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Abstract: Background/Objectives: Epigenetic regulation plays a critical role in diabetes
research, with N6-methyladenosine (m6A) modification emerging as a key factor in dis-
ease progression. METTL14, an essential epigenetic regulator, may influence the effects
of thiamine on intensive insulin therapy in diabetic patients. Methods: Blood samples
from twenty diabetic patients were collected before and after intensive insulin therapy
for MeRIP-seq and RNA-seq analysis. Genes with m6A modifications and corresponding
mRNAs were identified and functionally analyzed using Gene Ontology (GO) and KEGG
pathway analysis. RT-qPCR was used to confirm the overexpression of METTL14, PIK3R1,
TPK1, and IPMK, while METTL14 overexpression was further validated in THP1 cells.
Results: GO analysis revealed a significant enrichment of overlapping genes in metabolic
pathways. A reduction in m6A modification levels was observed post intensive insulin
therapy, indicating METTL14’s involvement in regulating TPK1, IPMK, and PIK3R1 expres-
sion. TPK1 levels showed a positive correlation with thiamine levels. Clinical validation
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demonstrated that combining thiamine with insulin therapy significantly reduced glucose
and triglyceride levels compared to insulin alone. Conclusions: Thiamine supplementa-
tion alongside intensive insulin therapy offers therapeutic potential by downregulating
TPK1 expression and mitigating lipid-related complications in diabetic patients. These
findings highlight the pivotal role of METTL14-mediated m6A modification in regulating
key metabolic genes during diabetes treatment.

Keywords: m6A; METTL14; TPK1; IPMK; PIK3R1; insulin; diabetes mellitus; thiamine

1. Introduction

Diabetes mellitus is a multifaceted chronic disorder characterized by insulin resistance
or inadequate insulin secretion from pancreatic 3-cells, leading to elevated blood glucose
levels [1]. This chronic hyperglycemia is associated with the damage and deterioration
of vital organs such as the kidneys, eyes, heart, nerves, and blood vessels [2,3]. A pri-
mary goal in diabetes management is to prevent both microvascular and macrovascular
complications [4]. Insulin therapy is the cornerstone of diabetes treatment [5], with ad-
vancements such as insulin analogs and delivery pumps enhancing glycemic control [6,7].
Despite these improvements, the mechanisms underlying the efficacy of insulin in diabetes
remain unclear.

Recent advancements in epigenetic RNA modifications have illuminated the post-
transcriptional regulation of gene expression [8]. Beyond environmental factors, epigenetic
and post-translational modifications are pivotal in the pathogenesis of diabetes and its
complications [9]. N6-methyladenosine (m6A) is the most prevalent mRNA modification
in mammals, influencing a wide array of cellular processes [10,11]. m6A modification is
catalyzed by writers, erased by erasers, and read by readers [12], and its alterations have
been linked to 3-cell dysfunction and insulin resistance [13]. Changes in m6A levels are
associated with diabetic retinopathy, the primary microvascular complication of diabetes,
and are influenced by inflammation, oxidative stress, and angiogenesis [14]. Yang Y
et al. suggested that reduced m6A levels in type 2 diabetes patients may contribute to
the upregulation of methyltransferases [15], and De Jesus DF et al. demonstrated that
METTL14 knockout mice exhibit early-onset diabetes due to decreased (3-cell proliferation
and insulin secretion [16]. However, the global m6A methylation profile in diabetes
remains underexplored.

Diabetes is a chronic metabolic disorder characterized by hyperglycemia, resulting
from either insufficient insulin secretion or impaired insulin action [17,18]. m6A modifi-
cation has been shown to regulate glucose and lipid metabolism, as well as immune and
inflammatory responses, in diabetes [19]. Building upon this background, this study aimed
to investigate the changes in m6A modification in diabetic patients following intensive
insulin therapy using MeRIP-seq and RNA-seq. Our research aims to enhance the un-
derstanding of m6A methylation within the diabetes transcriptome and may inform the
development of novel therapeutic strategies targeting m6A-modified mRNA.

2. Materials and Methods
2.1. Collection of Clinical Samples

Eligible participants for this study were individuals with type 2 diabetes aged between
30 and 65 years with a body mass index (BMI) ranging from 18.5 to 40 kg/m?, as per the

2017 edition of the Clinical Guidelines for the Prevention and Treatment of Type 2 Diabetes
Mellitus in the Elderly in China. Exclusion criteria were stringent, including severe infec-
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tions, acute complications, such as hyperglycemic hyperosmolar state, diabetic ketoacidosis,
trauma, severe malnutrition, severe hepatic or renal insufficiency (with aminotransferase
levels exceeding three times the normal value or an estimated glomerular filtration rate
(eGFR) greater than 60%), type 1 diabetes, recurrent hypoglycemia, hyperthyroidism,
hypothyroidism, pregnancy, lactation, or pregnancy intentions.

A total of 116 patients with type 2 diabetes were included in this study. Firstly, RNA
sequencing was performed on the blood samples of three patients before and after intensive
treatment. Then, based on the results of RNA sequencing, we detected the expression of
METTL14 in the blood samples of 20 diabetic patients before and after intensive insulin
therapy. For the thiamine efficacy assessment, an additional ninety-three patients were
recruited, with twenty-three completing the study in the thiamine group (Group A) and
seventy in the control group (Group B).

2.2. Patient Characteristics

Patient Characteristics are presented in Table 1.

The study design was a randomized, non-inferiority trial. The insulin dosage was
individualized based on patient history: for those not previously on insulin, the initial
total daily dose (U) was calculated as body weight (kg) multiplied by 0.5 U. This base
amount represented 50% of the total daily insulin requirement, with the remaining 1/3
administered before each of the three main meals. For patients already receiving insulin
therapy, the initial total daily dose (U) was 100% of the pre-pump total. The base amount
was again 50% of the total, with the remaining 1/3 distributed pre-meal.

Blood samples were selected as the primary biospecimen based on clinical accessibility
and established protocols for diabetes biomarker research. PBMC-derived epigenetic
profiles have been shown to reflect systemic metabolic alterations relevant to insulin
therapy responses. Clinical samples were collected in two distinct phases: (1) to evaluate
m6A modifications associated with intensive insulin therapy in diabetic individuals, and
(2) to assess the efficacy of thiamine supplementation in conjunction with intensive insulin
therapy. Twenty diabetic patients were enrolled from the Third Affiliated Hospital of
Guangzhou Medical University and were divided into two groups: Pre-intensive insulin
therapy (Pre) and Post-intensive insulin therapy (Post).

