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Background: Single nucleotide polymorphisms (SNPs) in miRNA genes can influence the expression of miRNAs that modulate the
PI3K/AKT/GSK3p pathway and play crucial roles in type 2 diabetes mellitus (T2DM) susceptibility. The purpose of this study was to
investigate the association of SNPs in miRNA genes targeting the PI3K/AKT/GSK3p pathway with T2DM.

Methods: This case-control study included 1,416 subjects with T2DM and 1,694 non-diabetics. Eleven SNPs in miRNA genes
(rs895819 in miR-27a, rs11888095 in miR-128a, rs2292832 in miR-149, rs6502892 in miR-22, rs13283671 in miR-31, rs1076063 and
1s1076064 in miR-378a, rs10061133 in miR-449b, rs3746444 in miR-499a and rs678956 and rs476364 in miR-326) involved in PI3K/
AKT/GSK3p pathway were genotyped by TagMan Genotyping Assay, and the associations of these SNPs with T2DM were analyzed
using online SHesis and SNPstats.

Results: The results showed that miR-378a rs1076064 G allele could be a protective factor against T2DM (p<0.001, OR=0.828; 95%
CI:0.749-0.916), whereas the miR-31 rs13283671 C allele could increase the risk of developing T2DM (p=0.003, OR=1.193; 95%
CI:1.060-1.342). In addition, the miR-378a rs1076063A-rs1076064G haplotype could be a protective against T2DM (p<0.001,
OR=0.731; 95% CI:0.649-0.824). According to inheritance mode analysis, compared with the AA-AG genotype, the GG genotype
of 151076064 showed a protective effect in T2DM in the recessive mode (p<0.01, OR=0.71; 95% CI: 0.59-0.84). For rs13283671,
compared with the TT genotype, the CT-CC genotype showed a risk effect in T2DM in the dominant inheritance model (p<0.01,
OR=1.29; 95% CI: 1.12-1.49). Genotype-Tissue Expression (GTEx) Portal database analysis showed that miR-31 rs13283671 CT and
CC genotypes had lower AKT expression than TT genotypes.

Conclusion: In conclusion, rs13283671 in miR-31 and rs1076064 in miR-378a involved in the PI3K/AKT/GSK3p pathway were
associated with T2DM susceptibility in a Chinese population.
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Introduction
Type 2 diabetes mellitus (T2DM) is a common chronic metabolic disease caused by a combination of genetic and
environmental factors. According to the International Diabetes Federation (IDF), the number of people with diabetes
worldwide already reached 537 million in 2021 and was expected to increase to 643 million by 2030, and China has the
highest number of cases of diabetes in the world." T2DM accounts for more than 95% of all diabetes cases and the age of
onset tends to be younger.”

The main characteristics of T2DM are insulin resistance and reduced insulin secretion. The phosphoinositide 3-kinase
(PI3K)/protein kinase B(AKT)/glycogen synthase kinase-3f(GSK3p) signaling pathway is a key component in the
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regulation of glucose homeostasis, and has been linked to a multitude of biological activities, such as cellular
metabolism, migration, apoptosis, proliferation and inflammation.’ Insulin binds to the cognate insulin receptor to
activate insulin receptor substrate 1(IRS1), which induces the phosphorylation of molecules in the downstream cascade,
such as PI3K and AKT.* Activated AKT further phosphorylates the Ser9 of GSK3 resulting in transient inactivation of
GSK3B,”> which was found to be beneficial for cellular metabolism and mitochondrial biogenesis, such as glucose
transport, glycogen synthesis and ATP production.®” In 2001, Nikoulina et al reported that the PI3K/AKT/GSK3p
pathway was blunted by persistent hyperinsulinism in the skeletal muscle of individuals with T2DM, resulting in
diminished GSK3p inhibition.® Prolonged overactivation of GSK3p inhibits glucose transport and glycogen synthase
activity and causes an increase in blood glucose.® In addition, Jere et al reported that the dysregulation of the PI3K/AKT/
GSK3p pathway has a significant impact on wound healing in diabetic ulcers.’ Thus, the PI3K/AKT/GSK3p pathway has
been implicated in the development and adverse prognosis of T2DM.

MicroRNAs (miRNAs) are a class of short, single-stranded, noncoding RNAs that regulate approximately 60% of
protein-coding genes.'® As a negative regulator after gene transcription, miRNAs bind to the 3’ untranslated region (3’
UTR) of the target mRNAs, which reduces and silences the expression of target genes by directly cleaving the mRNA or
inhibiting mRNA translation or accelerating mRNA decay.'' A number of studies have shown that miRNA target genes
are involved in different stages of the insulin signaling pathway.'?"'* Aberrant miRNA expression leads to dysregulation
of proteins in the cascade response, affecting PI3K/AKT/GSK3p signaling.'*'> SNPs in miRNA genes have an effect on
the miRNA processing, maturation and expression.'® Therefore, SNPs in miRNAs may affect their interaction with target
genes of signaling pathways, and ultimately be associated with T2DM susceptibility.

