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A B S T R A C T

Aims: This study explores the correlation between site-specific methylation levels of the KCNJ11 
promoter and type 2 diabetes mellitus (T2DM), analyzing potential molecular mechanisms.
Methods: Thirty patients newly diagnosed with T2DM and 30 healthy controls were selected to 
determine the CpG methylation levels in the promoter region of the KCNJ11 gene using the 
bisulfite assay. The online software JASPAR was used to predict transcription factors binding to 
differentially methylated sites. Key transcription factors were further validated through quanti-
tative PCR (q-PCR) and chromatin immunoprecipitation followed by PCR (ChIP-PCR).
Results: Methylation at multiple CpG sites within the KCNJ11 gene promoter was generally 
reduced in newly diagnosed T2DM patients compared with healthy individuals. The methylation 
status of CpG-471, a site crucial for the binding of the transcription factor TCF12, emerged as 
potentially influential in T2DM pathogenesis. This reduction in methylation at CpG-471 may 
enhance TCF12 binding, thereby altering KCNJ11 expression.
Conclusion: Hypomethylation of specific CpG sites in the promoter region of the KCNJ11 gene in 
patients with incipient T2DM potentially contributes to the disease’s pathogenesis. This hypo-
methylation may influence TCF12 binding, with potential regulatory effects on KCNJ11 expres-
sion and pancreatic beta-cell function, though further studies are needed to confirm the exact 
mechanisms involved.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a complex polygenic disease [1], primarily driven by insulin resistance and inadequate insulin 
production from β cells [2]. According to the updated version of the International Diabetes Federation (IDF) Diabetes Atlas, more than 
500 million patients worldwide have diabetes, and this number is expected to increase by 20 % by 2030 and 46 % by 2045 [3]. China 
has the highest prevalence of diabetes and prediabetes, with an estimated 10.9 % of Chinese adults diagnosed with diabetes and 35.7 % 
with prediabetes [4]. Due to the significant increase in the incidence of T2DM and its concomitant acute and chronic complications, it 
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is an important cause of patient death and increased healthcare costs, which brings a huge economic burden to the society, and there is 
an urgent need to actively intervene in the treatment of T2DM from the etiologic and early prevention perspectives [5,6]. The etiology 
of T2DM is complex, resulting from a combination of genetic and environmental factors [7]. An important area of current research is 
the search for reliable, sensitive and easily accessible biomarkers for T2DM. In this context, a growing number of studies [8–13]suggest 
that genetic and epigenetic mechanisms together play an important role in the pathogenesis of T2DM patients.

Differential variability in DNA methylation, often indicative of epigenetic dysregulation, is associated with various phenotypes, 
pathologies, and adverse environments [9]. Initial epigenetic studies in pancreatic islets and skeletal muscle of T2DM patients 
identified altered methylation patterns [14].Recent genome-wide DNA methylation studies have confirmed these findings, revealing 
altered methylation levels in diabetes-associated genes like TCF7L2 [15], PDX-1 [16], CDKN1A [17], FTO [18], and PPARGC1A [19], 
with changes in their promoter regions correlating with diabetes risk and severity. Additionally, data suggest that the KCNJ11 gene is 
closely related to the development of T2DM, and methylation of its promoter region may play an important role in it [20]. KCNJ11 is a 
gene encoding Kir6.2, which constitutes the pore-forming subunit of the ATP-sensitive K+ channel (KATP channel) [21], and this 
channel plays a critical role in ATP-dependent insulin secretion in pancreatic β-cells [22]. Previous studies have confirmed that 
inactivating mutations in the KCNJ11 gene can lead to congenital hyperinsulinemia [23]; heterozygous mutations in the KCNJ11 gene 
cause neonatal diabetes mellitus [24,25]; a common single nucleotide polymorphism, E23K, in Kir6.2 increases susceptibility to T2DM 
[26,27]; and along with genes such as ADCY5 and FTO, the KCNJ11 gene is a well-characterized type 2 diabetes susceptibility gene 
[28]. These findings highlight the complex interplay of genetic and epigenetic factors in T2DM, emphasizing the potential of 
methylation studies in understanding and addressing this widespread disease.

