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A B S T R A C T

Aims: Stratifying renal damage in type 2 diabetes is challenging due to overlapping features between diabetic 
nephropathy (DN) and non-diabetic renal disease (NDRD). While miR-27b-3p modulates kidney fibrosis in DN 
through the lysine63 ubiquitination pathway, its upstream regulation and diagnostic relevance remain unclear.
Methods: In a biopsy-verified cohort of 231 chronic kidney disease (CKD) patients with and without type 2 
diabetes, we investigated whether AOPEP promoter SNPs drive alternative splicing affecting intronic miR-27b-3p 
expression. We also assessed the diagnostic utility of combining these biomarkers with clinical parameters, such 
as glycated albumin (GA), to distinguish DN from NDRD.
Results: The rs10761364 minor allele was associated with reduced urinary miR-27b-3p and AOPEP splicing that 
excluded exons hosting the miR-23b/27b/24 cluster. This pattern, observed in vivo and under hyperglycemia in 
vitro, led to elevated AOPEP protein isoforms. A model combining rs10761364, GA, and urinary miR-27b-3p 
showed high diagnostic accuracy (AUC up to 0.93) in discriminating DN from NDRD. miR-27b-3p inversely 
correlated with GA, and GA-based models outperformed those using HbA1c.
Conclusion: We identify a genotype- and glucose-dependent mechanism regulating miR-27b-3p via AOPEP 
splicing and propose a biopsy-anchored, non-invasive biomarker panel (rs10761364, GA, miR-27b-3p) to 
differentiate DN from NDRD, supporting personalized nephrology care.
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1. Introduction

Diabetic Kidney Disease (DKD) is a major complication of type 2 
diabetes and remains a leading cause of chronic kidney disease and end- 
stage renal disease. Clinically, DKD encompasses distinct histopatho
logical entities and has been traditionally categorized in: i) diabetic 
nephropathy (DN), showing Kimmelstiel-Wilson lesions, thickened 
glomerular basal membranes, and mesangial matrix proliferation; ii) 
non-diabetic renal diseases (NDRD), encompassing vascular changes 
(arterioarteriolosclerotic) and glomerulonephritides without diabetic 
glomerulosclerosis; iii) mixed forms combining features of both (DN +
NDRD) [1]. Distinguishing diabetic nephropathy (DN) from non- 
diabetic renal disease (NDRD) in patients with type 2 diabetes is crit
ical since the conditions differ in underlying mechanisms, therapeutic 
strategies, and prognosis. Yet, despite their divergent management im
plications, diagnosis still relies on invasive kidney biopsy, as over
lapping clinical features limit the accuracy of non-invasive assessment 
[2,3]. This diagnostic uncertainty underscores an unmet need for reli
able biomarkers, linked to specific molecular mechanisms, capable of 
guiding patient stratification and prognosis in routine practice.

A central challenge lies in the incomplete understanding of the mo
lecular mechanisms that drive renal fibrosis, a shared hallmark of both 
DN and NDRD. In DN, fibrosis is often linked to hyperglycemia-induced 
damage leading to both glomerulosclerosis with Kimmelstiel and Wilson 
lesions and tubulointerstitial fibrosis. In patients with NDRD instead, 
several different mechanisms, including hypertension, immune- 
mediated injury, or genetic syndromes, can activate fibrotic pathways 
through different molecular routes [4–10]. Recent studies have high
lighted the role of non-coding RNAs in these processes, particularly 
microRNA-27b-3p (miR-27b-3p) has emerged as a post-transcriptional 
regulator of lysine 63 (K63)-linked polyubiquitination, a pathway 
implicated only in DN-associated fibrosis [11–13]. Reduced urinary 
levels of miR-27b-3p have been observed in DN patients [10–14], but 
the upstream mechanisms controlling its expression and their clinical 
relevance remain poorly understood.

Since miR-27b-3p is encoded within an intron of the AOPEP (C9orf3) 
gene, we hypothesized that genetic variations in AOPEP, especially 
promoter polymorphisms, might influence alternative splicing thereby 
modulating miR-27b-3p expression, kidney fibrosis and ultimately DN 
endophenotypes.

To test this hypothesis, we conducted a multi-tiered investigation in 
a biopsy-proven cohort of 231 diabetic patients with CKD in the pres
ence or absence of type 2 diabetes. Our aims were to: 

Identify functionally relevant SNPs in the AOPEP promoter region 
and evaluate their impact on miR-27b-3p expression.
Determine whether AOPEP alternative splicing acts as a mechanistic 
link between genetic variation and miR-27b-3p regulation.
Assess whether integrating genetic, transcriptomic (miR-27b-3p), 
and clinical (glycated albumin, GA) biomarkers can improve DN 
versus NDRD discrimination. In particular, we focused on glycated 
albumin (GA), recently recognized by ADA/AACC guidelines as a 
valuable glycaemic biomarker in CKD when HbA1c is less reliable 
[15].