In the current study, our aims were to investigate the association of SNPs in miRNA genes involved in the PI3K/
AKT/GSK3p pathway with T2DM. Firstly, we mined and selected potential miRNAs which were related to T2DM. With
respect to candidate miRNAs, we predicted the target genes of the miRNAs enriched in the PI3K/AKT/GSK3f pathway.
Secondly, eleven SNPs related to nine miRNA genes of PI3K/AKT/GSK3p pathway (rs895819 in miR-27a, rs11888095
in miR-128a, rs2292832 in miR-149, rs6502892 in miR-22, rs13283671 in miR-31, rs1076063 and rs1076064 in miR-
378a, rs10061133 in miR-449b, rs3746444 in miR-499a and rs678956 and rs476364 in miR-326) were selected, and the
association of these SNPs with T2DM was evaluated in a Chinese population.

Materials and Methods

Subjects

A total of 3110 Chinese Han people were recruited as study subjects. From July 2022 to January 2024, 1416 individuals
with T2DM who were admitted to the ward or attended to the outpatient clinic of the Department of Endocrinology at the
Affiliated Hospital of Yunnan University were selected as the T2DM group. During the same period, 1694 individuals
without a history and family history of diabetes in health checkups at the same hospital were recruited as the control
group. Inclusion and exclusion criteria for T2DM and control subjects were described in our previous study.'” In brief,
the diagnosis of T2DM was in accordance with the World Health Organization criteria published in 1999 and American
Diabetes Association (ADA) guidelines in 2021."® The criteria for inclusion of T2DM group was the T2DM subjects
with fasting plasma glucose >7.0mmol/L or 2-hours postprandial plasma glucose during oral glucose tolerance
test>11.1mmol/L or a random plasma glucose>11.1mmol/L. The diagnosis for diabetes was required to have the above
two abnormal test results. The criteria for exclusion of T2DM group was: (DSpecific types of diabetes were excluded
based on the history illness, such as the diseases of the exocrine pancreas and glucocorticoid use. (2)Gestational women
were not included; (3The islet B-cell function was evaluated by measurement of insulin and C peptides level of fasting
and glucose load to exclude subjects with type 1 diabetes; ®The islet cell autoantibodies and glutamic acid decarbox-
ylase autoantibodies were detected to exclude subjects with latent autoimmune diabetes in adults.'® For control, subjects
with prediabetes were excluded from the control group (subjects with fasting plasma glucose (FPG) greater than
6.1 mmol/L and/or glycosylated haemoglobin (HbA1C) greater than 5.7%). The protocol involving human participants
was reviewed and approved by the Institutional Review Board of the Second People’s Hospital of Yunnan Province
(2020093). All participants provided written informed consent to participate in this study.
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Data Collection and Laboratory Measurements

General clinical information, such as age, race, and sex, was collected via questionnaire. Venous blood was drawn early
in the morning after 8 hours of fasting. All metabolic parameters were measured on a Hitachi 7600-020 autoanalyzer.
Total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C) were measured enzymatically. FPG was measured by the glucose oxidase method. HbA1C was
measured by immunoturbidimetric method.

MiRNA Selection, Target Gene Prediction and Signaling Pathway Enrichment

MiRWalk 3.0 (http://mirwalk.umm.uni-heidelberg.de/) was used to mine miRNAs correlated with T2DM. Three over-
lapping miRNAs (TargetScan, miRDB and miRTarBase) with a score greater than 0.95 were selected. The miRPathv4
database (https://diana-lab.e-ce.uth.gr/app/miRPathv4) was used to predict target genes of these candidate miRNAs, and
pathway enrichment was then performed for these predicted target genes.

SNP Selection and Genotyping

First, miRNAs involved in PI3K/AKT/GSK3p pathway regulation were selected through target prediction and enrich-
ment. Candidate SNPs in the primary sequences, precursor sequences, mature sequences, or transcriptional regulatory
regions of these miRNAs were subsequently selected. In addition, the minor allele frequency (MAF) of the SNPs was
used as a selection criterion for the selection of SNPs with a MAF greater than 0.05 in Asian population (https:/asia.
ensembl.org/). As a result, eleven SNPs (rs8§95819 in the noncoding transcript exon of miR-27a, rs11888095 in the
upstream transcript of miR-128a, rs2292832 in the noncoding transcript exon of miR-149, rs6502892 in the upstream
transcript of miR-22, rs13283671 in the 500 bp downstream region of miR-31, rs1076063 and rs1076064 are both located
in upstream transcript of miR-378a, rs10061133 in the mature sequence of miR-449b, rs3746444 in the mature sequence
of miR-499a; and rs678956 in the upstream transcript and rs476364 in the 500 bp downstream of miR-326) were
screened. Details of miRNA SNPs selected in this study are shown in Table 1.

