyses

To explore the functional categories of SNPs, we performed GO and Kyoto Encyclopedia

of Genes and Genomes (KEGG) analyses using the KOBAS 2.0 server. Hypergeometric test

and Benjamini-Hochberg false discovery rate (FDR) controlling procedure were applied to

define the enrichment of each term. The mutated SNPs were mainly enriched in PI3K/AKT,

calcium pathway, and glutamatergic synapse and cholinergic synapse signaling pathways

(Fig 2A and 2B).

Fig 1. (A) Cluster analysis of 243 differential SNP genes. (B) Cluster analysis of top 30 differential SNP genes.

https://doi.org/10.1371/journal.pone.0295813.g001

Fig 2. Functional categories of SNPs. (A) Gene ontology analysis showed that the mutated SNPS were mainly involved in biological

processes such as signal transduction, cell adhesion, protein phosphorylation, positive regulation of GTPase activity, axon guidance,

intracellular signal transduction, positive regulation of apoptotic, chemical synaptic transmission, nervous system development, and

platelet activation. (B) KEGG pathway analysis showed that the mutated SNPs were mainly enriched in PI3K/AKT, calcium pathway,

and glutamatergic synapse and cholinergic synapse signaling pathways.

https://doi.org/10.1371/journal.pone.0295813.g002

PLOS ONE PIK3CA regulates DR

PLOS ONE | https://doi.org/10.1371/journal.pone.0295813 January 9, 2024 5 / 13

https://doi.org/10.1371/journal.pone.0295813.g001
https://doi.org/10.1371/journal.pone.0295813.g002
https://doi.org/10.1371/journal.pone.0295813


Validation of the differences in SNPs

We clarified the differences in the SNPs between the case and control groups in a larger sample

size to validate the involvement of these eight SNPs, including PRKCE.rs1533476, DNAH11.

rs10485983, ERAP1.rs149481, KLHL1.rs1318761, APOBEC3C.rs1969643, FYN.rs11963612,

KCTD1.rs7240205, and PIK3CA.rs17849079. We eliminated CDH4 because it failed to query

the allele frequency in the NCBI database.

Association of SNPs with DR

According to the Hardy-Weinberg genetic equilibrium testing, the frequencies of the eight

SNPs were substituted to obtain genotype equilibrium frequencies (Table 1). The genotype dis-

tributions of rs17849079 and rs1969643 loci were significantly different between the case and

control group (p<0.05) (Table 2). The T allele of PIK3CA.rs17849079 was significantly higher

than others, and may act as a protective factor in DR (Table 3).

SNPs related to the prognosis of DR. Univariate Cox regression analysis forest plot. Multi-

variate Cox regression analysis forest plot. In comparison with reference samples, samples

with a hazard ratio greater than 1 had a higher risk of DR and those with a hazard ratio less

than 1 had a lower risk of DR.

Results of cell experiments

According to the results of sequencing and validation, PIK3CA.rs17849079 was found to be

associated with the development of DR. Therefore, we established a DR cell model by treating

ARPE-19 cells with high glucose, followed by their transfection with a plasmid carrying wild-

type and mutated PIK3CA.rs17849079, to explore the relationship between PIK3CA.

rs17849079 and DR development.

Flow cytometry and cytokine analysis

We detected the trends in cellular apoptosis in each group by flow cytometry, and determined

the levels of TNF-α and IL-1β by ELISA kits. The results are shown in Fig 3.

Table 1. Eight SNPs subjected to Hardy-Weinberg equilibrium.