Through this integrated approach, our study seeks to bridge clinical 
and molecular gaps, advancing biomarker-driven approaches for non- 
invasive stratification of renal disease in type 2 diabetes.

2. Materials and methods

2.1. Study design and population

This study was conducted on a cohort of 260 subjects enrolled at the 
Policlinico Hospital in Bari, Italy. A total of 231 patients with and 
without type 2 diabetes and clinical evidence of chronic kidney disease 

(CKD) (GFR < 60 ml/min or ACR higher than 30 mg/g) underwent 
diagnostic renal biopsy for histological classification. Control groups 
included patients with type 2 diabetes and preserved renal function (n =
14) and healthy subjects (n = 15). Exclusion criteria were the following: 
evidence of acute and chronic inflammatory diseases; ongoing viral or 
bacterial infectious diseases; decompensated chronic liver disease; 
pregnancy or puerperium. All participants provided informed consent, 
and the study was approved by the Independent Ethics Committee of 
Bari (Prot. N.4104/2013).

2.2. Renal histopathology

Renal damage in diabetes, referred to as DKD, was classified ac
cording to Mazzucco et al. [1] from two independent renal pathologists 
as: 

i) DN with or without nephroangiosclerosis lesions (n = 58);
ii) NDRD (n = 95), mainly represented by nephroangiosclerosis le

sions and including patients with membranous nephropathy 
(MN), IgA nephropathy (IgAN) and focal segmental glomerulo
sclerosis (FSGS);

iii) Mixed DN + NDRD (n = 17) including patients with MN, IgAN, 
FSGS superimposed on true DN;

iv) Non-diabetic CKD patients (n = 61) with renal impairment 
without diabetes, such as patients with MN, IgA and FSGS.

The main demographic and clinical characteristics of subjects 
enrolled in the study are summarised in Table 1.

2.3. SNP selection and genotyping

Using the UCSC Genome Browser (GRCh37/hg19) and GeneHancer 
database, common HapMap SNPs in the AOPEP promoter (chr9: 
97764552–97773351) were identified and filtered by MAF > 10 % in 
CEU populations. SNPs rs10761364, rs4744422, and rs3802456 were 
genotyped from peripheral blood using TaqMan® assays (ThermoFisher 
Scientific) and confirmed by Sanger sequencing (Applied Biosystems). 
Sanger sequencing raw data are available in the open data publishing 
platform Dryad (https://doi.org/10.5061/dryad.6t1g1jx8p). Linkage 
disequilibrium (LD) and FORGEdB scores [16] were calculated using 
LDmatrix Tool (https://ldlink.nih.gov/?tab=ldmatrix).

2.4. RNA isolation and miRNA quantification

Urinary miRNA was isolated from cell-free urinary samples using the 
miRNeasy Serum/Plasma kit (Qiagen). Exogenous cel-miR-39 spike-in 
(Qiagen, Milan, Italy) diluted in Qiazol was added in equal amounts to 
all samples to monitor for the efficiency of RNA extraction. Expression of 
miR-27b-3p was quantified using miRCURY® LNA SYBR® Green PCR 
Kit (Qiagen) along with the pre-designed miRCURY LNA miR-27b-3p 
PCR Assay (Qiagen, Cat. No. / ID: 339306; GeneGlobe ID −

YP00205915). Amplification was performed using the LightCycler® 96 
Real-Time PCR System (Roche Diagnostics, Indianapolis, IN, USA).

2.5. AOPEP transcript and protein analysis

Total RNA, including small RNAs, was extracted from HK2 cells and 
PBMCs by the miRNeasy mini kit (Qiagen), according to the manufac
turer instructions. Specific AOPEP isoforms were quantified by qPCR 
with primers targeting exons 1–2, 3–4, and 14–15 retrieved from the 
literature [17].

Immunoblotting and immunohistochemistry (IHC) were performed 
using AOPEP-specific antibodies on HK2 lysates and biopsy tissues. 
Briefly, HK2 Cells were lysed in RIPA buffer and 20 μg of proteins from 
each lysate were separated by SDS/PAGE (Bio-Rad) and then were 
electro-transferred onto 0.2 mm PVDF membrane. The filter was 
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incubated with the anti-AOPEP antibody (Merck) and with anti-βactin 
antibody (Merck). The ECL enhanced chemiluminescence system was 
used for detection (GE Healthcare Life Sciences).