All sample genomic DNA was obtained by a QIAamp Blood Mini Kit (Qiagen, Hilden, Germany) and extracted from
EDTA anticoagulated whole blood samples. The purity of DNA was measured on a Multiskan GO Protein Nucleic Acid
Microtester. The A260/A280 ratio value was 1.8-2.0. Eleven SNPs were subsequently genotyped using the TagMan
Assay. The PCR primers used were designed by Thermo Scientific. The conditions and procedures for PCR were

Table | The Information of the Eleven SNPs Selected in the Current Study

Genes SNPs Location Function Consequence | Alleles | MAF in Asia
MIR27A rs895819 Chr 19:13836478 Non coding transcript T>C 0.280
MIRI128A | rs11888095 | Chr 2:135665214 Upstream transcript C>T 0.176
MIR149 rs2292832 | Chr 2:240456086 Non coding transcript C>T 0.363
MIR22 rs6502892 Chr 17:1714314 Upstream transcript C>T 0.107
MIR31 rs13283671 | Chr 9:21511741 500bp downstream T>C 0.251
MIR378A | rs1076063 | Chr 5:149732632 Upstream transcript T>A 0.247
rs1076064 | Chr 5:149732603 Upstream transcript G>A 0.491
MIR449B | rsl10061133 | Chr 5:55170716 Mature miRNA A>G 0.265
MIR499A | rs3746444 | Chr 20:34990448 Mature miRNA A>G 0.145
MIR326 rs678956 Chr 11:75335478 Upstream transcript A>G 0417
rs476364 | Chr |1:75334856 500bp downstream C>G 0.429

Abbreviations: SNP, single nucleotide polymorphisms; MAF, minor allele frequency.
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performed as described in previous studies.'® Raw genotyping data were obtained using QuantStudio Real-Time PCR
Software (Agena, Inc, San Diego, CA, USA). The samples were subsequently subjected sequencing to verify the
genotyping results of the SNPs.

Statistical Analyses

SPSS 26.0 software (SPSS, Chicago, IL, USA) and web-based analysis tools were used for statistical analysis of the
current study. Continuous variables including (age, TC, TG, HDL, LDL, FPG and HbA1C) are presented as the mean
+SD and were compared by Student’s ¢ test. The chi-square test was used to compare sex differences between the T2DM
group and the control group. The Hardy-Weinberg equilibrium (HWE) for every SNP in the two groups was evaluated
with a threshold set at P>0.05. Differences in allele and genotype distributions, odds ratios (ORs) and 95% confidence
intervals (95% CIs) for allele-specific risk of each SNP in T2DM and Control groups were analyzed using SHEsis
software,”’ with Bonferroni-corrected significance threshold set at P<0.0045 (0.05/n, n=11). The statistical power was
calculated using PS Software.?'** Linkage disequilibrium (LD) among these SNPs was estimated using SHEsis software,
and the LD coefficient D’ was calculated. The haplotypes constructed and differences in the haplotypes between the
T2DM and control groups were determined with the SHEsis software.”’ The SNPstats software was used to determine
the best fit model for each SNP.** In addition, genotype-phenotype correlations (https:/gtexportal.org/home/) were

analysed using SNP-related data from the public database Genotype-Tissue Expression (GTEx) portal, and a P value
below 0.05 was considered statistically significant.

Results

Demographic Characteristics and Metabolic Indicators of the Study Subjects

A total of 3110 subjects participated in this study. The demographic characteristics and metabolic indices of the subjects
are shown in Table 2. The mean ages of the T2DM and control subjects were 53.7104+0.321 years and 53.887+0.246
years, respectively. There were 8§72 males and 544 females with T2DM. In the control group, there were 1033 males and
661 females. There were no differences in age or sex between the two groups (p>0.05). Significant differences were
observed between the T2DM and control groups in TC, TG, HDL-C, LDL-C, FPG, and HbA1C (p<0.05). Specifically,
the TC and LDL-C levels were greater in the control group than in the T2DM group, as anti-hyperlipidemic drugs were
prescribed at the diagnosis of T2DM and hyperlipidemia.