While genome-wide association studies have extensively documented changes in methylation patterns, few have focused on 
methylation at specific sites. Therefore, our study aims to investigate the correlation between specific methylation sites in the KCNJ11 
gene promoter and the onset of T2DM, as well as how these modifications affect gene expression through transcription factor regu-
lation. Supporting literature suggests that age-related methylation changes detectable in blood could serve as biomarkers for T2DM 
[29–31]. To this end, we selected 30 patients newly diagnosed with T2DM (20 men and 10 women), average age 57.0 ± 13.1 years. We 
also recruited 30 matched controls—18 males and 12 females, average age 56.7 ± 10.1 years, all meeting specific criteria for glucose 
tolerance. Exclusion criteria were a prior diabetes diagnosis, serious concurrent conditions, pregnancy, and dropout from follow-up. 
Comparisons between baseline data of the two groups showed no significant differences (P > 0.05), confirming their comparability. 
Preliminary results indicate an overall decrease in methylation at several sites within the KCNJ11 promoter in T2DM patients 
compared with controls, and the CpG-471 site was found to be critical for TCF12 binding—highlighting its potential role in T2DM 
pathogenesis.

2. Materials and methods

2.1. Sample collection

After receiving approval from the Institutional Ethics Committee, blood samples were collected from 30 newly diagnosed patients 
with T2DM at the Department of Endocrinology, Second Affiliated Hospital of Soochow University, and 30 healthy volunteers between 
November 2022 and November 2023. Samples were drawn from the patients’ arm veins using disposable sterile syringes and stored in 
EDTA-containing tubes to prevent coagulation. Collection occurred after an overnight fast, adhering to the WHO 1999 diagnostic 
criteria. Patients were informed and voluntarily participated in the study as advised by their physicians.

2.2. DNA extraction

DNA extraction was performed using the TIANamp Genomic DNA kit (DP304; TIANGEN, Germany) according to the manufac-
turer’s standard procedure. Genomic DNA was isolated from 200 μl of the collected peripheral blood samples. The purity of the DNA 
samples was assessed by calculating the absorbance ratio at 260 nm–280 nm using an Invitrogen Nanodrop spectrophotometer. The 
isolated DNA samples were stored at − 80 ◦C for further analysis.

2.3. McrBC-PCR analysis

McrBC is a GTP-dependent specific nucleic acid endonuclease that acts on methylcytosine-containing DNA and does not act on 
unmethylated DNA [32]. The DNA methylation level of the region upstream of the KCNJ11 transcription start site was detected by 
McrBC-PCR. McrBC digestion was performed with at least 200 ng of genomic DNA using the McrBC kit (M0272S; NEB) according to the 
manufacturer’s instructions. The same amount of DNA without McrBC digestion was used as a negative control. Primers were designed 
using Primer3, sequences of primers used for McrBC PCR are listed in Supplementary Table 1, 50ul of the PCR amplification system was 
used and the products were analyzed by electrophoresis on a 1.5 % agarose gel.

2.4. Bisulfite sequencing PCR(BSP)

DNA Bisulfite Conversion Kit (E3318S; NEB) was applied to DNA bisulfite modification according to the instructions. The total PCR 
system was 50 μL, to which 6 μL of bisulfate-modified DNA template, 25 μL of 2 × PCR buffer, 2 μL each of upstream and downstream 
primers were added, and the final volume was adjusted to 50 μL with double-distilled water. The PCR conditions and setting reaction 
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procedures were as follows: pre-denaturation at 94 ◦C for 3 min, denaturation at 94 ◦C for 30s, annealing at 55 ◦C for 30s, and 
extension at 72 ◦C for 16s for 35 cycles, and the reaction ended with a final extension at 72 ◦C for 7 min. The PCR products were 
electrophoresed in a 2 % agarose gel, after which the target fragments were recovered. The pMD18-T vector (6011, TaKaRa) was used 
for TA clonal ligation, followed by transformation of DH5α receptor cells. Positive clones were selected and sent to AZENTA for 
sequencing, and the methylation rate was calculated as the number of methylated cytosine (mC) clones/10 × 100 %. The sequencing 
results were analyzed online according to Web-based Kismeth software (http://katahdin.Mssm.edu/ismet/revpage.pl) [33].