Immunohistochemistry against AOPEP was performed on 4 μm-thick 
paraffin-embedded human kidney biopsies. The antibody used in the 
IHC analysis against AOPEP (Sigma-Aldrich) is a rabbit polyclonal 
antibody with affinity for the N-terminal region of the protein target. 
Images were acquired using the Aperio ScanScope CS2 device (Aperio 
Technologies) and signals were analysed with ImageScope 
V12.1.0.5029 (Aperio Technologies). AOPEP staining was quantified 
using the Aperio Positive Pixel Count Algorithm tuned by the renal 
pathologist. Peri-vascular regions, the Bowman’s capsule, and the limits 
of each biopsy section were excluded from the analysis. AOPEP staining 
was calculated as the ratio of the total number of positives (NP) on the 
area analysed (NP/Area).

Sirius Red/Fast Green staining was used to evaluate fibrosis. Digi
talized imaging were quantified using a customised algorithm specif
ically generated by the renal pathologist (Image Analysis algorithm, 
Aperio).

2.6. In vitro hyperglycemia assays

HK2 cells are derived from a normal, human adult male kidney and 
were obtained from the American Type Culture Collection (Rockville). 
HK2 cells were cultured under normoglycemic (5.5 mM) and hyper
glycemic (30 mM) conditions for up to 48 h in DMEM medium (Sigma- 
Aldrich). Splicing dynamics of AOPEP and miR-27b-3p levels were also 
monitored post-treatment by western blotting and real time PCR 
respectively.

2.7. Biochemical measurements

Glycated haemoglobin (HbA1c) was measured through high perfor
mance liquid chromatography (HPLC) using the single-cartridge Variant 
II assay (Bio-Rad). Glycated albumin (GA) was measured enzymatically 
(QuantILab Glycated Albumin assay, Instrumentation Laboratory SpA −
A Werfen® Company) [18,19] and expressed as a percentage of total 
albumin.

2.8. Single-cell RNA-seq analysis

To examine AOPEP expression in specific nephron segments, pub
licly available scRNA-seq data from the Kidney Precision Medicine 
Project (KPMP) was first processed using SoupX (v1.5.0) [20] to correct 
the ambient mRNA expression and analysed by Seurat R package 

(version 4) for data processing [21]. In each dataset, we filtered cells out 
using cutoff of > 500 and < 5000 genes per cell, cell read counts were 
normalized and scaled; principal component analysis was performed 
using variable features. Reciprocal principal component analysis 
(‘RPCA’) method was used to integrate and generate a combined single 
cell dataset. The combined dataset was further processed which includes 
dimensionality reduction (Principal Component Analysis and Uniform 
Manifold Approximation and Projection), k.param nearest neighbors 
computation and unsupervised clustering.

2.9. Statistical analysis

Associations between genotypes and phenotype were assessed via 
chi-square, ANOVA, or Kruskal-Wallis tests as appropriate. Multivariate 
logistic regression with ROC analysis was used to assess diagnostic ac
curacy (AUC) of biomarkers for DN vs. NDRD classification. Analyses 
were conducted using R 4.2.2.

3. Results

3.1. Identification of AOPEP promoter SNPs and genotype distribution

To investigate if genetic variations in the promoter region of AOPEP 
could affect miR-27b-3p expression, we initially performed an in silico 
analysis. Using the UCSC Genome Browser, we identified nine HapMap 
SNPs within the AOPEP gene locus (Fig. 1A). Further refinement 
focusing on a 3566-nucleotide region of the promoter, and filtering for 
SNPs with a Minor Allele Frequency (MAF) > 10 % in the CEU popu
lation, yielded four candidate SNPs: rs4744422, rs4744423, rs3802456, 
and rs10761364. rs4744423 was excluded from further experimental 
investigation due to its proximity (155 nucleotides) to rs4744422 
(Fig. 1B; Supplementary Table 1). The remaining three SNPs 
(rs3802456, rs4744422, and rs10761364) were predicted to be func
tionally relevant based on a FORGEdb score of 7 and exhibited strong 
linkage disequilibrium (LD; R2 values ranging from 0.869 to 1). Across 
all analyzed SNPs, the minor allele was generally observed at its highest 
frequency in patients with DN lesions compared to those with NDRD, 
CKD, or CTRLs. While overall genotype frequencies did not show sta
tistically significant differences across all patient classes for each SNP 
(potentially due to sample sizes within subgroups), a trend was observed 
for rs3802456 across all patient classes (p = 0.049, Fig. 1C) and for 
rs10761364 genotype frequencies when comparing DN versus NDRD (p 
= 0.06) and DN versus CTRLs (p = 0.07).

Table 1 
Main demographic and clinical characteristics of the 260 subjects enrolled in the study.