Table 2 Demographic and Clinical Characteristics of the T2DM and Control Group

Variables T2DM (1416) | Control (1694) Ti? P

Age (Year) 53.710+0.321 53.887+0.246 0.438 0.662
Sex (male/female) 872/544 1033/661 0.140 0.708
Glycated hemoglobin (%) 9.340+0.075 5.128+0.007 55.689 | <0.001
Fasting plasma glucose (mmol/L) 8.150+0.074 5.153£0.012 39.785 | <0.001
Total cholesterol (mmol/L) 4.556+0.04 4.987+0.026 —8.998 | <0.001
Triglycerides (mmol/L) 2.683+0.061 1.728+0.029 14.055 | <0.001
High-density lipoprotein-cholesterol (mmol/L) 1.082+0.009 1.360+0.009 —21.530 | <0.001
Low-density lipoprotein-cholesterol (mmol/L) 2.778+0.026 3.138+0.022 —10.700 | <0.001

Abbreviation: T2DM, type 2 diabetes.
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Figure | Nine miRNAs involving in PI3K/AKT/GSK3p Signaling Pathway.

Signaling Pathway Enrichment of miRNAs
The target genes of the miRNAs were predicted using TargetScan 8.0 of miRPathv4.0. The potential target genes were
subsequently subjected to enrichment analysis. The enrichment results showed that nine miRNAs were involved in the

PI3K/AKT/GSK3p pathway (p<0.01) (Figure 1).

Association of the Eleven SNPs with T2DM
The genotype frequencies for eleven SNPs were all in HWE in the T2DM and control groups (p>0.05) (Table 3). The
results showed that the allele frequencies of rs1076064 in the miR-378a and rs13283671 in miR-31 were significantly
different between the T2DM and control groups. The G allele of rs1076064 in miR-378a could be a protective factor for
T2DM (p<0.001, OR=0.828; 95% CI: 0.749-0.916). The C allele of rs13283671 in miR-31 could increase the risk of
developing T2DM (p=0.003, OR=1.193; 95% CI:1.060—-1.342). No significant difference in the allelic or genotypic
distribution of the other SNPs were observed between the two groups (p>0.0045).
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Table 3 Comparison of Genotype and Allele Distribution of || SNPs Between T2DM and Control Group

SNPs Alleles/Genotypes | T2DM n (%) | Control n (%) %2 P value | T2DM vs Control Odds Ratio (95% CI)
rs895819 C 773(27.3) 909(26.8) 0.169 0.680 1.023 (0.915-1.145)
T 2059(72.7) 2479(73.2)
T/C 577(40.8) 695(41.0)
C/C 98(6.9) 107(6.3) 0.457 0.795
TIT 741(52.3) 892(52.7)
(Continued)
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Table 3 (Continued).

SNPs Alleles/Genotypes | T2DM n (%) | Control n (%) %2 P value | T2DM vs Control Odds Ratio (95% CI)
rs| 1888095 C 2340(82.6) 2826(834) 0.675 0411 1.057 (0.925-1.207)
T 492(17.4) 562(166)
CIC 971(68.6) 1179(69.6)
CIT 398(28.1) 468(27.6) 0.938 0.626
TIT 47(3.3) 47(2.8)
rs2292832 Cc 965(34.1) 1198(35.4) 1.123 0.289 0.944 (0.850-1.049)
T 1867(65.9) 2190(64.6)
TIT 618(43.6) 725(42.8)
T/IC 631(44.6) 740(43.7) 2.064 0.356
CIC 167(11.8) 229(13.5)
rs6502892 C 2543(89.8) 3042(89.8) 0.000 0.992 0.999 (0.847-1.178)
T 289(10.2) 346(10.2)
C/IC 1145(80.9) 1371(81.0)
T/C 253(17.9) 300(17.7) 0.055 0.972
TIT 18(1.3) 23(1.3)
rs13283671 Cc 710(25.1) 742(21.9) 8.661 0.003 1.193 (1.060-1.342)
T 2122(74.9) 2646 (78.1)
TIT 778(54.9) 1035(61.0)
T/IC 566(40.0) 576(34.0) 12.549 | 0.001
CIC 72(5.1) 83(5.0)
rs1076063 A 706(24.9) 847(25.8) 0.612 0.433 0.955 (0.851-1.071)
T 2126(75.1) 2514(74.2)
TIT 789(55.7) 943(55.7)
T/IA 548(38.7) 628(37.0) 3.900 0.142
AA 79(5.6) 123(7.3)
rs1076064 G 1281(45.2) 1691(49.9) 13.531 0.000 0.828 (0.749-0.916)
A 1551(54.8) 1697(50.1)
G/IG 272(19.2) 427(25.2)
AJA 407(28.8) 430(25.4) 16.639 | 0.000
AIG 737(52.0) 837(49.4)
rs10061133 A 2034(71.8) 2450(72.3) 0.185 0.666 1.024 (0.916—-1.145)
G 798(28.2) 938(27.7)
AIG 536(37.9) 668(39.4)
(Continued)

76 https: Pharmacogenomics and Personalized Medicine 2025:18



Zhou et al

Table 3 (Continued).