2.5. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was used to validate the binding of the transcription factor TCF12 to the promoter of the KCNJ11 gene. 293T cells were 
fixed with formaldehyde, and glycine was added for cross-linking. The samples were then placed on ice and sonicated to isolate DNA. 
Cell lysates were incubated overnight with antibodies (anti-TCF12 antibody, sc-28364, Santa Cruz Biotechnology or control IgG) at a 
dilution of 1:50 and then with protein G-agarose beads (#3956088, Merck KgaA, Germany) at 4 ◦C overnight. Mouse control IgG 
(#3452481, Merck KgaA, Germany) was used as a negative control for the reaction. The bound DNA-protein mixture was eluted and 
the cross-linking was reversed after several washes. The DNA fragments were then purified and subjected to PCR with the KCNJ11 
primer. The PCR products (172 bp) were separated on a 2 % agarose gel and visualized on a UV transilluminator.

2.6. Bioinformatic analysis

We began by searching for BioProjects on the National Library of Medicine using the keyword "T2DM patients" and discovered 89 
projects in total. We then filtered using the keywords "human" and "SRA" and found 24 projects. We then filtered the projects involving 
microbes and other mixed diseases. Because this was a blood study, we ultimately chose PRJNA649863 (SRP274496), which included 
blood transcriptome data from six healthy people and six diabetic patients.

Short reads downloaded from the SRA database with accession SRP274496 were used to produce quality control reports through 
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and subjected to low-quality filtering and adapter trimming 
using EtoKi (https://pubmed.ncbi.nlm.nih.gov/31809257/). Clean data were aligned to the reference genome using Hisat2 (https:// 
pubmed.ncbi.nlm.nih.gov/31375807/), and the mapped results were sorted using Samtools (https://pubmed.ncbi.nlm.nih.gov/ 
19505943/). Transcriptome assembly and counting were carried out using StringTie (https://pubmed.ncbi.nlm.nih.gov/25690850/
). Bioinformatic analysis was performed using the R command line, and differential expression analysis was conducted using edgeR 
(https://pubmed.ncbi.nlm.nih.gov/19910308/). R packages pheatmap (https://cran.r-project.org/web/packages/pheatmap/index. 
html) were used for visualization.

2.7. In vitro siRNA transfection and insulin secretion assay

The sequences of the small interfering RNAs (mus TCF12 siRNAs) used were as follows (5′–3′): si-1: CAGGCUGUCAGUCUAGU-
CUTT; si-2: GCAGCAACUUCACGAGCAUTT; and si-3: GGUCCUGUCUAGUACUGUUTT, which were constructed by GenePharma 
(Shanghai, China), and used to inhibit the expression of TCF12. MIN6 cells were cultured in six-well plates to 60–70 % confluence and 
were transfected with 75 pM negative control (NC) or TCF12 siRNA using siRNA-mate plus transfection reagents (GenePharma) ac-
cording to the manufacturer’s instructions. After 48 h, half of the cell lysates were obtained to analyze the expression of the genes of 
interest [34].

The remaining half of the post-transfected MIN6 cells were incubated in 24-well plates and was grown to approximately 80–90 % 
confluence, MIN6 cells were washed with Krebs–Ringer–bicarbonate HEPES (KRBH) buffer containing 2.8 mm glucose (low glucose) 
twice and then preincubated for 30 min in KRBH containing low glucose. After preincubation, the cells were stimulated with KRBH 
containing 30 mm KCl for 1 h. Following incubation, the supernatants were collected for measurement of the amount of released 
insulin [35]. The cell lysates were collected to determine the total amount of protein [36]. The Insulin release content was measured 
via a highly sensitive mouse insulin immunoassay kit (EZassay, China, MS200). The protein concentration was measured via a BCA 
protein assay kit (Solarbio, China, #PC0020).

2.8. Western blot

The same transfection method described in 2.7. was performed on MIN6 cells, and after 48 h, half of the cell lysates were also 
obtained to analyze the expression of the genes of interest; the remaining half of the post-transfected MIN6 cells were collected to 
analyze the expression of the protein of interest.

For protein extraction, the cells were lysed with RIPA lysis buffer. The protein concentrations were determined via BCA protein 
assay kits (Solarbio, China, #PC0020). Protein samples were mixed with SDS sample buffer and heated to 100 ◦C for 10 min. Sub-
sequently, equal amounts of protein were separated by 8%–10 % SDS–polyacrylamide gel electrophoresis, electroblotted onto PVDF 
membranes, blocked with bovine serum albumin (BSA) for 2 h, and then incubated first with primary antibodies against KCNJ11 
(1:600) and α-Tubulin(1:6000) overnight at 4 ◦C and, after washing, with the corresponding secondary antibodies (1:6000). The 
immunoreactive bands were developed using chemiluminescence.
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2.9. Quantitative real time polymerase chain reaction assay