For the thiamine efficacy assessment, an additional ninety-three patients were re-
cruited, with twenty-three completing the study in the thiamine combination group. These
patients were allocated to Group A, which received intensive insulin therapy with vari-
ous treatment plans (including insulin pump therapy with insulin lispro, combined with
dagliprazine 10 mg once daily or metformin 500 mg twice daily, escalating to 1000 mg
twice daily by the fifth day), and Group B (70 patients), which was similar to Group A but
included thiamine supplementation (10 mg three times daily) throughout the intensive
treatment period. Blood samples were collected from all participants before and after the
initiation of intensive insulin therapy to facilitate subsequent experimental analyses.

All enrolled patients underwent intensive insulin therapy using an insulin pump,
specifically utilizing the insulin analog lispro insulin. Humalog (Insulin Lispro Injection)
complies with the Import Drug Registration Standard (No. JX20020092) and holds the
Import Drug Small Package Registration Certificate (No. H20090735) and Import Drug
Large Package Registration Certificate (No. H20090736). The product is manufactured by
Lilly France S.A.S. (Neuilly-sur-Seine, France) and repackaged under the National Drug
Approval Number J20100005 by Lilly Suzhou Pharmaceutical Co., Ltd. (Suzhou, China),
which is responsible for its packaging. The mean total daily dose of insulin lispro was
(42.0 £7.8) U in Group A and (45.0 & 5.6) U in Group B, with no statistically significant
difference between the groups (p > 0.05).
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Table 1. Baseline characteristics and effects of short-term intensive insulin therapy treatment in two intervention groups, based on whether they took thiamine or not.
Values are means (standard deviation) unless stated otherwise.

Twenty-Three Diabetic Seventy Diabetic Patients Group A vs. Group B
Characteristic Three Diabetic Patients =~ Twenty Diabetic Patients Patients with Thiamine Without Thiamine as Control
(Group A) (Group B) t or x* p-Value

Age, years 53.67 (7.51) 51.4 (11.32) 55.76 (8.93) 54.49 (8.29) 457 0.79
Gender *:

Male 2 12 15 46

Female 1 8 8 24 0.00 0.97
Estimated disease
duration, monthe 6.33 (2.89) 4.47 (4.60) 10.36 (3.95) 10.10 (4.33) 0.69 0.49
iﬁﬁ; blood pressure, 135.33 (9.61) 137.05 (17.79) 132.54 (20.31) 132.85 (13.70) —095 0.34
Elﬁft}‘;gc blood pressure, 92.00 (10.39) 86.80 (10.12) 88.15 (12.38) 87.76 (11.47) 1.28 0.20
Body mass index 29.67 (9.23) 24.84 (2.99) 25.5 (3.78) 25.46 (4.06) 1.51 0.13
Waist circumference, cm 90.00 (3.61) 92.10 (7.98) 93.23 (8.89) 93.29 (6.98) —2.71 0.79
Waist-to-hip ratio 0.92 (0.03) 0.96 (0.06) 0.97 (0.06) 0.98 (0.07) —0.92 0.36

* Sexual data were presented as constituent ratios and analyzed using the chi-square test. Other data were assessed for normality and confirmed to follow a normal distribution, followed
by analysis via independent sample t-tests.
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Informed consent was obtained from all participants, and the study protocol was
approved by the Medical Ethics Committee of the Third Affiliated Hospital of Guangzhou
Medical University.

2.3. MeRIP-Seq and RNA-Seq

MeRIP-seq was conducted on the blood samples of three diabetes mellitus patients
before and after intensive insulin therapy. Initially, total RNA was extracted and purified,
subsequent to which ribosomal RNA was eliminated. The RNA was then cleaved into
approximately 100-nt fragments using an RNA cleavage reagent. A subset of approximately
1/10 of the RNA fragments was set aside as input controls for subsequent RNA sequencing.
The remaining samples were mixed with protein A/G magnetic beads and an anti-m6A
antibody cocktail, which was incubated at 4 °C overnight. The m6A antibody was subjected
to proteinase K digestion, after which the methylated RNA was purified for subsequent
MeRIP-seq analysis. Raw reads from MeRIP-seq were aligned to the GRCh38/hg38 refer-
ence genome using STAR (v2.7.9a) with default parameters. m6A-enriched regions were
identified using MACS2 (v2.2.7.1; parameters: ‘--nomodel--extsize 100--g-value 0.05"). Ge-
nomic coordinates of m6A peaks were mapped to chromosome bands using the UCSC
Genome Browser’s cytoband track (GRCh38). Chromosomal distribution density was
computed as the number of m6A peaks per 5 Mb genomic bin, normalized by total mapped
reads (RPKM).

2.4. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis

Based on the GO database “http://geneontology.org/ (accessed on 6 June 2022)”, the
obtained m6A modification genes and mRNAs were annotated with GO from Biological
Process (BP), Molecular Function (MF), and Cellular Component (CC) to screen out the
significance of GO function. Pathway annotation of obtained m6A modification genes and
mRNAs was conducted based on the KEGG database “https://www.kegg.jp/ (accessed
on 6 June 2022)”, so as to select the significant pathway term.

2.5. Cell Culture and Transfection

THP1 cells were cultured in RPMI 1640 medium (C14-11875-093, Gibco, Grand Island,
NY, USA), which contained 10% fetal bovine serum (FBS001Lifeman, URO, Guangzhou
Abbiotechnology, Inc., Guangzhou, China), 0.05 mM 2-mercaptoethanol (21985-023, Gibco,
USA), and 1% penicillin/streptomycin (HY-K1006, MCE, Monmouth Junction, NJ, USA).
The incubation was carried out at 37 °C, in a chamber filled with 5% CO, and saturated
humidity. To genetically amplify METTL14, the METTL14 sequences were conjugated to
the pEnCMV vector, with the coding DNA region of METTL14 inserted into the Hind and
APA sites. Subsequently, according to the established protocol, pEnCMV and PencMv-
METTL14 were transfected into THP1 cells using Lipofectamine 2000 (11668027, Thermo,
Waltham, MA, USA). The transfected THP1 cells were subjected to further analysis after a
48-h incubation period.