SNPs Alleles/Genotypes | T2DM n (%) | Control n (%) %2 P value | T2DM vs Control Odds Ratio (95% CI)
AA 749(52.9) 891(52.6) 1.992 0.369
G/IG 131(9.2) 135(8.0)
rs3746444 A 2419(85.4) 2929(86.5) 1.372 0.241 1.089 (0.943-1.257)
G 413(14.6) 459(13.5)
AJA 1029(72.7) 1263(74.6)
GIG 26(1.8) 28(1.7) 1.434 0.488
AIG 361(25.5) 403(23.7)
rs678956 A 1140(40.3) 1355(40.0) 0.043 0.834 1.010 (0.913-1.119)
G 1692(59.7) 2033(60.0)
GIG 499(35.2) 607(35.8)
AJA 223(15.7) 268(15.8) 0.148 0.928
AIG 694(49.0) 819(48.4)
rs476364 C 1644(58.1) 1934(57.1) 0.590 0.442 0.961 (0.868—-1.063)
G 1188(41.9) 1454(42.9)
CIG 710(50.1) 848(50.1)
CIC 467(33.0) 543(32.1) 0.654 0.721
G/IG 239(16.9) 303(17.8)

Abbreviations: SNP, single nucleotide polymorphisms; T2DM, type 2 diabetes.

Linkage Disequilibrium (LD) Analysis Between SNPs in miRNA Genes

Based on the location of the SNPs (rs1076063 and rs1076064 in miR-378a on chromosome 5; rs678956 and rs476364 in
miR-326 on chromosome 11), LD among SNPs located on the same chromosome was estimated. D" values above 0.8
indicate the existence of LD between the sites. For the SNPs in chromosome 5 (rs1076063 and rs1076064), the LD test
results showed that rs1076063 and rs1076064 were in linkage disequilibrium (D'=0.83). For rs678956 and rs476364 on
chromosome 11, the LD tests result showed that two SNPs were in linkage disequilibrium (D'=0.98).

Correlations Between SNP Haplotypes in miRNA Genes and T2DM

According to the results of LD analysis, the rs1076063-rs1076064 haplotype on chromosome 5 and the rs678956-
rs476364 haplotype on chromosome 11 were constructed. The haplotype analysis results showed that the rs1076063A-
rs1076064G haplotype of miR-378a was a protective factor against T2DM (p<0.001, OR=0.731; 95% CI: 0.649-0.824)
(Table 4). However, the results showed that the frequency of the rs678956-rs476364 haplotypes was no significant
differences between T2DM and control subjects (data not shown).

Inheritance Model Analysis of the Eleven SNPs with T2DM

The association of the genotypes of the eleven SNPs with T2DM was evaluated using inheritance model analysis (Table 5 and
Supplement Table S1). Five models of inheritance (codominant, dominant, recessive, super-dominant, and log-additive) were

analyzed for each SNP. Based on the Akaike information criterion (AIC) and Bayesian information criterion (BIC) values, the
lowest AIC and BIC values for each SNP were selected to determine the best-fitting model.”® The results showed that the
genotype distribution of r1s13283671 in miR-31 and rs1076064 in miR-378a were significantly different between the T2DM and
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Table 4 Haplotype - Analysis of rs1076063-rs1076064 in the MiRNA-378 Between T2DM and

Control
rs1076063-rs1076064 | T2DM (N/%) | Control (N/%) | %2 | p value | Odds Ratio (95%)
TG 708(25.0) 819(24.1) 0.568 0.450 1.045 (0.931-1.174)
TA 1418(50.0) 1695(50.0) 0.001 0.974 1.001 (0.906—1.106)
AG 573(20.2) 872(25.7) 26.210 0.000 0.731 (0.649-0.824)

Note: Haplotypes with frequency <0.03 are ignored.

