
Vol.:(0123456789)

Pediatric Nephrology 
https://doi.org/10.1007/s00467-024-06381-x

ORIGINAL ARTICLE

Copy number variation analysis identifies MIR9‑3 and MIR1299 
as novel miRNA candidate genes for CAKUT

Ivan Zivotic1 · Ivana Kolic1 · Mirjana Cvetkovic2,3 · Brankica Spasojevic‑Dimitrijeva2,3 · Maja Zivkovic1 · 
Aleksandra Stankovic1 · Ivan Jovanovic1 

Received: 13 October 2023 / Revised: 5 April 2024 / Accepted: 5 April 2024 
© The Author(s), under exclusive licence to International Pediatric Nephrology Association 2024

Abstract
Background Congenital anomalies of the kidney and urinary tract (CAKUT) represent a frequent cause of pediatric kidney 
failure. CNVs, as a major class of genomic variations, can also affect miRNA regions. Common CNV corresponding miRNAs 
(cCNV-miRNAs) are functional variants regulating crucial processes which could affect urinary system development. Thus, 
we hypothesize that cCNV-miRNAs are associated with CAKUT occurrence and its expressivity.
Methods The extraction and filtering of common CNVs, identified in control samples deposited in publicly available data-
bases gnomAD v2.1 and dbVar, were coupled with mapping of miRNA sequences using UCSC Genome Browser. After 
verification of the mapped miRNAs using referent miRBase V22.1, prioritization of cCNV-miRNA candidates has been 
performed using bioinformatic annotation and literature research. Genotyping of miRNA gene copy numbers for MIR9-3, 
MIR511, and MIR1299, was conducted on 221 CAKUT patients and 192 controls using TaqMan™ technology.
Results We observed significantly different MIR9-3 and MIR1299 gene copy number distribution between CAKUT patients 
and controls (Chi-square, P = 0.006 and P = 0.0002, respectively), while difference of MIR511 copy number distribution 
showed nominal significance (Chi-square, P = 0.027). The counts of less and more than two of MIR1299 copy numbers were 
more frequent within CAKUT patients compared to controls (P = 0.01 and P = 0.008, respectively) and also in cohort of 
patients with anomalies of the urinary tract compared to controls (P = 0.016 and P = 0.003, respectively).
Conclusions Copy number variations of miRNA genes represent a novel avenue in clarification of the inheritance complex-
ity in CAKUT and provide potential evidence about the association of common genetic variation with CAKUT phenotypes.
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Introduction

Congenital anomalies of the kidney and urinary tract 
(CAKUT) encompass a spectrum of structural and func-
tional abnormalities occurring in approximately 1:500 live-
born children [1]. In addition to its high incidence, CAKUT 
is the most frequent cause of pediatric kidney failure [2]. 

While the exact etiology of CAKUT remains incompletely 
understood, point mutations and rare copy number variants 
(rCNVs) currently explain 20 to 25% of CAKUT cases [3, 
4] underscoring the substantial role of genetic factors. Addi-
tionally, a significant enrichment of microRNA (miRNA) 
genes in rCNVs associated with CAKUT was observed [5]. 
Common CNVs (cCNVs), as a major class of genomic varia-
tions, are also found to harbor miRNA genes [6]. The regula-
tory role of miRNAs located in cCNV regions is enriched in 
processes involved in transduction of external signals, lead-
ing to a range of cellular responses such as growth, differen-
tiation, inflammation, and apoptosis [7]. All the mentioned 
processes are highly involved in CAKUT development as 
well [8–10]. Changes in miRNA dosage affecting develop-
ment of mammalian cells and mice have been documented 
[11, 12]. Recently, the potential functional role of CNV-
mediated variation of miRNA dosage proposed miRNAs 
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as candidate variants in a genotype-phenotype association 
study [6]. However, the association of copy number variation 
of miRNA genes with CAKUT is still unknown.

Based on the aforementioned facts, we hypothesize that 
miRNA gene copy number variation is associated with 
CAKUT occurrence and its expressivity. We aimed to con-
duct a pipeline which employs the extraction of reliable 
cCNVs from multiple databases and mapping of miRNA 
sequences onto these regions, to identify miRNA genes with 
copy number variation (Fig. 1). Subsequently, both litera-
ture and bioinformatic sources have been used to prioritize 
cCNV-miRNAs for the miRNA gene copy number associa-
tion study regarding CAKUT phenotypes. In such a manner, 
we have made a valuable contribution by identifying the 
associations of miRNA gene copy number variation with 
CAKUT occurrence and phenotypic variability for the first 
time.

Material and methods

Patients and controls

The genetic association study included a total number of 221 
CAKUT patients (144 males/77 females) and 192 controls 
(72 males/120 females). Count and frequency of different 
primary phenotypes are presented in Table 1. Diagnosis was 
based on ultrasonography before and after birth, and con-
firmed by intravenous urography, radioisotope renography 
(99mTcDTPA), and MRI. Reflux was diagnosed on voiding 
cystourethrography (VCUG). The primary nature of obstruc-
tive megaureter (OMU) and primary vesicoureteral reflux 
(VUR) was confirmed through the exclusion of secondary 
causes, such as neurogenic and non-neurogenic voiding 

dysfunction, or bladder outlet obstruction. The patients par-
ticipating in the study were admitted to the University Chil-
dren’s Hospital, Department of Nephrology, Belgrade, Serbia.