2.6. Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted from the blood using Trizol (15596026, Thermo, USA), and
then reverse-transcribed into cDNA by HiFiScript cDNA Synthesis Kit (CW2569, ConWin,
Shenzhen, China). HotStart™ 2X SYBR Green qPCR Master Mix (K1070, APEXBIO, Hous-
ton, TX, USA) was applied to determine gene levels on QuantStudio™ 1 using GAPDH
as an internal reference. METTL14, PIK3R1, TPK1, and IPMK levels were calculated
by the 2724t method. The primer sequences are as follows: METTL14-F: GGGGTTG-
GACCTTGGAAGAG, METTL14-R: CCCATGAGGCAGTGTTCCTT; PIK3R1-F: TCTTGTC-
CGGGAGAGCAGTA, PIK3R1-R: AGCCATAGCCAGTTGCTGTT; TPK1-F: AGGGAAAG-
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CACAGGTTGCAT, TPK1-R: TGTGAGGTTCCACTTGAGGC; IPMK-F: TCTGGAGCAA-
GACAATGGGT, IPMK-R: TTGGCAACCAGTGGGAAGAT; GAPDH-F: GAGTCAACG-
GATTTGGTCGT, GAPDH-R: GACAAGCTTCCCGTTCTCAG.

2.7. Western Blot

Total protein was obtained using RIPA (P0013B, Beyotime, Shanghai, China). After
quantification by BCA kit (BL521A, Biosharp, Hefei, China), the total protein was isolated by
SDS-PAGE and transferred to PVDF membrane. PVDF membranes were then transferred to
5% skim milk and closed, and mixed with METTL14 (26158-1-AP, Proteintech, Rosemont, IL,
USA) and GAPDH (60004-1-Ig, Proteintech, USA) at 4 °C overnight. The membranes were
then incubated with HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H+L) (SA00001-2,
Proteintech, USA). Finally, the membrane was exposed to ECL chemiluminescence solution
(K-12045-D50, Advansta, San Jose, CA, USA) and visualized with ChemiScope6100 (CLiNX,
Shanghai, China).

2.8. m6A Dot Blot Assay

According to previously reported literature [20], an evaluation of the alterations in the
m6A modification levels of total RNA was conducted. The initial step involved the isolation
of total RNA, subsequent to which mRNA was extracted. The mRNA was subjected to de-
naturation at 95 °C and then incubated on ice. The RNA was subsequently transferred onto
a fiber membrane, which was exposed to ultraviolet light. The membrane was washed with
TBST (QN1236-VGM, Bio Lebo, Wuhan, China) and incubated with an anti-m6A antibody
at 4 °C. Following the incubation of the secondary antibody, the membrane was washed
with TBST and incubated with Western blotting Substrate (Biosharp) at room temperature.
The resulting dots were observed using a microscope (OI-X6) (Guangzhou, China).

2.9. Statistical Analysis

Graphpad Prism 8.0 software was employed for statistical computation and analysis.
Normality of continuous variables was assessed via the Shapiro-Wilk test (n < 50) and
Kolmogorov-Smirnov test (n > 50). All measures underwent log (x + 1) transformation to
meet normality assumptions. Data measurements were represented as mean =+ standard
deviation. A t-test was conducted to compare the two groups. A p-value of less than 0.05
signified a statistically significant difference.

3. Results
3.1. Distribution of Total m6A Modification Sites in People with Diabetes

First, we performed MeRIP-seq. Figure 1A shows the distribution density of total
m6A modification sites on the chromosomes of three people with diabetes. Chromosome 1
showed the highest density, followed by chromosome 2 and chromosome 21. Furthermore,
m6A modification sites were predominantly distributed in protein-coding regions, followed
by other regions (Figure 1B). This suggests a possible association between m6A modification
and protein coding. In addition, m6A modification sites were predominantly distributed in
the 5’UTR and CDS regions of mRNA (Figure 1C). This observation suggested that m6A
modification may be involved in protein coding and alternative splicing. Figure 1D shows
the number of modification sites with common up-regulated and down-regulated m6A
modification changes before and after intensive insulin therapy. A total of 774 genes were
up-regulated and 417 genes were down-regulated.
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Figure 1. Total m6A modification sites in people with diabetes. (A) Distribution density of total
m6A modification sites on chromosomes in 3 people with diabetes. (B) m6A modification sites
were mainly distributed in protein-encoding regions, followed by IncRNA. (C) m6A modification
sites were mainly distributed in the 5’'UTR and CDS regions of mRNA. (D) Number of modification
sites with common up-regulated and down-regulated m6A modification changes before and after
intensive insulin therapy (p < 0.05). N6-methyladenosine, m6A; Long non-coding RNA, IncRNA; 5/
untranslated region, 5'UTR; coding sequences, CDS.

3.2. Analysis of Differential Genes in m6A Modification Sites Before and After Intensive
Insulin Therapy

We then performed GO and KEGG analysis on the differentially expressed genes in
m6A modification sites before and after intensive insulin therapy in people with diabetes.
The GO function revealed that genes with altered m6A modification were in cell, binding,
cellular process, and metabolic process, among others (Figure 2A). Furthermore, the KEGG
pathway was mainly enriched in neuroactive ligand-receptor interaction, oxytocin signaling
pathway, and cGMP-PKG signaling pathway (Figure 2B).