SNP Allele Group Frequency of genotype observed HWp

(1/2) 1/1 1/2 2/2

rs149481 T/G Case (n = 56) 23 (25.79) 30 (24.43) 3 (5.79) 0.088

Control (n = 58) 27 (26.9) 25 (25.2) 6 (5.9) 0.952

rs1318761 G/A Case (n = 56) 23 (22.5) 25 (25.99) 8 (7.5) 0.775

Control (n = 58) 16 (17.11) 31 (28.78) 11 (12.11) 0.558

rs1969643 T/C Case (n = 55) 9 (13.5) 35 (27.99) 11 (14.5) 0.061

Control (n = 55) 21 (19.93) 26 (28.14) 8 (9.93) 0.563

rs10485983 T/C Case (n = 56) 23 (24.45) 28 (25.11) 5 (6.45) 0.389

Control (n = 58) 26 (27.59) 28 (24.83) 4 (5.59) 0.330

rs11963612 C/T Case (n = 56) 25 (27.86) 29 (23.28) 2 (4.86) 0.066

Control (n = 58) 29 (28.98) 24 (24.03) 5 (4.98) 0.991

rs7240205 C/T Case (n = 56) 17 (16.61) 27 (27.78) 12 (11.61) 0.834

Control (n = 58) 23 (26.92) 23 (27.96) 12 (9.52) 0.177

rs1533476 T/C Case (n = 52) 28 (19.61) 8 (7.69) 14 (13.46) 0.186

Control (n = 55) 34 (30.91) 4 (3.64) 19 (17.27) 0.069

rs17849079 T/C Case (n = 157) 87 (0.55) 54 (0.34) 16 (0.10) 0.11

Control (n = 96) 67 (0.70) 28 (0.29) 1 (0.01) 0.45

https://doi.org/10.1371/journal.pone.0295813.t001

PLOS ONE PIK3CA regulates DR

PLOS ONE | https://doi.org/10.1371/journal.pone.0295813 January 9, 2024 6 / 13

https://doi.org/10.1371/journal.pone.0295813.t001
https://doi.org/10.1371/journal.pone.0295813


Expression of mRNAs was detected by RT-qPCR

We performed RT-qPCR analysis to detect expression trends in PIK3CA, mTOR, AKT, and

VEGF mRNAs in each group; the results are shown in Fig 4.

Expression of proteins was detected by western blotting

The trends in the expression of PI3K, p-PI3K, AKT, p-AKT, mTOR, p-mTOR, and VEGF pro-

teins in each group were detected by western blotting, and the results are shown in Fig 5.

Table 2. Genotype distribution of SNPs in case and control groups.

SNP Allele Group Genotype, n (%) χ2 P
(1/2) 1/1 ½ 2/2

rs149481 T/G Case (n = 56) 23 (0.411) 30 (0.536) 3 (0.054) 1.740 0.419

Control (n = 58) 27 (0.466) 25 (0.431) 6 (0.103)

rs1318761 G/A Case (n = 56) 23 (0.411) 25 (0.446) 8 (0.143) 2.339 0.311

Control (n = 58) 16 (0.276) 31 (0.534) 11 (0.190)

rs1969643 T/C Case (n = 55) 9 (0.164) 35 (0.636) 11 (0.200) 6.602 0.037

Control (n = 55) 21 (0.382) 26 (0.473) 8 (0.145)

rs10485983 T/C Case (n = 56) 23 (0.411) 28 (0.500) 5 (0.089) 0.260 0.878

Control (n = 58) 26 (0.448) 28 (0.483) 4 (0.069)

rs11963612 C/T Case (n = 56) 25 (0.446) 29 (0.518) 2 (0.036) 2.019 0.364

Control (n = 58) 29 (0.500) 24 (0.414) 5 (0.086)

rs7240205 C/T Case (n = 56) 17 (0.304) 27 (0.482) 12 (0.214) 1.185 0.553

Control (n = 58) 23 (0.397) 23 (0.397) 12 (0.207)

rs1533476 T/C Case (n = 52) 29 (0.551) 9 (0.163) 14 (0.286) 2.304 0.316

Control (n = 55) 36 (0.596) 4 (0.070) 19 (0.333)

rs17849079 T/C Case (n = 157) 87 (0.55) 54 (0.34) 16 (0.10) 9.947 0.006

Control (n = 96) 67 (0.70) 28 (0.29) 1 (0.01)

https://doi.org/10.1371/journal.pone.0295813.t002

Table 3. Genotype and allele frequencies of the eight SNPs in case and control groups.

SNP Allele Case Control χ2 P OR %95CI

rs149481 G 36 (0.321) 37 (0.319) 0.002 0.968 1.011 [0.574~1.764]

T 76 (0.679) 79 (0.681) 1 ref

rs1318761 A 41 (0.366) 53 (0.457) 1.940 0.164 0.686 [0.401~1.166]

G 71 (0.634) 63 (0.543) 1 ref

rs1969643 C 57 (0.518) 42 (0.382) 2.076 0.150 1.468 [0.878~2.477]

T 53 (0.482) 68 (0.618) 1 ref

rs10485983 C 38 (0.339) 36 (0.31) 0.218 0.641 1.141 [0.656~1.987]

T 74 (0.661) 80 (0.69) 1 ref

rs11963612 C 79 (0.705) 82 (0.707) 0.001 0.980 0.993 [0.567~1.755]

T 33 (0.295) 34 (0.293) 1 ref

rs7240205 C 61 (0.545) 69 (0.595) 0.586 0.444 0.815 [0.481~1.377]

T 51 (0.455) 47 (0.405) 1 ref

rs1533476 C 36 (0.367) 42 (0.368) 0.000 0.987 0.995 [0.560~1.742]