Table 5 Different Inheritance Models of rs1076064 and rs13283671 Between T2DM and Control Group (n=3110, Adjusted by
Sex+age)

SNPs Models Genotypes | T2DM (N/%) | Control (N/%) | Odds Ratio (95Cl) | P value AIC BIC
rs13283671 Codominant TT 778 (54.9) 1035 (61.1) 1.00 0.00 4283.70 | 4314.00
cIT 566 (40.0) 576 (34.0) 1.31 (1.13-1.52)

CciIC 72 (5.1) 83 (4.9) 1.15(0.83—1.60)
Dominant TT 778 (54.9) 1035 (61.1) 1.00 0.00 4282.30 | 4306.40
C/T-CIC 638 (45.1) 659 (38.9) 1.29 (1.12-1.49)
Recessive T/T-CIT 1344 (94.9) 1611 (95.1) 1.00 0.82 4294.20 | 4318.30
C/IC 72 (5.1) 83 (4.9) 1.04 (0.75-1.44)
Overdominant T/T-C/IC 850 (60.0) 1118 (66.0) 1.00 0.00 4282.40 | 4306.60
cIT 566 (40.0) 576 (34.0) 1.29 (1.12-1.50)
Log-additive - - - 1.20 (1.06-1.35) 0.00 4285.40 | 4309.60
rs1076064 Codominant AJA 407 (28.7) 430 (25.4) 1.00 0.00 4279.50 | 4309.70
AIG 737 (52.0) 837 (49.4) 0.93(0.79-1.10)
G/G 272 (19.2) 427 (25.2) 0.67 (0.55-0.83)
Dominant AJA 407 (28.7) 430 (25.4) 1.00 0.03 4289.70 | 4313.90
AIG-G/G 1009 (71.3) 1264 (74.6) 0.84 (0.72-0.99)
Recessive AIA-AIG 1144 (80.8) 1267 (74.8) 1.00 0.00 4278.20 | 4302.40
GIG 272 (19.2) 427 (25.2) 0.71 (0.59-0.84)
Overdominant A/A-G/G 679 (48.0) 857 (50.6) 1.00 0.15 4292.10 | 4316.30
AIG 737 (52.0) 837 (49.4) I.11 (0.96-1.28)
Log-additive - - - 0.80(0.70-0.91) 0.00 4280.40 | 4304.60

Abbreviations: SNP, single nucleotide polymorphisms; T2DM, type 2 diabetes; AIC, akaike information criterion; BIC, bayesian information criterion.

control groups. The best-fit inheritance model for rs1076064 was recessive. In this model, the GG genotype of rs1076064 was
a protective factor for T2DM compared to the (AA-AG) genotype after adjusted by sex and age (p<0.01, OR=0.71, 95% CI:
0.59-0.84). The best-fit inheritance model for rs13283671 was dominated. According to this model, the (CT-CC) genotype of
1s1328367 was a risk factor for T2DM compared to the TT genotype after adjusted by sex and age (p<0.01, OR=1.29, 95% CI:
1.12-1.49).
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Figure 2 SQTL analysis of miR-31 rs13283671 in liver tissues based on data from the GTEx portal was performed to assess genotype correlation with gene expression in
PI3K/AKT/GSK3p signaling pathways. p-values were calculated using a linear regression model.

The Correlations of miR-378a rs1076064 and miR-31 rs13283671 Genotypes with

Gene Expression Levels

Since miR-378a rs1076064 and miR-31 rs13283671 were associated with T2DM susceptibility, we further functionally
analyzed using Genotype-Tissue Expression (GTEx) portal to compare the expression levels of target genes among
genotypes (Figure 2). The results showed that in the liver, miR-31 rs13283671 CC and CT genotypes had lower AKT
expression than TT genotypes (p = 0.0196). Similarly, miR-378a rs1076064 GG genotypes had higher expression of
PI3K and AKT compared to AG and AA genotypes, whereas GSK3 expression was lower in GG genotypes than in AG
and AA genotypes, although not reaching statistical significance (p>0.05).

Discussion

MiRNAs are potential biomarkers for T2DM,** cancer,”® and autoimmune diseases.”® Aberrant expressions of miRNAs
associated with insulin signaling pathway played a crucial role in the pathogenesis of T2DM. We investigated the
association of SNPs in miRNA genes involved in the PI3K/AKT/GSK3p pathway with T2DM. Our results showed that
rs13283671 in miR-31 and rs1076064 in miR-378a were associated with T2DM susceptibility in a Han Chinese
population, and the statistical power reached 0.540 and 0.805 respectively.