3.3. Analysis of Differential mRNAs in People with Diabetes Before and After Intensive
Insulin Therapy

We then performed RNA-seq. Figure 3A shows the heat map of common differential
mRNA expression changes in three people with diabetes before and after intensive insulin
therapy. Among them, 774 genes were down-regulated, and 417 genes were up-regulated.
The GO function indicated that the commonly differentially expressed mRNAs were mainly
located in Cell, Cell Part, Intracellular Part, Intracellular Binding, and Cell Progress, among
others (Figure 3B). The KEGG pathway was mainly enriched in metabolic pathways,
pathways in cancer, spliceosome, ubiquitin-mediated proteolysis, and herpes simplex
infection (Figure 3C).
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Figure 3. Analysis of differential mRNAs in people with diabetes before and after intensive insulin
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insulin therapy. (B) GO functional analysis of commonly differentially expressed mRNAs in three
people with diabetes before and after intensive insulin therapy. (C) KEGG enrichment pathway of

commonly differentially expressed mRNAs in three people with diabetes before and after intensive

insulin therapy.
3.4. Analysis of Intersection Genes of Differential Genes in m6A Modification Sites and

Differential mRNAs
Next, we took the intersection of genes with changes in m6A modification and changes

in mRNA and plotted the differential expression heatmap (Figure 4A). The intersected
genes included CENPF, TPK1, ZNF594, RAD5412, PIK3R1, POLR2B, ZNF644, IPMK,
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K2, LINC00547, MTHFS and TMTC2. Among them, four genes were down-regulated,
eight genes were up-regulated. The GO function showed that the overlapping genes

and

were mainly located in cell, binding, cellular process, and metabolic process, among
others (Figure 4B). The KEGG pathway was mainly enriched in metabolic pathways,
phosphatidylinositol signaling system, Epstein—Barr virus infection, a carbon pool by folate,

and RNA polymerase (Figure 4C).

B

CENPF
K1
ZNFS0s
RADSAL2
PIKSRT
POLAZE
ZNFeas
1PMK
PROK2
LINC00S47
MTHFS

™™IC2

Fc epsilon Rl signaling pathway
Renal cell carcinoma

Central carbon metabolism in cancer
Pancreatic cancer

Glioma

Percentage of genes
—
—1
—
i—]
——
—
—
—
—
————
—
—]
o
ion g
—
i—]
—
>
Number of genes

0
8 Longevity regulating pathway ~ multiple species Input.number
Colorectal cancer .1
VEGF signaling pathway o>
@
K Acute myeloid leukemia
3
H - -
£ g Regulation of lipolysis in adipocytes .
5 H z
g 2 £
€ e S Non-small cell lung cancer . P.Value
0.020
Endometrial cancer .
0015

Type Il diabetes mellitus 0010
Carbohydrate digestion and absorption 0.005
Aldosterone-regulated sodium reabsorption
RNA polymerase

One carbon pool by folate

Epstein-Barr virus infection

. s f
Cellular Componéiblecular Function Biological Process
®

Phosphatidylinositol signaling system

Metabolic pathways | @)

001 002 003 004 005

RichFactor

Figure 4. Analysis of intersection genes of differential genes in m6A modification sites and differential
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3.5. Analysis of m6A Alteration-Related Genes in Cutover Genes Before and After Intensive

Insulin Therapy
We then screened the differential genes in the m6A modification sites based on the

RNA SEQ results. We found that METTL14, YTHDEF3, HNRNPH3, and RBM4 were

downregulated in the Post group compared to the Pre group (p < 0.05) (Figure 5A). We

also examined METTL14 expression in blood samples from 20 people with diabetes before

and after intensive insulin therapy. Compared to the Pre group, METTL14 expression was
downregulated in the Post group, and the difference was significant (p < 0.05) (Figure 5B).
In addition, the m6A dot blot assay showed that the level of m6A modification decreased
in people with diabetes after intensive insulin therapy (p < 0.05) (Figure 5C).

3.6. METTL14 Regulates the Expression of TPK1, IPMK and PIK3R1
Finally, we examined the expression of PIK3R1, TPK1, and IPMK in blood samples

from 20 people with diabetes before and after intensive insulin therapy. Compared to the
Pre group, PIK3R1 and TPK1 expressions were downregulated in the Post group, and the

differences were significant (Figure 6).
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Figure 5. Analysis of m6A modification-related genes in intersection genes before and after intensive
insulin therapy. (A) Differential genes in m6A modification sites were screened based on RNA-
seq results. (B) Expression of METTL14 in blood samples of 20 people with diabetes before and
after intensive insulin therapy was evaluated by RT-qPCR. (C) m6A dot blot assay was utilized
to determine the m6A modification level in people with diabetes after intensive insulin therapy.
*p <0.05.
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Figure 6. METTL14 regulated TPK1, IPMK, and PIK3R1 expressions. (A) PIK3R1, TPK1, and IPMK
expressions were assessed by RT-qPCR in the blood samples of 20 people with diabetes before and
after intensive insulin therapy. (B) Verification of the efficiency of overexpression of METTL14.
(C) mRNA expression of TPK1, IPMK and PIK3R1 after METTL14 overexpression was measured by
RT-gPCR. * p < 0.05, ** p < 0.01, and *** p < 0.001.

The addition of thiamine is beneficial in reducing blood lipids in people with diabetes
during intensive insulin therapy.
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Clinical samples (Group A and Group B) with blood samples were taken from the
diabetic subjects before and after the administration of thiamine supplementation based on
intensive insulin therapy can reduce blood lipids in people with diabetes and reduce the
risk of vascular complications in people with diabetes to some extent (Figures 7 and 8 and

Table 2).
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Figure 7. The addition of thiamine is beneficial in reducing blood lipids in people with diabetes
during intensive insulin therapy. (A) Without the addition of thiamine, the blood glucose decreased
after intensive insulin treatment, and the glycosylated hemoglobin and 2 h blood glucose showed
significant differences before and after treatment. (B) Without thiamine, after intensive insulin
treatment, the expression of blood lipids decreased, and the p-values of CHOL (total cholesterol),
HDL (high-density cholesterol), LDL (low-density cholesterol), and TG (triglyceride) were all less
than 0.05, indicating that they had significant differences before and after treatment. (C) With the
addition of thiamine, the p-values of glycosylated hemoglobin and 2 h blood glucose were less
than 0.05, indicating a significant difference before and after treatment. (D) With the addition of
thiamine, the p-values for CHOL, HDL, and TG were all less than 0.05, indicating that they had
significant differences before and after treatment. However, the p-value of LDL was greater than 0.05,
indicating that there was no significant difference between LDL-low-density cholesterol before and
after treatment. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 8. The addition of thiamine is beneficial in reducing blood lipids in people with diabetes
during intensive insulin therapy. Analysis of personal data (age, height, weight, BMI, WHRDBP, SBP)
showed no significant baseline differences between treatment groups A and B.