CKD (61) CTRL (29) DKD (170)
Characteristic CKD HS T2D DN DNþ

NDRD
NDRD p-value2

N = 611 N = 151 N = 141 N = 581 N = 171 N = 951

Sex (m/f) 52/9 7/8 9/5 44/14 14/3 73/22 0.053

Age (years) 58 (10) 56 (10) 59 (12) 63 (10) 65 (10) 64 (9) 0.4
Diabetes duration (years) − − 13.04 (10.59) 15.28 (10.83) 13.13 (10.12) 10.44 (8.19) 0.049
Basal glycemia (mg/dl) 86.50 (12.02) − 150.38 (63.63) 120.19 (39.06) 129.47 (38.72) 113.91 (43.56) 0.010
HbA1c (mmol/mol) 41.00 (10.12) − 55.23 (17.01) 51.64 (13.48) 58.62 (13.78) 47.27 (11.33) 0.017
sCr (mg/dl) 1.10 (0.26) − 0.73 (0.19) 2.24 (1.36) 2.56 (1.71) 1.83 (1.62) <0.001
Blood Urea Nitrogen (mg/dl) 45.00 (7.00) − 41.64 (10.32) 91.85 (46.72) 97.06 (52.18) 68.69 (44.88) <0.001
Albumin (g/dl) 2.80 (0.14) − − 3.34 (0.50) 3.58 (0.46) 3.49 (0.67) 0.047
Glycated albumin (%) 8.55 (4.17) 12.50 (1.27) 17.51 (5.07) 16.73 (4.42) 14.51 (3.43) 14.79 (3.73) 0.018
eGFR (ml/min) 71.50 (26.16) − − 41.94 (26.64) 36.76 (24.95) 55.66 (30.78) 0.010
Systolic BP (mmHg) 140.00 (0.00) − 125.00 (16.64) 141.33 (22.60) 148.40 (23.18) 136.86 (18.46) 0.023
Diastolic BP (mmHg) 75.00 (7.07) − 76.07 (9.84) 75.80 (11.26) 78.80 (13.88) 78.68 (11.49) 0.7
Proteinuria (mg/die) 6,247.50 (4,882.57) − − 2,641.23 (2,375.28) 3,664.41 (3,707.34) 2,223.90 (3,367.35) 0.002
1Mean (SD), 2Kruskal-Wallis rank sum test, 3Fisher’s Exact Test for Count DataCKD: Chronic Kidney Disease; CTRL: Controls; DKD: Diabetic Kidney Disease; HS: Healthy Subjects; T2D: 

Type 2 Diabetes; DN: Diabetic Nephropathy; NDRD: Non-diabetic Renal Disease.

F. Conserva et al.                                                                                                                                                                                                                               Diabetes Research and Clinical Practice 229 (2025) 112460 

3 



3.2. Urinary miR-27b-3p levels are reduced in DN and associated with 
AOPEP genotype

Urinary miR-27b-3p levels were significantly lower in DN compared 
to NDRD and control groups (p < 0.01; Fig. 2A). Across all three SNPs, 
individuals homozygous for the minor allele had the lowest miR-27b-3p 
levels (e.g., for rs10761364 TT vs CC p < 0.00016; rs3802456 TT vs CC 
p < 0.00019; rs4744422 GG vs CC p < 0.000179, Fig. 2B-D), implicating 
AOPEP genotype as a key determinant of miRNA expression.

3.3. Association of SNP genotypes with clinical parameters

The rs10761364 and rs3802456 SNPs genotypes were significantly 
associated with differences in systolic blood pressure (p = 0.046 and p =
0.045, respectively), tubular fibrosis (p = 0.01 and p = 0.02, respec
tively), glomerular fibrosis (both p = 0.04), and proteinuria (p = 0.03 
and p = 0.026, respectively). These findings support the functional 
relevance of the AOPEP locus in modulating renal injury severity.

3.4. Glycated albumin outperforms HbA1c and correlates with fibrosis 
and miR-27b-3p

GA levels were significantly higher in DN compared to NDRD 
(Kruskal-Wallis p = 0.009; Fig. 3A). GA levels demonstrated statistically 
significant positive correlations with diabetes duration (R = 0.251, p =
5.24e-03, Fig. 3B), glycemia (R = 0.375, p = 8.63e-06, Fig. 3C), and the 
extent of tubular fibrosis (Sirius Red staining, R = 0.365, p = 0.00415, 
Fig. 3D). Conversely, GA was negatively correlated with eGFR (R =
-0.251, p = 5.06e-03, Fig. 3E). Notably, we observed an inverse corre
lation between GA levels and urinary miR-27b-3p levels (R = -0.253, p 
= 0.053, Fig. 3F). HbA1c levels also varied across histological classes 
(Kruskal-Wallis p = 1.8e-02, Fig. 3G) and showed a strong positive 
correlation with GA levels (R = 0.608, p = 1.19e-12, Fig. 3H). HbA1c 

showed a similar inverse correlation with miR-27b-3p (R = − 0.29, p =
0.03; Fig. 3I).