According to the results of our research, miR-378a rs1076064 G allele could be a protective factor against T2DM
(p<0.001, OR=0.828; 95% CI: 0.749-0.916). The rs1076063A-rs1076064G haplotype could be protective against T2DM
(»<0.001, OR=0.731; 95% CI: 0.649-0.824), and the haplotype result was consistent with the single SNP results. The
association between miR-378a rs1076064 and cancer survival has been reported in previous studies.?”-*® In fact, the role
of miR-378a in glucose homeostasis and lipid metabolism cannot be ignored. It was shown that miR-378a expression
was positively correlated with insulin resistance.”” MiR-378 was reported to be upregulated in the plasma of obese and
insulin resistant individuals.?’ Similarly, compared with those in non-diabetic individuals, the levels of miR-378a in the
mitochondria of T2DM subjects and mouse models of T2DM were found to be elevated.’® Indeed, in 2014, Liu et al
reported that miR-378a targeted the p110a subunit of PI3K in liver to directly downregulate PI3K, causing disturbances
in glucose and lipid metabolism.*' In 2021, Wang et al identified that miR-378a plays a crucial role in the pathogenesis of
hepatic insulin resistance by downregulating IRS1, AKT and PPARa.?? Notably, in 2012, Carrer et al demonstrated that
miR-378a was linked to mitochondrial dysfunction.>® MiR-378a knockout mice fed with high-fat diet have lower blood
glucose and serum triglyceride levels than wild-type mice.”® These results suggested that miR-378a is a mediator of
a wide range of biological processes involved in T2DM.
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The association between miR-378a rs1076064 and T2DM could be attributed to its effect on the expression of miR-
378a. Rs1076064 is located at the 222 bp upstream of the coding region of the stem-loop precursor of miR-378a. Since
this genetic variant is located within the predicted regulatory region of miR-378a, it may alter the expression of mature
miR-378 by affecting the transcription rate of pri-miR-378. In 2014, Jiang et al demonstrated the region around the
rs1076064 locus (—476 bp to 128 bp) as the major promoter region of miR-378a.>* An et al verified in an in vitro study
that rs1076064 affects the transcriptional activity of miR-378, and the promoter activity of the rs1076064 G allele was
higher than that of the A alleles in hepatocellular carcinoma cells.?® In addition, Feng et al found that this variant is
located in the C-Myc binding region of transcription factors, which could affect the affinity of transcription factors.>
Taken together, these studies suggested that rs1076064 is a functional genetic polymorphism site that may affect miR-
378a expression by altering promoter activity or transcription factor affinity. GTEx Portal database analysis revealed that
miR-378a rs1076064 GG genotypes had higher expression of PI3K and AKT compared to AG and AA genotypes,
whereas GSK3[ expression was lower in GG genotypes than in AG and AA genotypes. Therefore, rs1076064 led to the
dysregulation of miR-378a target genes involved in the PI3K/AKT/GSK3p pathway and then was correlated with the
pathogenesis of T2DM.

We also found that the miR-31 rs13283671 C allele could be a risk factor for T2DM (p=0.003, OR=1.193; 95% CI:
1.060-1.342). To date, the relationship between miR-31 rs13283671 and T2DM has not been investigated. In 2011, Hu
et al found that the C allele of rs13283671 was associated with survival in subjects with non-small cell lung cancer.?’
Upregulation of miR-31 was observed in serum and adipose tissue in the mice with T2DM.?® In 2018, Gottman et al
reported the detrimental effects of miR-31 on insulin signaling in individuals withT2DM and obesity.*® In detail, the
overexpression of miR-31 impaired the adipocyte differentiation and insulin induced glucose uptake by directly acting on
1.3 Moreover, in 2018, Yu et al reported that miR-31 could
downregulate Integrin Alpha5 which can participate in the activation of the PI3K/Akt pathway.’” Besides, its effects

peroxisome proliferator-activated receptor-y and IRS

on the insulin signaling pathway, this molecule has also been linked to pancreatic B-cell development. In vitro cellular
experiment showed miR-31 was downregulated during islet stem cell differentiation.*® The miR-31 rs13283671 could be
linked to T2DM by impacting the expression of miR-31. In 2009, Sun et al detected an RNA polymerase II binding site
downstream of the miR-31 gene by chromatin immunoprecipitation assay, which indicated a promoter in the downstream
region.>® In 2014, Yao et al demonstrated that the proximal region of the miRNA promoter was located within 2 kb
upstream and downstream of the start transcription site, and these regional SNPs affected the transcriptional activity of
the gene.*” Due to the fact that rs13283671 is located 500bp downstream of the stem-loop structure of the precursor miR-
31. Rs13283671 may alter the transcriptional activity of miR-31, thereby affecting miR-31 expression. Moreover, this
SNP might be related to Drosha’s recognition and cleavage of pri-miRNA-31.*" Our results also revealed that miR-31
rs13283671 CC and CT genotypes had lower AKT expression than TT genotypes. Therefore, the rs13283671 CC and CT
genotypes affect the interaction of miR-31 with molecules in the PI3K/AKT/GSK3p signaling pathway, which increases
the risk of developing T2DM. As PI3K/AKT/GSK3fpathway has been implicated in the development and adverse
prognosis of T2DM, Teli et al reported that the GSK3p has been considered as a potential target for diabetes in 2023.**
Thus, the T2DM subjects with the risk genotypes would prefer to be prescribed by GSK3p inhibitors to improve
glycogen synthesis in the future.