Peripheral blood leukocyte RNA was extracted with TRIzol ™ Reagent (15596026CN, Thermo Fisher Scientific), and reverse 
transcription was performed according to the instructions of the HiScript II Q RT SuperMix for qPCR(+gDNA wiper)(R223,Vazyme) 
kit. The total volume of the QPCR amplification mixture was 10 μL, and 1 μL of cDNA template, 5 μL of 2*ChamQ SYBR qPCR Master 
Mix (Q341,Vazyme), and 0.2 μL of upstream and downstream primers were added. The volume was adjusted to a final volume of 10 μL 
with double-distilled water. The PCR conditions and the setup of the reaction program were as follows: pre-denaturation at 95 ◦C for 
180s, denaturation at 95 ◦C for 15s, and annealing and extension at 60 ◦C for 60s, and the reaction was run for 39 cycles.

2.10. Statistical analysis

The data are presented as the mean ± SD. Differences in mean values between two groups were analyzed using the two-tailed t-test. 
Statistical analyses were performed using the GraphPad Prism version 6.0 (GraphPad Software, USA). Correction for multiple testing 
was performed using FDRs. *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001 were considered statistically significant.

Clinically included data were categorized into two types of continuous and categorical variables. Continuous variables are 
expressed as the means ± standard deviations and were subjected to a t-test (normal distribution) or the Kruskal-Wallis rank sum test 
(nonnormal distribution) depending on the normality of the distribution. Correction for multiple testing was performed using FDRs or 
Bonferroni, respectively. And categorical variables are expressed as percentages and were subjected to the χ2 test. p < 0.05 was 
considered statistically significant.

3. Results

3.1. Clinical characteristics of the study population

To maintain a consistent genetic background and characterize the course of the disease, several potential confounders were 
considered in this study based on the literature and clinical judgment. Covariates included age, sex, body mass index, smoking status, 
alcohol consumption status, family history, physical activity, creatinine, total cholesterol, triglyceride, and low-density lipoprotein 
levels of the included subjects. The data included in this study were categorized into two types of continuous and categorical variables. 
Continuous variables are expressed as the mean ± standard deviation and were subjected to t-test (normal distribution) or Kruskal- 
Wallis rank sum test (non-normal distribution) depending on the normality of the distribution. Correction for multiple testing was 
performed using FDRs or Bonferroni, respectively. And categorical variables were expressed as percentages and were subjected to the 
χ2 test (Table 1). The subjects were divided into a healthy control group and a first-onset type 2 diabetes group according to the WHO 
1999 diabetes diagnostic criteria. After the application of strict inclusion criteria, Table 1 shows that the differences between the two 
groups were statistically significant only for fasting blood glucose, 2-h postprandial blood glucose, and glycosylated hemoglobin(P <
0.01).

Table 1 
Clinical Characteristics of the subjects.

Parameters Healthy controls T2DM P value

n (male/female) 30(20/10) 30(18/12) 
Age (year) 56.7 ± 10.1 57.0 ± 13.1 0.895
BMI (kg/m2) 25.9 ± 3.6 28.5 ± 4.7 0.287
HbA1c(%) 5.7 ± 0.8 7.3 ± 1.2 0.0024
FBG(mmol/L) 4.9 ± 0.5 8.3 ± 1.1 0.0024
PBG (mmol/L) 6.8 ± 0.6 12.4 ± 0.5 0.0024
Family history 4(13.3 %) 8(26.67 %) 0.36
Smoking 5(16.67 %) 7(23.33 %) 0.747
Alcohol 5(16.67 %) 9(30 %) 0.36
Physical activity 12(40 %) 10(33.33 %) 0.789
Scr (umol/L) 95.51 ± 0.4 96.35 ± 0.6 0.895
TG(mmol/l) 1.54 ± 0.3 1.59 ± 0.5 0.895
TC(mmol/l) 4.34 ± 0.2 4.39 ± 0.4 0.895
LDL-C(mmol/L) 2.83 ± 0.25 2.86 ± 0.34 0.895