3.5. Multivariate models identify predictive biomarker combinations

A logistic regression model combining urinary miR-27b-3p with the 
rs10761364 genotype (minor allele as risk) yielded an AUC of 0.867 (95 
% CI: 0.7983–0.9463), with 82 % specificity and 79 % sensitivity in 
distinguishing DN from NDRD (Table 2, Fig. 3J).

A model combining GA and urinary miR-27b-3p further improved 
performance (AUC = 0.932; Fig. 3K; Table 3a), significantly out
performing the HbA1c-based model (AUC = 0.774; Fig. 3L; Table 3b).

In addition, we estimated post‑test probabilities across different DN 
prevalences for each two‑marker model. Using the study’s biopsy 
prevalence of 44.1 %, the miR‑27b‑3p + rs10761364 model (Se = 0.79, 
Sp = 0.82) gave PPV = 77.6 % / NPV = 83.2 %, while GA + miR‑27b‑3p 
(AUC = 0.932; Youden‑optimal Se = 0.86, Sp = 0.88) gave PPV = 85.0 
%/NPV = 88.8 %. As context, the HbA1c + miR‑27b‑3p model (AUC =
0.774) yielded PPV ≈ 67.6 % and NPV ≈ 77.8 % when evaluated at the 
Youden‑optimal operating point on its ROC (Se ≈ 0.74, Sp ≈ 0.72) 
(Supplementary Table II). These data reinforce the superior translational 
performance of the GA‑based combination relative to HbA1c‑based 
pairing, consistent with the main AUC comparisons.

3.6. AOPEP alternative splicing driven by SNP and glucose exposure

AOPEP protein expression was markedly increased in glomerular 
(DN vs CTRL, p = 0.02), tubular (DN vs CTRL, p = 0.01; DN vs NDRD, p 
= 0.004), and vascular compartments (DN vs CTRL, p = 0.02) of DN 
patients compared to NDRD patients or control kidneys (Fig. 4 A-L). 
Despite increased AOPEP protein levels, expression of different AOPEP 
exonic regions in PBMCs from DKD patients stratified by their 
rs10761364 genotype, demonstrated a marked reduction in the 

Fig. 1. A: UCSC Genome browser showing the genomic position of the 9 identified hapmap SNPs in the promoter region of AOPEP (C9orf3) gene. B: Workflow of the 
final selection of the 3 HapMap SNPs (rs4744422, rs3802456, rs10761364) within the promoter region of AOPEP (C9orf3) investigated in the present study. C-E: 
different distribution of genotype frequency of the SNP rs3802456 (C), rs4744422 (D) and SNP rs10761364 among control subjects (CTRL) and different classes of 
renal damage in diabetic patients (DN: diabetic nephropathy; NDRD: non-diabetic renal disease) and non-diabetic (CKD: chronic kidney disease) patients.
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expression of the transcript segment containing exons 14–15 (which 
hosts miR-27b-3p) in rs10761364 TT carriers (p < 0.01; Fig. 4M). In 
contrast, individuals with CC or CT genotypes showed comparable 
expression levels across these exonic regions.

Furthermore, in vitro experiments using HK2 human kidney tubular 
cells (rs10761364 GG genotype) demonstrated that exposure to hyper
glycemic conditions led to a marked downregulation of the AOPEP 
transcript containing exons 14–15 (Fig. 4N), while transcripts for exons 
1–2 and 3–4 remained relatively unchanged. Consistent with this, high 
glucose stimulation of HK2 cells resulted in an overall increase in AOPEP 
protein expression, particularly of isoforms smaller than 50 kDa, 
potentially representing products of alternative splicing (Fig. 4O).

These results support a glucose- and genotype-driven splicing 
mechanism of AOPEP gene.

3.7. AOPEP expression in kidney cell types

Publicly available scRNA-seq data from the Kidney Precision Medi
cine Project (KPMP) confirmed AOPEP expression enrichment in kidney 

tissue from DKD patients compared to healthy controls, with increased 
expression in proximal tubule and TAL segments in DKD, consistent with 
tissue compartment findings in IHC analysis (Fig. 5 A-B).