T 62 (0.633) 72 (0.632) 1 ref

rs17849079 C 86 (0.27) 30 (0.16) 9.947 0.0022 0.51 [0.32~0.81]

T 228 (0.73) 162 (0.84)

https://doi.org/10.1371/journal.pone.0295813.t003
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Discussion

DR is a complex disease involving multiple biological processes [8]. The retina of DR patients

is in high glucose state, which stimulates the production of various cytokines, including VEGF,

TGF-β, and bone morphogenic proteins (BMPs). These cytokines degrade the vascular base-

ment membrane and promote the proliferation and migration of endothelial cells [9]. In this

study, we found a susceptible C\T mutation at rs17849079 in PIK3CA by sequencing and vali-

dation. The risk of DR increased with the presence of the C allele, while the T allele had the

Fig 3. PIK3CA and glucose treatment activated apoptosis and induced secretion of soluble cytokines. A, Flow cytometry profiles of

each group of transfected cells. B, The most severe apoptosis was observed in the PIK3CA-wt group, followed by the DR model group.

The PIK3CA-mut group had lower apoptosis than the wild-type group. C, The secretion of IL-1β was the highest in the PIK3CA.

rs17849079-wt group, followed by the DR model group. D, The secretion of TNF-α was the highest in the PIK3CA.rs17849079-wt

group, followed by the DR model group.(*: p<0.05, **: p<0.01).

https://doi.org/10.1371/journal.pone.0295813.g003

PLOS ONE PIK3CA regulates DR

PLOS ONE | https://doi.org/10.1371/journal.pone.0295813 January 9, 2024 8 / 13

https://doi.org/10.1371/journal.pone.0295813.g003
https://doi.org/10.1371/journal.pone.0295813


opposite effect. By comparing with SNP library in the National Centre for Biotechnology

Information (NCBI) database, we found that the PIK3CA.rs17849079 T allele was a protective

factor. PRKCE.rs1533476, DNAH11.rs10485983, ERAP1.rs149481, KLHL1.rs1318761, APO-

BEC3C.rs1969643, FYN. rs11963612, and KCTD1.rs7240205 were not associated with the

development of DR. GO and KEEG enrichment analyses revealed the involvement of the

mutated SNPs in PI3K/AKT, calcium ion, and glutamatergic synapse and cholinergic synapse

signal transduction pathways. Therefore, we used high glucose-induced ARPE-19 cells as a DR

model carrying a PIK3CA rs17849079 C/T site-directed mutation to explore the underlying

mechanism.

The PIK3CA gene encodes PI3K, a 124 kDa protein comprising 1068 amino acid residues.

It is a heterodimeric enzyme consisting of a p110α catalytic subunit and a p85 regulatory sub-

unit [10, 11]. Upon activation by receptor tyrosine kinases (RTKs), PI3K can phosphorylate

phosphatidylinositol 4,5-bisphosphate (PIP2) to the second messenger phosphatidylinositol

(3,4,5)-trisphosphate (PIP3) [12, 13] and initiate multiple downstream pathways. These path-

ways are mainly mediated by AKT, mTOR, and other downstream factors [14, 15] and play an

important role in many processes, including cell proliferation, angiogenesis, cell survival, and

metabolism [16, 17].

Fig 4. The mRNA expression in each group. A, PIK3CA mRNA expression was the highest in the PIK3CA-wt group,

followed by PIK3CA-mut and DR model groups. B, mTOR mRNA expression was not significantly different between

groups. C, AKT mRNA expression was not significantly different between the groups. D, VEGF mRNA expression was

the highest in the PIK3CA-wt group, followed by the empty vector group, PIK3CA-mut group, and DR model group (*,
p<0.05).

https://doi.org/10.1371/journal.pone.0295813.g004
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AKT belongs to the serine/threonine protein kinase family [18], which can activate PI3K

and participate in biological processes such as cell survival, proliferation, DNA repair, and

anabolism [19–21] by regulating the phosphorylation of different substrates [22]. mTOR, a ser-

ine/threonine protein kinase, is the central hub of cell metabolism, and is involved in amino

acid, glucose, nucleotide, fatty acid, and lipid metabolism as well as other biological processes.

Glucose activates mTOR, which in turn promotes glucose uptake by AKT phosphorylation

[23, 24].

We used ARPE-19 cells to establish a DR cell model, which was employed to investigate

high and low expression of the PIK3CA gene rs17849079 locus. High glucose promoted

ARPE-19 cell apoptosis, inhibited cell proliferation, and increased glucose uptake, which is

consistent with previous results where high glucose promoted cell apoptosis [25, 26], inhibited

cell mitosis and proliferation, and had a dose-dependent effect on retinal pigment epithelium

(RPE) [27, 28].