MiR-449b, miR-326, miR-149 and miR-22 mediate metabolic dysregulation and promote T2DM development.
MiR—449b,43 miR—326,47 and miR-22*® were observed to be upregulated in T2DM serum, whereas miR-149 was
downregulated in T2DM serum.’® In 2023, Meng et al reported that miR-449b inhibited the expression of genes involved

43-46

in oxidative metabolism, such as nuclear respiratory factor-1 and membrane uncoupling protein 3,* which induced
insulin resistance and T2DM.>® MiR-149, miR-326 and miR-22 directly or indirectly modulate the expression of the
metabolic factor SIRT1.***® SIRT1 expression is positively correlated with insulin signaling activation and glucose
uptake, and negatively correlated with the development of T2DM.>' We predicted that these miRNAs could target genes
in the PI3K/AKT/GSK3p pathway by bioinformatics analysis. However, our results suggested that the miR-449b, miR-
326, miR-149 and miR-22 SNPs were no relationship with T2DM susceptibility in a Chinese population. Neither miR-
449b 1510061133 nor miR-149 152292832 was found to be associated with T2DM susceptibility in studies from other

52,53

populations, which was consistent with our current findings.
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Recent studies have shown that miR-27a, miR-499a and miR-128a played an important role in development of T2DM
and diabetic neuropathy (DNP).’ 47361t has been shown that the miR-27a expression increases not only in the serum of T2DM
subjects,’® but also in the tissue of T2DM subjects, such as liver and adipose tissue.’” Interestingly, miR-499a was reported to
be downregulated in the serum and nerve tissue of subjects with T2DM.'* For miR-128a, it was reported that miR-128a was
significantly upregulated in skeletal muscle cells.”® MiR-27a, miR-499a and miR-128a play a role by targeting genes in the
insulin signaling pathway.'**°° It has been suggested that miR-27a accounts for the early development of hepatic insulin
resistance by suppressing peroxisome proliferator-activated receptor gamma (PPARy), INSR and IRS1.%° With regard to
miR-499a, it has been reported that low expression of miR-499a in the mouse liver increases the expression of PTEN, which
impaired the PI3K/AKT/GSK3p pathway in the liver, leading to inhibition of hepatic glycogen synthesis.'* Furthermore,
Motohashi et al revealed that miR-128a downregulates the expression of INSR, INRSI1, and PI3K in the muscle cells,
resulting in reduced glucose uptake in skeletal muscle cells of mice.”® In this study, we did not find a significant correlation
between the SNPs miR-27a, miR-499a and miR-128a and T2DM. A study on T2DM showed that the miRNA-27a rs§95819
C allele was a risk factor for T2DM in an overweight Han Chinese population in northern China.®' Nevertheless, in a cohort
study of Italians®* and Iranians,*® the miR-27a rs895819 C allele was shown to be a protective factor against T2DM. A study
conducted in Rome showed that the miR-128a rs11888095 T allele increased the risk of DNP.>* Furthermore, in 2023,
Burada et al identified the miR-499 rs3746444 G allele as a risk factor for T2DM and DNP in a Romanian population.®* One
of the reasons for the discrepancy between different studies is the varying genetic backgrounds and ethnicities of the subjects.
The other reason is that sample size may also be an important factor affecting the reliability of association studies. For
example, in 2023, Zeng et al showed that the miR-27a rs8§95819 was associated with gestational diabetes mellitus, but further
meta-analysis revealed no association between rs895819 and GDM.'? The third reason could be that these miRNAs are
involved in different pathways in T2DM and DNP.>*>°

There are several limitations in the current study. Firstly, the body weight and BMI were useful to evaluate the
enrolled subjects, however, we had not collected the data about the body weight and BMI, which was one of
limitation in the current study. Besides, the expression levels of these miRNAs and predicted target genes in the
plasma were not been validated in our subjects. Secondly, environmental factors are also important for influencing
genetic susceptibility. We did not perform further analyses of the interaction effects of SNPs with environmental
factors on T2DM, as we did not collect data on environmental factors in T2DM subjects. At last, further functional

and molecular experiments are needed to test the effects of miRNA polymorphisms on T2DM.

Conclusion

SNP located in miRNAs affect miRNA expression and their interaction with target genes, thus further affecting the PI3K/
AKT/GSK3f pathway in T2DM. Our results suggest that rs1076064 in the miR-378a gene and rs13283671 in the miR-31
gene are associated with T2DM susceptibility in the Chinese population.
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