4. Discussion

Accurate stratification of renal damage in type 2 diabetic patients 
remains a cornerstone of personalized nephrology but continues to be 
challenged by the overlap of DN and NDRD phenotypes. Renal biopsy 
remains the gold standard, but its invasiveness and associated risks 
necessitate the development of robust, non-invasive biomarkers [22]. In 
this study, we present a novel, biopsy-anchored framework for renal 
damage classification in diabetes, integrating AOPEP promoter SNP 
rs10761364, urinary miR-27b-3p expression, and GA as a composite 
signature. This multi-marker approach achieved high discriminative 
performance in distinguishing DN from NDRD and offers translational 
promise.

Mechanistically, our findings reveal a regulatory mechanism where 
rs10761364, a SNP in the AOPEP promoter region, modulates 

Fig. 2. A: miR-27b-3p urinary expression levels in patients with diabetic nephropathy (DN, n = 26), non-diabetic renal disease (NDRD, n = 29) or patients without 
renal damage (CTRLs, n = 8). Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 
times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots. B: distribution of miR-27b-3p levels across genotypes of the SNPs 
rs3802456. C: distribution of miR-27b-3p levels across genotypes of the rs4744422. D: distribution of miR-27b-3p levels across genotypes of the rs10761364. E: ROC 
curve describing the sensitivity and specificity of miRNA 27b-3p urinary expression levels and SNP rs10761364 to discriminate DN vs NDRD.
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Fig. 3. A: Glycated albumin distribution in DN, DN + NDRD, NDRD and T2D. B-F: Correlation analysis between glycated albumin and: diabetes duration (B), 
glycemia (C), renal fibrosis evaluated through Sirius Red staining (D), eGFR (E) and miR-27b-3p urinary expression (F). G: Glycated haemoglobin distribution in DN, 
DN + NDRD, NDRD and T2D. H-I: Correlation analysis between glycated haemoglobin and: glycated albumin (H), and urinary miR-27b-3p expression (I). J: ROC 
curve describing the sensitivity and specificity of rs10761374 and miR-27b-3p. K: ROC curve describing the sensitivity and specificity of glycated albumin and miR- 
27b-3p to discriminate DN vs NDRD. L: ROC curve describing the sensitivity and specificity of glycated haemoglobin and miR-27b-3p to discriminate DN vs NDRD. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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alternative splicing of AOPEP transcripts. Notably, the presence of the 
TT genotype was associated with reduced transcription of exons 
harboring the miR-23b/27b/24 cluster, suggesting a mechanism of 
miRNA silencing through exon exclusion. This is consistent with 
rs10761364′s annotation as an sQTL in GTEx project data [23] and 
aligns with previous large-scale miRNA-eQTL mapping by Sonehara 
et al., who identified rs10761364 as a significant modulator of miR-27b- 
3p expression in PBMCs [24]. Importantly, these effects were repro
duced under hyperglycemic conditions in vitro, indicating that the SNP- 
mediated splicing mechanism operates synergistically with metabolic 
stress.

The host gene AOPEP, also known as C9orf3, encodes aminopepti
dase O, previously implicated in angiotensin processing and diabetes- 
related hypertension [25] and our observation of associations between 
rs10761364/rs3802456 genotypes and systolic blood pressure, as well 
as external database support for associations with T2D, blood pressure, 
and serum creatinine from resources like the T2D Knowledge Portal 
[26], further underscores the potential clinical relevance of genetic 
variation in this locus. The intronic location of the miR-27b cluster 
within AOPEP implies that splicing decisions directly impact miRNA 
maturation. Hyperglycemia also downregulates the exon 14–15-con
taining transcript in HK2 cells, highlighting a convergence between 
genetic and metabolic stress in modulating AOPEP splicing. The 
observed downregulation of miR-27b-3p in DN patients thus reflects a 
convergence of genetic and environmental pressures, highlighting the 
underexplored influence of alternative splicing in the regulation of non- 
coding RNAs [27,28].

The role of epigenetic regulation and of non-coding RNAs such as 
long ncRNAs, small interfering RNAs, or miRNAs in kidney diseases and 
diabetic kidney disease is increasing over time.