Data are presented as mean ± standard deviation or as the numbers (%) of participants. Continuous variables are subjected to a t-test 
(normal distribution) or the Kruskal-Wallis rank sum test (nonnormal distribution) depending on the normality of the distribution, 
and P-values are shown after applying the FDR or Bonferroni multiple tests, respectively; categorical variables are subjected to the χ2 
test. Abbreviations: BMI – body mass index; HbA1c – hemoglobin A1c; FBG – fasting blood glucose; PBG – postprandial blood glucose; 
Scr – serum creatinine; TG – triglyceride; TC – serum total cholesterol; LDL-C – low-density lipoprotein cholesterol; p – statistical 
significance.
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3.2. McrBC-PCR analysis

Agarose gel electrophoresis of the PCR products of diabetic and healthy control samples with the same amount of DNA before and 
after 1h of McrBC digestion and analysis of gray values are shown in (Fig. 1). The results demonstrated that DNA methylation 
modification exists in the promoter region of the KCNJ11 gene in patients with first-onset T2DM and healthy controls, and that the 
degree of methylation modification in healthy control samples is likely to be greater than that in patients with first-onset T2DM.

3.3. DNA methylation patterns in the KCNJ11 promoter of healthy vs. T2DM groups

We analyzed DNA methylation at selected locations in this region in the healthy and T2DM groups via bisulfite sequencing method 
and selected the sequencing results of one of the most representative samples from each group to be displayed in Fig. 2B. As shown in 
Fig. 2B, there are 30 cytosines in the 151 bp bases sequenced from the KCNJ11 promoter region in this study, of which 9 are CG, 9 are 
CHG, and 12 are CHH. The red solid dots represent the CG sites, and the blue solid dots represent CHG, implying that the two bases 
immediately following the methylated cytosine are H (H for either A, C, or T) and G, and the green solid dots represent CHH, which 
means that the methylated cytosine is immediately followed by H (H for either A, C, or T), with no guanine involved. DNA methylation 
(DNAm) in mammals is mostly examined within the context of CpG dinucleotides [37,38].

After bisulfite treatment and sequencing of positive clones, it was demonstrated that there were nine methylation sites, including 
CpG-449, CpG-454, CpG-471, CpG-499, CpG-504, CpG-510, CpG-513, CpG-520, and CpG-539.The methylation ratios of the above loci 
were lower overall in patients in the type 2 diabetes group, whereas they were relatively hypermethylated in the healthy normal 
control group (Table S2). Moreover, at the CpG-471 locus, the methylation rate was significantly lower and statistically different in the 
T2DM group compared with that in the healthy control group (Fig. 2C).

3.4. TCF12 directly bind to KCNJ11 promoter

DNA methylation has been extensively studied over the past few decades, and the attachment of methyl groups to the promoter 
region of a gene might inhibit transcription factor binding, and hence usually reduce transcription; the opposite phenomenon also 
holds true [39,40]. The results analyzed by JASPAR and AlphaFold online software showed that the TCF12 transcription factor binds to 
the differentially methylated site CpG-471 in the promoter region of the KCNJ11 gene, which may explain the hypomethylation of the 
KCNJ11 promoter region in patients with T2DM, which can affect protein expression by enhancing the activity of the transcription 
factor TCF12 and thus predispose them to developing T2DM (Fig. 3A). CHIP-PCR gel electrophoresis revealed target bands in the input 
group and anti-TCF12 group but no bands in the IgG or blank group (Fig. 3B), which also confirmed that the transcription factor TCF12 
binds to the promoter region of the KCNJ11 gene and may be involved in the regulation of KCNJ11 expression. possibly influencing the 
regulatory pathways involved in pancreatic beta-cell function.

3.5. TCF12 knockdown effects on KCNJ11 level and insulin secretion in MIN6 cells

To explore the relationship between TCF12 activity and phenotypic characteristics of T2DM, we designed three pairs of small 

Fig. 1. Gel electrophoresis of different diabetic samples and healthy subjects after 1h digestion by McrBC. The same amount of DNA from the same 
sample on the left side is the uncut control, and on the right side is the digestion for 1h (A); The below panel shows the bar graph of gray value 
analysis (B). Abbreviations: U – undigested; M − McrBC digested; P – patient; C – healthy control.
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interfering RNAs (siRNAs) to knock down TCF12 expression in the MIN6 cell line. Among these, siRNA-2 effectively reduced TCF12 
levels by 43.7 % (Fig. 3C). Although the relative mRNA levels of KCNJ11 did not reach statistical significance (P = 0.09) (Fig. 3D), a 
trend towards down-regulation was observed. Furthermore, Western blot analysis demonstrated a significant decrease in KCNJ11 