Table 2. The addition of thiamine resulted in a significant decrease in TG-triglyceride levels. The
difference reflects changes in values before and after intensive treatment. The group designated as
Group A functioned as the pre-thiamine treatment cohort, and a comparative analysis was conducted
between Group B and Group A subsequent to undergoing intensive therapy. The reduction in
triglycerides in the group receiving intensive insulin treatment supplemented with thiamine was
significantly greater compared to those receiving only intensive insulin treatment.

Normal Test Detection of Difference Significance

Indicator n p-Value p-Value p-Value p-Value

(Pre-Treatment) (Difference) (Post-Treatment) (Difference)
if;‘féfﬁff 82 0.000 0.000 0.285 0.306

2 h blood glucose 96 0.067 0.000 0.972 0.890
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Table 2. Cont.
Normal Test Detection of Difference Significance
Indicator n p-Value p-Value p-Value p-Value
(Pre-Treatment) (Difference) (Post-Treatment) (Difference)

0.5 h blood glucose 95 0.006 0.038 0.126 0.625
0 h insulin 97 0.000 0.001 0.950 0.490
0.5 h insulin 95 0.000 0.000 0.844 0.746
2 h insulin 97 0.000 0.000 0.995 0.490
0 h C-Peptide 100 0.000 0.000 0.411 0.805
0.5 h C-Peptide 97 0.000 0.000 0.551 0.886
2 h C-Peptide 100 0.000 0.001 0.928 0.339
CHOL 91 0.291 0.422 0.108 0.097
TG 91 0.000 0.000 0.034 0.003
HDL 88 0.000 0.000 0.278 0.274
LDL 92 0.200 0.309 0.103 0.133

Note: Difference = each group (post-treatment value and pre-treatment value).

4. Discussion

In this study, we utilize high-throughput sequencing to uncover changes in mé6A
modification in diabetes mellitus by implementing intensive insulin therapy in people
with diabetes. By employing MeRIP-seq, we identified 774 downregulated genes and 417
upregulated genes with prevalent alterations in mé6A modification prior to and subsequent
to intensive insulin therapy. Moreover, we performed GO and KEGG analyses to decode
the potential function of differentially expressed genes occurring at m6A modification sites.
Through the integration of MeRIP-seq and RNA-seq, we identified the intersection genes of
differentially expressed genes in m6A modification sites and differential mRNAs in people
with diabetes before and after intensive insulin therapy. Ultimately, we validated the
efficacy of the intersection genes in vitro. Our study substantiates a reduction in the level
of m6A modification in people with diabetes following intensive insulin therapy. Through
further validation, we revealed that METTL14 controls the expression of TPK1, IPMK, and
PIK3R1. Our investigations provide an extensive reference for future discussions on the
molecular mechanism underlying METTL14 in diabetes.

The enzymatic writers WTAP, METTL3, METTL14, and KIAA1429, the erasers FTO
and ALKBH), and the m6A binding protein reader YTH domain dynamically and reversibly
regulate the biological effects of m6A modification [21]. In essence, m6A modification is
governed by m6A methyltransferase and demethylase, which dictate the fate of target
mRNA by influencing splicing, translation, and decay [22]. Currently, m6A regulatory
factors are anticipated to serve as biomarkers for enhancing diabetes mellitus management.
Consequently, investigating differentially expressed genes in m6A modification sites may
offer insights into diabetes treatment. In this study, we employed MeRIP-seq and RNA-seq
to uncover that the intersection genes of differential genes in m6A modification sites and dif-
ferential mMRNAs predominantly contribute to metabolic pathways in people with diabetes
before and after intensive insulin therapy. Edhager AV et al. demonstrated the progressive
changes in major metabolic pathways through myocardial proteomics in rats during the
development of type 2 diabetes [23]. Gardi N et al. reported that metabolic pathways could
mitigate the adverse prognosis associated with pancreatic (head) adenocarcinoma compli-
cated by diabetes [24]. These investigations underscore the crucial role of metabolism in
diabetes. Through further validation, we observed a decline in m6A modification levels in
people with diabetes following intensive insulin therapy. Consequently, we proceeded to
explore the expression of intersection genes of differential genes in m6A modification sites
and differential mRNAs in people with diabetes before and after intensive insulin therapy.
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According to RNA-seq outcomes, distinctive genes in m6A modification sites were
identified, revealing a downregulation of METTL14 expression following intensive insulin
therapy. METTL14 has demonstrated its ability to control 3-cell function and diabetes
mellitus [25]. Furthermore, METTL14 appears to play a critical role in diabetic nephropathy
through the m6A modification of a-klotho [26]. This suggests that METTL14 might serve
as a biomarker for diabetes treatment. Consequently, we delved further into its functionali-
ties. Research indicates that thiamine levels decline with decreasing TPK1, and thiamine
supplementation can mitigate diabetes [27,28]. Our study also proved that thiamine sup-
plementation on the basis of intensive insulin treatment can reduce the blood lipids of
people with diabetes and reduce the risk of vascular complications in people with diabetes
to a certain extent, but the lowering effect on blood sugar is not obvious. Considering that
thiamine supplementation takes a short time, Therefore, the positive effect of thiamine on
the blood sugar of people with diabetes cannot be denied, and longer and larger sample
studies are needed to verify this point. Jung IR et al. uncovered that IPMK mediates
insulin signaling and gluconeogenesis, which may represent a potential therapeutic target
for diabetes [29]. PI3K serves as a crucial component of insulin action, and the PIK3R1-
encoded regulatory subunit is essential for transmitting insulin signaling through PI3K [30].
Karadogan AH et al. reported that PIK3R1 emerges as a significant candidate gene in type
2 diabetes development, playing a pivotal role in insulin signaling transduction [31]. These
studies collectively imply that TPK1, IPMK, and PIK3R1 contribute significantly to insulin
signaling transduction. In our study, we confirmed that METTL14 regulates the expression
of TPK1, IPMK, and PIK3R1 in THP1 cells transfected with an METTL14 overexpression
vector. This suggests that METTL14 might influence insulin signaling transduction to
enhance diabetes by regulating the expression of TPK1, IPMK, and PIK3R1. Nonetheless,
further investigations into the underlying mechanisms are warranted.