Il-1β is an important member of the IL-1 family that exerts strong pro-inflammatory activ-

ity and induce the production of a variety of pro-inflammatory mediators [29]. TNF-α is a

cytokine with pleiotropic effects on different cell types. It is the main regulator of an inflamma-

tory response and is involved in the pathogenesis of some inflammatory and autoimmune

Fig 5. Protein expression. A, Protein expression in each group. B, PI3K expression was the highest in the PIK3CA-wt

group, followed by PIK3CA-mut and DR model groups. B, mTOR protein expression was not significantly different

between the groups. C, No significant difference was observed in AKT protein expression between different groups. D,

VEGF protein expression was the highest in the PIK3CA-wt group, followed by PIK3CA-mut and DR model groups

(*, p<0.05).

https://doi.org/10.1371/journal.pone.0295813.g005

PLOS ONE PIK3CA regulates DR

PLOS ONE | https://doi.org/10.1371/journal.pone.0295813 January 9, 2024 10 / 13

https://doi.org/10.1371/journal.pone.0295813.g005
https://doi.org/10.1371/journal.pone.0295813


diseases. This study found that the levels of TNF-α and IL-1β increased in the ARPE-19 DR

cell model, possibly because inflammation is one of the fundamental factors in various patho-

physiological processes and involved in all stages of DR development. In this study, the mRNA

expression of PIK3CA and VEGF was upregulated in the model group, but that of AKT1 and

mTOR was not significantly different among the groups. Thus, high glucose could induce the

mRNA expression of PIK3CA and VEGF genes. In comparison with the DR model group, the

PIK3CA-wt group showed increased apoptosis, higher suppression of cell proliferation,

enhanced glucose uptake, and upregulated TNF-α and IL-1β levels. Further, the expression of

VEGF showed an upward trend. This observation is consistent with previous findings where

overexpression of PIK3CA accelerated glucose transport [30] and played a critical role in cell

metabolism and growth [31]. In comparison with the PIK3CA-wt group, the PIK3CA-mut

group showed decreased glucose update, lower levels of TNF-α and IL-1β, reduced cellular

apoptosis, and higher proliferation; their expression of VEGF showed a downward trend. In

conclusion, the C allele of PIK3CA.rs17849079 may promote the expression of VEGF, reduce

the proliferation ability of cells, accelerate their apoptosis, and promote the uptake of glucose

and secretion of inflammatory factors TNF-α and IL-1β. If the C allele was mutated to the T

allele, the expression of VEGF was inhibited and the proliferation ability of ARPE-19 cells

increased, consistent with a decrease in the level of apoptosis, glucose uptake, and inflamma-

tory cytokines TNF-α and IL-1β. To further investigate the underlying mechanism, we per-

formed western blot analysis.

Western blotting results revealed the upregulation in the expression of PI3K, p-PI3K, p-

AKT1, p-mTOR, and VEGF in the DR model group, which indicates that high glucose pro-

moted the phosphorylation of PI3K, AKT1, and mTOR and consequently increased the

expression of VEGF. In the PIK3CA-wt group, PI3K, p-PI3K, p-AKT1, p-mTOR, and VEGF

expression showed an upward trend, indicating that PIK3CA promoted the phosphorylation

of PI3K, AKT1, and mTOR and eventually increased VEGF expression. When the C allele of

PIK3CA.rs17849079 was mutated to T, p-PI3K, p-AKT1, p-mTOR, and VEGF expression

showed a downward trend and VEGF expression significantly decreased. This result indicates

that PIK3CA.rs17849079 mutation may inhibit the phosphorylation of PI3K, AKT1, and

mTOR and eventually decrease the expression of VEGF.

In conclusion, high glucose induces the expression of PIK3CA.rs17849079, which may lead

to the phosphorylation of PI3K, AKT, and mTOR and an eventual increase in VEGF expres-

sion and development of DR. If the C allele of PIK3CA gene rs17849079 was mutated to T

allele, these biological processes were inhibited and ARPE-19 cells were protected.

This study has some limitations such as the low sample size of clinical samples. Hence, it is

necessary to further expand the sample size in future studies. While the human retinal pigment

epithelial cell DR model was established for site-directed mutagenesis, only in vitro experi-

ments were carried out and in vivo experiments are warranted to further verify the relationship

between PIK3CA.rs17849079 and the occurrence and development of DR. These limitations

will be addressed in the follow-up research.

Thus, early screening of risk-associated genes for DR can plausibly predict subclinical DR

and prevent the development of N-STDR to STDR. This strategy may serve as a new mode to

prevent the occurrence and development of DR.
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