Fig. 2. Schematic illustration of the amplification positions of each primer pair in the promoter region of KCNJ11 and the binding site of the TCF12 
transcription factor.P1 represents the McrBC primer (668bp), P2 represents the BSP primer (151bp), and P3 represents the CHIP primer (172bp)(A). 
Healthy control and T2DM genomic DNA were sequenced for different clones after treatment with sodium bisulfite and one representative sample of 
each group was selected for presentation, scatters represent cytosines at the positions indicated in the KCNJ11 5′ region, the red solid dots represent 
the CG sites, the blue solid dots represent CHG, and the green solid dots represent CHH,* labeled at the CpG-471 site (B).Histogram of the 
methylation rate of the KCNJ11 promoter region in the first-onset T2DM group (red bars) and healthy control group(blue bars) (C). Abbreviations: P 
– primer; F – forward; R – reverse.
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Fig. 3. Structural pattern of the binding of the transcription factor TCF12 to the KCNJ11 promoter region demonstrated by AlphaFold software(A). 
The PCR products of the 293T cells from the ChIP assay were visualized on a UV transilluminator (B). Verification of the interference efficiency of 
TCF12 by real-time quantitative PCR (C). Quantitation of the KCNJ11 relative mRNA level relative to β-actin. The mean value of the relative 
quantification of KCNJ11 gene expression in the siRNA-2 group was 0.877, and the P value was 0.09 (D). Western blot showing a significant 
decrease in KCNJ11 protein levels in the siRNA-2 knockdown group. Densitometric analysis was performed by comparing the intensity of KCNJ11 
bands to the corresponding α-Tubulin bands, with α-Tubulin serving as the loading control (set to a value of 1). The relative values are displayed 
above each respective band(E). The expressions and quantitative analysis of KCNJ11 protein(mean ± SD, n = 3)(F). Knock down TCF12 expression 
by siRNA, and detected insulin release was detected via an enzyme-linked immunosorbent assay (G).
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protein levels following the knockdown of TCF12 using siRNA-2 (Fig. 3E and F). Importantly, insulin secretion was significantly 
increased in MIN6 cells transfected with TCF12 siRNA-2 (Fig. 3F).

3.6. KCNJ11 expression in human peripheral blood

All 12 people involved are of Han ethnicity in China. The patient group had been diagnosed with T2DM for at least 3 months, while 
the healthy group had Fasting Plasma Glucose (FPG) < 5.6 mmol/L. There was no clear smoking or drinking habits documented for 
them. In the T2DM patients’ group, there were three males and three females, with an age of 53.50 ± 9.44, a BMI of 26.08 ± 5.48 kg/ 
m2, and an FPG of 8.15 ± 1.68 mmol/L. In the Healthy control group, there were six females, with an age of 43.5 ± 6.02, a BMI of 
23.00 ± 1.38 kg/m2, and an FPG of 5.02 ± 0.39 mmol/L.

The RNA-seq data from 12 blood samples obtained from the SRA database, including 6 from healthy individuals and 6 from type 2 
diabetes patients, were included in the analysis. Differential gene expression analysis revealed that the KCNJ11 gene was upregulated 
in the type 2 diabetes group (logFC = 1.478151, p = 0.09869249, FDR = 0.3574878) (Fig. 4A). We then extracted RNA from fresh 
peripheral blood of enrolled healthy controls and T2DM patients for quantitative analysis of the KCNJ11 gene, and the results 
demonstrated that KCNJ11 mRNA expression was increased in peripheral blood from patients with T2DM compared with that in 
peripheral blood from healthy controls (p < 0.001) (Fig. 4B).

4. Discussion

In this study, BSP-sequencing was utilized to examine methylation levels at specific sites within the KCNJ11 gene promoter in blood 
samples from individuals at the early stages of Type 2 Diabetes Mellitus (T2DM). Employing bisulfite conversion, a well-established 
technique for DNA cytosine methylation analysis [41], our results demonstrated distinct differences in methylation patterns at several 
critical sites of the KCNJ11 gene promoter in the peripheral blood between newly diagnosed T2DM patients and healthy controls.