Epigenetic regulation has emerged as a key contributor to the pro
gression of kidney disease in diabetic patients. Beyond genetic predis
position, DNA methylation, histone modifications, and non-coding 
RNAs alter gene expression in response to hyperglycaemia [29,30]. 
Hypomethylation at promoters such as EDN1 and hyperacetylation of 
histones at inflammatory loci like NF-κB enhance pro-inflammatory and 
profibrotic signalling [31]. Importantly, such alterations contribute to 
the phenomenon of metabolic memory, where persistent epigenetic 
changes sustain pathogenic gene expression despite normoglycemia 
[32,33]. In addition, several miRNAs (e.g., miR-21, miR-29, miR-200, 
miR-192) can act as pro-fibrotic drivers thus amplifying fibrotic and 
inflammatory pathways modulating the TGFβ signaling pathway, 
collagen expression, PTEN-dependent pathways or other pathways such 

as TIMP3 or MMP2 [34,35].
Among these miRNAs, miR-27b-3p has previously been identified as 

a suppressor of lysine 63-linked polyubiquitination, a pathway critical to 
profibrotic signalling in renal epithelial cells [11]. Loss of this miRNA 
has been associated with tubular injury and interstitial fibrosis in DN, as 
demonstrated in both human and animal models [12,13]. In our cohort, 
miR-27b-3p levels were inversely correlated with histological fibrosis 
scores, reinforcing its relevance as a non-invasive marker of fibrotic 
burden [14]. The mechanistic link to AOPEP splicing provides new in
sights into its regulation. Additionally, miR-27b-3p is part of a highly 
conserved triad (miR-23b/27b/24–1) implicated in epithelial integrity, 
oxidative stress, and inflammation [36–38]. The broader implications of 
altered cluster expression go beyond fibrosis and may influence tubular 
cell survival and repair mechanisms. It is plausible that SNP-driven 
dysregulation of this cluster contributes to a global shift toward a pro- 
fibrotic, pro-inflammatory microenvironment in diabetic kidneys [39].

Beyond mechanistic novelty, our multivariate logistic models un
derscore the clinical utility of combining genotype (rs10761364), uri
nary miR-27b-3p, and GA, a clinically validated marker of glycemic 
control reflecting glycemic variability in diabetic complications [40,41]. 
The pairing of urinary miR-27b-3p with either rs10761364 genotype or 
GA yielded AUCs up to 0.93 for DN vs. NDRD classification. These results 
outperform HbA1c-based models (AUC = 0.77), consistent with evi
dence that GA is a superior glycaemic index in CKD due to reduced red 
cell turnover and less susceptibility to renal anaemia [42]. Serum GA 
reflects the average glucose concentration over 2–3 weeks [43], 
emerged as a potentially superior marker in diabetic patients with all 
CKD stages [44]. GA is also an early precursor of advanced glycation end 
products (AGEs), molecules that play an important role in the induction 
of deleterious down-stream signals in various cell types and can also 
promote several processes involved in DN such as ROS generation, 
inflammation and fibrosis [45].

Importantly, this multi-marker model offers a practical roadmap for 
risk stratification. It could be deployed as a pre-biopsy triage tool, 
helping nephrologists prioritize patients with ambiguous presentations. 
For example, patients with preserved eGFR but elevated proteinuria and 
diagnostic uncertainty could benefit from an algorithm incorporating 
genotype and urinary miRNA. In high-risk or elderly patients, it could 
help avoid biopsy altogether. Integration into clinical decision support 
tools is feasible through laboratory automation of GA and TaqMan- 
based miRNA quantification [46]. This study also opens the door to 
combining miR-27b-3p with other emerging biomarkers such as NGAL, 
KIM-1, or miR-21, creating multiplex panels tailored to DKD sub- 
phenotypes. While some markers, like miR-21, broadly indicate 
fibrosis or tubular stress, miR-27b-3p may add a layer of specificity 
linked to genetic susceptibility and AOPEP-related pathways [47,48].

Single-cell RNA-seq data from the Kidney Precision Medicine Project 
(KPMP) [49] demonstrated AOPEP expression enrichment in proximal 
tubules and thick ascending limbs, nephron segments commonly 
affected in DN. Immunohistochemistry in biopsy samples confirmed 
these expression patterns. Interestingly, total AOPEP protein levels were 
elevated in DN tissues, while transcript variants including exons 14–15 
were suppressed, especially in TT homozygotes. This indicates a 
decoupling between transcription and translation that may reflect 
compensatory or isoform-specific responses to injury. Such complexity 
highlights the importance of isoform-resolved analyses in transcriptomic 
profiling.

Our findings support a model in which upregulation of non-miRNA- 
hosting isoforms compensates for transcript loss through alternative 
splicing. Future studies may explore whether specific isoforms of AOPEP 
possess catalytic or regulatory properties that influence fibrosis, 
inflammation, or renin-angiotensin axis dynamics.

Key strengths of this study include the use of a renal bio
psy–validated cohort [50], rigorous histological classification, and 
integration of multi-omics datasets (genomic, transcriptomic, proteo
mic, and clinical). The use of external datasets, such as GTEx and KPMP, 

Table 2 
Logistic regression model to discriminate diabetic nephropathy (DN) vs non 
diabetic renal disease (NDRD).