Mechanistically, thiamine may exert its metabolic effects through (1) restoration of
mitochondrial oxidative capacity (via PDH activation), (2) modulation of PPP-derived
NADPH to balance lipid synthesis and oxidation, and (3) indirect regulation of epitran-
scriptomic markers (e.g., m6A) through metabolic intermediate-driven signaling. The
selective impact on lipid metabolism over glucose control could reflect thiamine’s stronger
influence on NADPH-dependent pathways critical for lipogenesis and redox homeostasis,
whereas glucose regulation involves redundant hormonal and non-enzymatic mechanisms
less sensitive to thiamine sufficiency in non-deficient states.

The selective reduction in triglycerides without significant glucose-lowering effects
may reflect thiamine’s preferential influence on lipid metabolism via the pentose phosphate
pathway. By enhancing transketolase activity and NADPH production, thiamine could redi-
rect metabolic flux toward lipid oxidation and away from triglyceride synthesis. In contrast,
glucose homeostasis in critically ill patients is governed by multifactorial mechanisms (e.g.,
insulin resistance, counterregulatory hormones), which may explain the limited observed
impact of thiamine supplementation. Future studies should assess baseline thiamine status
and NADPH /redox biomarkers to further elucidate this dichotomy.

Based on preclinical and clinical evidence, we propose that the interaction between
intensive insulin therapy and thiamine supplementation may involve (1) synergistic en-
hancement of glucose metabolism, (2) attenuation of oxidative stress, (3) support of hepatic
regeneration, and (4) mitigation of the risk of hypoglycemia [32]. These hypotheses are
based on thiamine’s role as a cofactor for pyruvate dehydrogenase and transketolase, which
are critical for bridging glycolysis, the Krebs cycle, and the pentose phosphate pathway.
Further mechanistic and clinical studies are warranted to validate these interactions. The
hypotheses are consistent with previous studies demonstrating the efficacy of thiamine in
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the benefits of IIT for glycemic control. We recognize the need for future research to test
these mechanisms empirically, particularly in patient cohorts receiving combined therapies.

While this study provides novel insights into blood-based epigenetic markers, we
acknowledge that diabetes pathogenesis involves complex tissue-specific interactions. The
observed methylation changes in circulating cells may represent both cell-autonomous
effects and systemic metabolic crosstalk, which will require validation in relevant metabolic
tissues through future collaborative studies. Although THP1 was chosen for its genetic
manipulability in mechanistic studies, we acknowledge its limitations in mimicking in vivo
cell-matrix interactions. Future studies will use patient-derived iPSC macrophages to
improve clinical fidelity.

5. Conclusions

We delved into the alterations in m6A modification sites following intensive insulin
therapy in diabetes mellitus utilizing MeRIP-seq, RNA-seq, and in vitro cellular exper-
iments. Our research corroborated a decline in m6A modification levels post-intensive
insulin therapy among people with diabetes. Moreover, we discerned the intersectional
gene as well as the enrichment pathways for differential genes in m6A modification sites
and variant mRNA pre- and post-intensive insulin therapy. Through further validation,
we established that METTL14 governs the expression of TPK1, IPMK, and PIK3R1. Fur-
thermore, it was observed that the expression of TPK1 exhibited a decrease following
strengthening, and the supplementation of thiamine during the strengthening process was
found to be beneficial for enhancing blood lipid levels in people with diabetes. The current
findings should be interpreted in light of sample source limitations. Although blood-based
analyses provide clinically actionable insights, parallel investigations in pancreatic and
hepatic tissues would be necessary to establish direct pathogenic mechanisms. Our study
offers invaluable insights into the role of m6A modification in diabetes mellitus and the
involvement of thiamine in the treatment of diabetic complications, thereby unveiling novel
therapeutic targets for the management of this disease.

Author Contributions: Y.C. and Y.X. (Yingjun Xie) carried out the study design. S.W. and Y.D.
performed the experiments. Y.X. (Yijuan Xie), Y.Z. (Yaojie Zhai) and J.W. prepared the figures. N.L.,
T.L. and L.Z. prepared tables. M.P,, Y.Z. (Yingying Zhang) and X.W. wrote the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Medical Science and Technology Research Fund of
Guangdong Province (No. A2022485), the Science and Technology Projects in Guangzhou (No.
202201020122), the Plan on enhancing scientific research in Guangzhou Medical University, Guang-
dong Municipal Department of Science and Technology, Municipal Schools (Institutes) Jointly Funded
Project (No. 2023A03]J0386), Guangzhou Medical University for the First-class Professional Construc-
tion Project in 2022-Enhancement of Undergraduates’ Scientific Research and Innovation Ability
Project (No. 02-408-2203-2059) and plan on enhancing scientific research in GMUPlan on enhancing
scientific research in GMU (2024SRP119) and the Natural Science Foundation of Guangdong Province
(2024A1515012233). Research Project on Undergraduate Teaching Reform of First Affiliated Hospi-
tal of Sun Yat-sen University (12220011-220921). This study was supported by Municipal Schools
(Institutes) Jointly Funded Project, China (2023A03]J0386, 2023A03]J0395), the Joint Foundation of
He Lin Academical Workstation of the Third Affiliated Hospital of Guangzhou Medical University
(2023HLLHO01) and Guangzhou Medical University for the First-class Professional Construction
Project in 2022-Enhancement of Undergraduates’ Scientific Research and Innovation Ability Project
(No. 02-408-2203-2059).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou
Medical University (No.: 2024.052 and approval on 13 March 2024).



Biomedicines 2025, 13, 980 16 of 17

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank Guangzhou Keluojie Biotechnology Co., Ltd., China, and
Guangzhou AoCe Medical Technology Co., Ltd., China, for their technical assistance.