The current literature establishes a clear link between DNA methylation at gene promoters, CpG islands, and proximal gene body 
sites with changes in transcriptional activity and gene expression [42,43]. Our findings reinforce this paradigm, revealing overall 
hypomethylation at pivotal sites within the KCNJ11 promoter in the peripheral blood of T2DM patients. Research indicates that 
methylation patterns of KCNJ11 vary by geography and ethnicity, with significant differences observed between Indian and European 
T2DM populations. In India, whole blood samples from type 2 diabetic individuals in the Lucknow region exhibited lower KCNJ11 
methylation compared to those from the Hyderabad region. Additionally, the European group showed significantly lower KCNJ11 
methylation levels compared to the urban Indian population [44]. Another genome-wide methylation analysis also demonstrated that 
the KCNJ11 gene was also differentially methylated at sites in European T2DM populations compared with healthy control pancreatic 
islets and that T2DM patients were hypomethylated [45]. Both studies revealed reduced methylation of the KCNJ11 promoter region in 
T2DM patients in either peripheral blood or islets, which is consistent with our findings. This epigenetic alteration may facilitate 
TCF12 binding, though its exact role in regulating KCNJ11 expression and T2DM susceptibility requires further investigation.

Our siRNA experiments achieved a knockdown efficiency of 43.7 % for TCF12, which may account for the lack of a statistically 
significant change in KCNJ11 mRNA levels. The reduction in KCNJ11 protein levels, despite the modest mRNA changes, suggests that 
TCF12 may also affect KCNJ11 post-transcriptionally, potentially influencing protein stability or translation. Future experiments with 
higher knockdown efficiency or genetic deletion like CRISPR-based deletion of TCF12 could provide more insight into its role in 
regulating KCNJ11 transcription.

Fig. 4. RNA-seq data shows that the KCNJ11 gene is upregulated in the type 2 diabetes group (logFC = 1.478151, p = 0.09869249, FDR =
0.3574878) (A). KCNJ11 mRNA expression levels in human peripheral blood from healthy controls and patients with T2DM. Gene expression was 
analyzed using quantitative RT-PCR. The results are expressed as the mean ± SD (***p < 0.001, n = 30) (B).
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Research within the diabetes field is predominantly focused on two approaches: comprehensive scans for differential DNA 
methylation across the genome [46] and targeted investigations into known diabetes-associated genes using specific primers to 
pinpoint differential methylation [15,16,47,48]. Our study’s focus on the KCNJ11 promoter methylation in peripheral blood con-
tributes significantly to the broader epigenetic narrative of T2DM pathogenesis, paving the way for novel insights into disease 
mechanisms and therapeutic innovation [49]. The role of methylation in other gene loci related to diabetes progression remains an 
open question warranting further exploration.

With diabetes prevalence increasing globally, the imperative for innovative therapeutic approaches is more pressing than ever. 
Future treatment modalities might include epigenetic editing of specific genes [50], a strategy supported by emerging research 
advocating for targeting the enzymes that modify epigenetic landscapes in tissues affected by diabetes [51,52]. Identifying epigenetic 
biomarkers, readily detectable in blood and derivative from target tissues, could profoundly impact clinical practices by facilitating 
easier analysis in diabetic and at-risk populations. Epigenetic biomarkers that are translated from target tissue to blood may subse-
quently be of great clinical relevance [9].However, the discovery of epigenetic markers with superior predictive strength over existing 
diabetes indicators remains a critical research need.

It is notable that KCNJ11 has not been consistently identified as differentially expressed in previous studies of pancreatic islets in 
T2DM. There are several potential reasons for this discrepancy. First, KCNJ11 regulation may be tissue-specific, with differential 
expression more prominent in peripheral blood than in pancreatic islets due to different local microenvironments and signaling 
pathways. Second, the timing of disease progression could be a factor, as the differential expression may be more evident in early-stage 
T2DM, which may not have been the focus of previous islet studies.

From a technical standpoint, previous studies may have had limited sample sizes, reducing statistical power, or used experimental 
methods such as microarray that may not capture subtle expression changes [17,45,46]. these biological and technical differences 
suggest that the role of KCNJ11 in T2DM may be more complex and context-dependent than previously appreciated.

In summary, our study has identified significant epigenetic modifications in the promoter of the KCNJ11 gene in the peripheral 
blood of T2DM patients, highlighting a robust link between epigenetics and the pathophysiology of diabetes in humans. These 
epigenetic markers offer promising avenues as biomarkers for predicting T2DM, gauging the risk of vascular complications, and 
assessing the efficacy of therapeutic and lifestyle interventions, thus heralding a new era of precision medicine in diabetes care.
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