Characteristic OR1 95 % CI1 p-value*

rs10761364 (2) 1.24 1.14, 1.67 0.01
miR-27b-3p 0.83 0.72, 0.97 0.03
1OR = Odds Ratio, CI = Confidence Interval, Bootstrap based on 1000 samples, 2 =

minor allele

Table 3 
Logistic regression model to discriminate diabetic nephropathy (DN) vs non 
diabetic renal disease (NDRD) based on a) GA (glycated albumin) and miR-27b- 
3p levels or b) HbA1C (glycated hemoglobin) and miR-27b-3p levels.

Characteristic OR1 95 % CI1 p-value

a)
Glycated Albumin 1.08 1.02, 1.12 0.03
miR-27b-3p 0.83 0.73, 0.98 0.03
b)
HbA1c 1.02 0.98, 1.09 0.06
miR-27b-3p 0.82 0.70, 0.97 0.03
1OR = Odds Ratio, CI = Confidence Interval
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Fig. 4. A-L: AOPEP (C9orf3) protein expression levels in the glomerular (A, D, G, J), tubular (B, E, H, K) and vascular (C, F, I, L) compartments of patients with DN 
(A-C), NDRD (D-F) and controls (G-I). M–N: Expression levels of AOPEP (C9orf3) exons 1 to 2, 3 to 4 and 14 to 15 in: HK2 tubular cells under hyperglycaemic 
conditions for 3, 18 or 24 h (M); PBMC from diabetic patients with CKD and different allelic forms of the SNP rs10761364. O: Expression levels of AOPEP (C9orf3) 
protein isoforms in HK2 cells under hyperglycaemic conditions. *p < 0.05.
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further validates the biological relevance of our findings. Additionally, 
the replication of splicing effects in vitro under hyperglycemic condi
tions lends mechanistic support and open the way to the possibility of 
novel class of drugs–splicing-modifying therapeutics in CKD and type 2 
diabetes [51].

Nonetheless, limitations exist. The cohort was derived from a single 
center and may not capture global population heterogeneity. Although 
in vitro validation was performed, functional characterization of distinct 
AOPEP isoforms and their role in kidney injury was beyond the study’s 
scope. It would be interesting in the future, to explore synergy with other 

Fig. 5. AOPEP (C9orf3) kidney single cell expression by the Kidney Precision Medicine Project (KPMP- https://atlas.kpmp.org/), in healthy subjects and DKD 
patients. A: UMAP embedding of the single cell profiles from the DKD and healthy control samples showing the expression of AOPEP mapped to the nephron 
segments. Purple color indicates cells expressing AOPEP. B: Single cell RNAseq expression of AOPEP in both healthy controls and DKD samples. Dot sizes indicate the 
percentage of cells in which AOPEP expression was detected (larger dots indicate higher levels of AOPEP detected). Dot color indicates the average expression of 
AOPEP in the cell type. Abbreviations.ATL-ascending thin loop of Henle, CNT-connecting tubule, DCT-distal convoluted tubule, DTL-descending loop of Henle, EC- 
endothelial cell, FIB-fibroblast, IC-intercalated cell, MC-mesangial cell, PC- principal cell, PEC-parietal epithelial cell, POD-podocyte, PT-proximal tubular epithelial 
cell, TAL-thick ascending loop of Henle, VSMC-vascular smooth muscle cell. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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non-coding RNAs, including long non-coding RNAs (lncRNAs) that may 
act upstream or downstream of miR-27b-3p [52,53].

The lack of prospective validation limits immediate clinical trans
lation. Moreover, while urinary miRNAs are stable and reproducible, 
pre-analytical variables such as storage, normalization methods, and 
sequencing depth require harmonization for clinical adoption. Thus, 
future investigations should aim to validate this biomarker panel in 
multicenter, multi-ethnic cohorts with longitudinal follow-up and assess 
the predictive utility of the panel for DKD progression and response to 
interventions (e.g., SGLT2 inhibitors, GLP-1 receptor agonists).

In conclusion, we identified a novel regulatory axis in diabetic ne
phropathy patients involving AOPEP SNP rs10761364 and glucose- 
driven alternative splicing that suppresses miR-27b-3p expression. 
This mechanism is associated with histologic fibrosis, systolic blood 
pressure and proteinuria and can be captured through a non-invasive 
biomarker panel incorporating urinary miRNA, genotype, and GA. 
Anchored in biopsy-confirmed diagnosis, our study bridges mechanistic 
insight and translational relevance, offering a step toward precision 
medicine in nephrology. This strategy not only improves diagnostic 
accuracy but paves the way for genotype-informed biomarker deploy
ment that could refine DKD management across heterogeneous clinical 
settings.
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