Conflicts of Interest: The authors declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

References

1. Ortiz-Martinez, M.; Gonzélez-Gonzélez, M.; Martagén, A.J.; Hlavinka, V.; Willson, R.C.; Rito-Palomares, M. Recent Developments
in Biomarkers for Diagnosis and Screening of Type 2 Diabetes Mellitus. Curr. Diabetes Rep. 2022, 22, 95-115. [CrossRef] [PubMed]

2. Jiang, H.; Xia, C.; Lin, J.; Garalleh, H.A.; Alalawi, A.; Pugazhendhi, A. Carbon nanomaterials: A growing tool for the diagnosis
and treatment of diabetes mellitus. Environ. Res. 2023, 221, 115250. [CrossRef] [PubMed]

3. Mohiuddin, M.S.; Himeno, T.; Yamada, Y.; Morishita, Y.; Kondo, M.; Tsunekawa, S.; Kato, Y.; Nakamura, J.; Kamiya, H. Glucagon
Prevents Cytotoxicity Induced by Methylglyoxal in a Rat Neuronal Cell Line Model. Biomolecules 2021, 11, 287. [CrossRef]
[PubMed]

4. Sasako, T.; Yamauchi, T.; Ueki, K. Intensified Multifactorial Intervention in Patients with Type 2 Diabetes Mellitus. Diabetes Metab.
J. 2023, 47,185-197. [CrossRef]

5. Elsayed, A.; Al-Remawi, M.; Jaber, N.; Abu-Salah, K.M. Advances in buccal and oral delivery of insulin. Int. |. Pharm. 2023,
633, 122623. [CrossRef]

6. Lee, S.H.; Yoon, K.H. A Century of Progress in Diabetes Care with Insulin: A History of Innovations and Foundation for the
Future. Diabetes Metab. ]. 2021, 45, 629-640. [CrossRef]

7. Seetharaman, R.; Pawar, S.; Advani, M. One hundred years since insulin discovery: An update on current and future perspectives
for pharmacotherapy of diabetes mellitus. Br. J. Clin. Pharmacol. 2022, 88, 1598-1612. [CrossRef]

8. Geng, X,; Li, Z.; Yang, Y. Emerging Role of Epitranscriptomics in Diabetes Mellitus and Its Complications. Front. Endocrinol. 2022,
13, 907060. [CrossRef]

9.  Sadeghi, M.; Dehnavi, S.; Shohan, M.; Jamialahmadi, T.; Sathyapalan, T.; Sahebkar, A. Potential Role of SUMO and SUMOylation
in the Pathogenesis of Diabetes Mellitus. Curr. Med. Chem. 2023, 30, 1623-1637. [CrossRef]

10. Wang, J.; Wang, K.; Liu, W,; Cai, Y,; Jin, H. m6 A mRNA methylation regulates the development of gestational diabetes mellitus in
Han Chinese women. Genomics 2021, 113, 1048-1056. [CrossRef]

11. Ni, Y,; Zhang, H.; Chu, L.; Zhao, Y. m6A Modification-Association with Oxidative Stress and Implications on Eye Diseases.
Antioxidants 2023, 12, 510. [CrossRef] [PubMed]

12. Zhu, Y; Li, J; Yang, H,; Yang, X.; Zhang, Y.; Yu, X;; Li, Y.; Chen, G.; Yang, Z. The potential role of m6A reader YTHDF1 as
diagnostic biomarker and the signaling pathways in tumorigenesis and metastasis in pan-cancer. Cell Death Discov. 2023, 9, 34.
[CrossRef] [PubMed]

13. Chen, C;; Xiang, Q.; Liu, W,; Liang, S.; Yang, M.; Tao, J. Co-expression Network Revealed Roles of RNA méA Methylation in
Human (3-Cell of Type 2 Diabetes Mellitus. Front. Cell Dev. Biol. 2021, 9, 651142. [CrossRef]

14. Kumari, N.; Karmakar, A.; Ahamad Khan, M.M.; Ganesan, S.K. The potential role of m6A RNA methylation in diabetic retinopathy.
Exp. Eye Res. 2021, 208, 108616. [CrossRef]

15.  Yang, Y.; Shen, F; Huang, W.; Qin, S.; Huang, ].T.; Sergi, C.; Yuan, B.F; Liu, S.M. Glucose Is Involved in the Dynamic Regulation
of m6A in Patients With Type 2 Diabetes. . Clin. Endocrinol. Metab. 2019, 104, 665-673. [CrossRef]

16. De Jesus, D.F; Zhang, Z.; Kahraman, S.; Brown, N.K.; Chen, M.; Hu, J.; Gupta, M.K,; He, C.; Kulkarni, R.N. m®A mRNA
Methylation Regulates Human p-Cell Biology in Physiological States and in Type 2 Diabetes. Nat. Metab. 2019, 1, 765-774.
[CrossRef]

17.  Agarawal, K,; Anant Kulkarni, Y.; Wairkar, S. Nanoformulations of flavonoids for diabetes and microvascular diabetic complica-
tions. Drug Deliv. Transl. Res. 2023, 13, 18-36. [CrossRef]

18. Hoca, M.; Becer, E.; Vatansever, H.S. The role of resveratrol in diabetes and obesity associated with insulin resistance. Arch.
Physiol. Biochem. 2023, 129, 555-561. [CrossRef]

19. Zhong, H.; Tang, H.F; Kai, Y. N6-methyladenine RNA Modification (m®A): An Emerging Regulator of Metabolic Diseases. Curr.
Drug Targets 2020, 21, 1056-1067. [CrossRef]

20. Jia, G.; Fu, Y Zhao, X,; Dai, Q.; Zheng, G.; Yang, Y.; Yi, C,; Lindahl, T; Pan, T; Yang, Y.G.; et al. N6-methyladenosine in nuclear

RNA is a major substrate of the obesity-associated FTO. Nat. Chem. Biol. 2011, 7, 885-887. [CrossRef]


https://doi.org/10.1007/s11892-022-01453-4
https://www.ncbi.nlm.nih.gov/pubmed/35267140
https://doi.org/10.1016/j.envres.2023.115250
https://www.ncbi.nlm.nih.gov/pubmed/36646201
https://doi.org/10.3390/biom11020287
https://www.ncbi.nlm.nih.gov/pubmed/33672050
https://doi.org/10.4093/dmj.2022.0325
https://doi.org/10.1016/j.ijpharm.2023.122623
https://doi.org/10.4093/dmj.2021.0163
https://doi.org/10.1111/bcp.15100
https://doi.org/10.3389/fendo.2022.907060
https://doi.org/10.2174/0929867329666220817142848
https://doi.org/10.1016/j.ygeno.2021.02.016
https://doi.org/10.3390/antiox12020510
https://www.ncbi.nlm.nih.gov/pubmed/36830067
https://doi.org/10.1038/s41420-023-01321-4
https://www.ncbi.nlm.nih.gov/pubmed/36707507
https://doi.org/10.3389/fcell.2021.651142
https://doi.org/10.1016/j.exer.2021.108616
https://doi.org/10.1210/jc.2018-00619
https://doi.org/10.1038/s42255-019-0089-9
https://doi.org/10.1007/s13346-022-01174-x
https://doi.org/10.1080/13813455.2021.1893338
https://doi.org/10.2174/1389450121666200210125247
https://doi.org/10.1038/nchembio.687

Biomedicines 2025, 13, 980 17 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chen, J.; Fang, Y.; Xu, Y,; Sun, H. Role of m6A modification in female infertility and reproductive system diseases. Int. J. Biol. Sci.
2022, 18, 3592-3604. [CrossRef] [PubMed]

Chen, Y.S.; Ouyang, X.P; Yu, X.H.; Novék, P,; Zhou, L.; He, PP; Yin, K. N6-Adenosine Methylation (m®A) RNA Modification: An
Emerging Role in Cardiovascular Diseases. J. Cardiovasc. Transl. Res. 2021, 14, 857-872. [CrossRef]

Edhager, A.V,; Povlsen, J.A.; Lofgren, B.; Botker, H.E.; Palmfeldt, J. Proteomics of the Rat Myocardium during Development of
Type 2 Diabetes Mellitus Reveals Progressive Alterations in Major Metabolic Pathways. J. Proteome Res. 2018, 17, 2521-2532.
[CrossRef] [PubMed]

Gardi, N.; Ketkar, M.; McKinnon, R.A.; Pandol, S.J.; Dutt, S.; Barreto, S.G. Down-regulation of metabolic pathways could offset the
poor prognosis conferred by co-existent diabetes mellitus in pancreatic (head) adenocarcinoma. ANZ J. Surg. 2021, 91, 2466-2474.
[CrossRef] [PubMed]

Li, X.; Yang, Y.; Chen, Z. Downregulation of the mOA reader protein YTHDC1 leads to islet 3-cell failure and diabetes. Metabolism
2023, 138, 155339. [CrossRef]

Li, M.; Deng, L.; Xu, G. METTL14 promotes glomerular endothelial cell injury and diabetic nephropathy via m6A modification of
o-klotho. Mol. Med. 2021, 27, 106. [CrossRef]

Marcé-Grau, A.; Marti-Sanchez, L.; Baide-Mairena, H.; Ortigoza-Escobar, J.D.; Pérez-Dueiias, B. Genetic defects of thiamine
transport and metabolism: A review of clinical phenotypes, genetics, and functional studies. . Inherit. Metab. Dis. 2019, 42,
581-597. [CrossRef]

Ortigoza-Escobar, J.D.; Molero-Luis, M.; Arias, A.; Marti-Sanchez, L.; Rodriguez-Pombo, P.; Artuch, R.; Pérez-Duenas, B.
Treatment of genetic defects of thiamine transport and metabolism. Expert Rev. Neurother. 2016, 16, 755-763. [CrossRef]

Jung, LR.; Anokye-Danso, F; Jin, S.; Ahima, R.S.; Kim, S.F. IPMK modulates hepatic glucose production and insulin signaling. J.
Cell. Physiol. 2022, 237, 3421-3432. [CrossRef]

Kwok, A.; Zvetkova, I.; Virtue, S.; Luijten, I.; Huang-Doran, I.; Tomlinson, P.; Bulger, D.A.; West, J.; Murfitt, S.; Griffin, J.; et al.
Truncation of Pik3r1 causes severe insulin resistance uncoupled from obesity and dyslipidaemia by increased energy expenditure.
Mol. Metab. 2020, 40, 101020. [CrossRef]

Karadogan, A.-H.; Arikoglu, H.; Goktiirk, F.; Iscioglu, F.; Ipekci, S.H. PIK3R1 gene polymorphisms are associated with type 2
diabetes and related features in the Turkish population. Adv. Clin. Exp. Med. 2018, 27, 921-927. [CrossRef]

Okabayashi, T.; Ichikawa, K.; Namikawa, T.; Sugimoto, T.; Kobayashi, M.; Hanazaki, K. Effect of perioperative intensive insulin
therapy for liver dysfunction after hepatic resection. World J. Surg. 2011, 35, 2773-2778. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7150/ijbs.69771
https://www.ncbi.nlm.nih.gov/pubmed/35813486
https://doi.org/10.1007/s12265-021-10108-w
https://doi.org/10.1021/acs.jproteome.8b00276
https://www.ncbi.nlm.nih.gov/pubmed/29847139
https://doi.org/10.1111/ans.17194
https://www.ncbi.nlm.nih.gov/pubmed/34514690
https://doi.org/10.1016/j.metabol.2022.155339
https://doi.org/10.1186/s10020-021-00365-5
https://doi.org/10.1002/jimd.12125
https://doi.org/10.1080/14737175.2016.1187562
https://doi.org/10.1002/jcp.30827
https://doi.org/10.1016/j.molmet.2020.101020
https://doi.org/10.17219/acem/68985
https://doi.org/10.1007/s00268-011-1299-9
https://www.ncbi.nlm.nih.gov/pubmed/21976008

	Introduction 
	Materials and Methods 
	Collection of Clinical Samples 
	Patient Characteristics 
	MeRIP-Seq and RNA-Seq 
	Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis 
	Cell Culture and Transfection 
	Quantitative Real-Time PCR (RT-qPCR) 
	Western Blot 
	m6A Dot Blot Assay 
	Statistical Analysis 

	Results 
	Distribution of Total m6A Modification Sites in People with Diabetes 
	Analysis of Differential Genes in m6A Modification Sites Before and After Intensive Insulin Therapy 
	Analysis of Differential mRNAs in People with Diabetes Before and After Intensive Insulin Therapy 
	Analysis of Intersection Genes of Differential Genes in m6A Modification Sites and Differential mRNAs 
	Analysis of m6A Alteration-Related Genes in Cutover Genes Before and After Intensive Insulin Therapy 
	METTL14 Regulates the Expression of TPK1, IPMK and PIK3R1 

	Discussion 
	Conclusions 
	References