Due to the phenotypic diversity of CAKUT phenotypes, 
the patients were stratified into groups as follows:

• Patients with congenital anomalies of the urinary tract 
(VUR, ureteropelvic junction obstruction (UPJO), 

Fig. 1  The pipeline for identi-
fication of cCNV-miRNAs and 
prioritization of candidate miR-
NAs for the association study

Table 1  Primary phenotypes of CAKUT cases

Data are presented as count (frequencies, %)
CAKUT, congenital anomalies of the kidney and urinary tract
* Patients with diagnosis of CAKUT whose definitive phenotype is to 
be obtained through medical follow-up

Males, n (%) 144 (65.2)

Females, n (%) 77 (34.8)

CAKUT phenotypes
Vesicoureteral reflux (VUR), congenital (%) 68 (30.8)
Ureteropelvic junction obstruction (UPJO) 

(%)
56 (25.3)

Obstructed megaureter (OMU) (%) 28 (12.7)
Megaureter (MU) (%) 7 (3.2)
Posterior urethral valves (PUV) (%) 4 (1.8)
Ureterovesical junction obstruction (UVJO) 

(%)
1 (0.5)

Renal agenesis (RA) (%) 14 (6.3)
Multicystic dysplastic kidney (MCDK) (%) 2 (0.9)
Ectopic kidney (%) 6 (2.7)
Renal hypoplasia, unilateral (%) 2 (0.9)
Hydronephrosis congenital (%) 10 (4.5)
Renal dysplasia, unilateral (%) 2 (0.9)
CAKUT* (%) 21 (9.4)
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OMU, megaureter (MU), posterior urethral valves 
(PUV), and ureterovesical junction obstruction 
(UVJO))

• Patients with obstructive anomalies of the urinary tract 
(UPJO, OMU, PUV, and UVJO)

• Patients with congenital anomalies of the kidney (renal 
agenesis (RA), renal hypoplasia, renal dysplasia, con-
genital hydronephrosis, multicystic dysplastic kidney 
(MCDK), and ectopic kidney)

U n r e l a t e d  a d u l t  p a r t i c i p a n t s  ( m e a n 
age ± SD = 37.1 ± 8.9) undergoing annual medical check-
up at the Occupational Medical Center, Vinča Institute 
of Nuclear Sciences, National Institute of the Republic 
of Serbia, University of Belgrade, without any congenital 
anomaly, kidney failure, chronic inflammatory disease, or 
diabetes mellitus were recruited as controls.

All participants in this study were unrelated Caucasians 
of Serbian origin. The Ethical University Research Com-
mittee approved the study. Blood for isolation of genomic 
DNA was obtained at the time of clinically indicated veni-
puncture from all participants. Adult participants and chil-
dren’s parents gave written informed consent.

A funnel pipeline for identification of candidate 
miRNA genes with copy number variation

To come up with meaningful miRNA gene candidates with 
copy number variation, we performed a funnel pipeline 
which took into account all known cCNV regions as a 
first step. After filtering these regions based on the inclu-
sion criteria (length and allele frequency), we identified 
high-confidence cCNVs which have been investigated as 
potential carriers of miRNA genes (Fig. 1). Mapping of 
miRNA sequences onto filtered cCNV regions indicated 
which miRNA genes have copy number variation. The 
CNV itself served simply as a proxy for confirming the 
existence of miRNA gene copy number variability. To 
control for potential genetic elements in the extracted 
CNV regions which could introduce cis effects and thus 
mask the association of miRNA gene copy numbers with 
CAKUT, we made an inclusion criterion demanding that 
miRNA corresponding CNV must not overlap known 
CAKUT-associated genomic disorder regions and must not 
contain CAKUT-associated highly penetrant genes. If the 
miRNA gene appeared on this single locus in the genome, 
it was an advantage. Besides fulfilling all these criteria, 
the miRNAs were also reviewed in the most recent miR-
base and investigated bioinformatically to identify their 
regulated pathways.

Access to the gnomAD v2.1 and dbVar databases 
and miRNA mapping

Identification and extraction of all structural variants and 
their frequencies, identified in control samples and deposited 
in publicly available databases—gnomAD v2.1 and dbVar—
were conducted using the Table Browser tool of the UCSC 
genome browser (https:// genome. ucsc. edu/). Data were last 
accessed on 29.12.2020. All the manipulations were per-
formed using Hg19 assembly coordinates.

Table Browser parameters for the extraction of data from 
the gnomAD v2.1 database included: Mammal, Human, 
Hg19; Group:Variation; Track: gnomAD SV; Table: gno-
mAD Controls SV; Output: gnomAD Controls SV. The data-
base consisted of individuals not selected as “case” in a case 
control study of common disease (5192 samples). In total, 
270,000 structural variants were extracted. The data were 
subsequently filtered to meet the specific parameter criteria 
(alternative allele frequency for deletion or duplication > 0.2; 
structural variant length > 1 KB), which resulted in 2026 
cCNVs. For our sample size, we have calculated > 80% 
power to detect at least 2.5-fold variation at the minor allele 
frequency of 0.2. Additionally, to harmonize the extracted 
information from the two employed databases of structural 
variation (gnomAD and dbVAR) for a more comprehensive 
analysis, we have placed the cutoff to 0.2 due to the catego-
rization of the dbVAR entries as < 0.2, 0.2–0.5, and > 0.5. 
After application of the inclusion criteria, miRNA genes 
were mapped to the selected CNVs. miRNA mapping was 
conducted using the UCSC Table Browser (https:// genome. 
ucsc. edu/). The following parameters were applied: Mam-
mal, Human, Hg19, Group: Genes and Gene predictions; 
Track: sno/miRNA; Table: wgRNA. In total, 16 miRNA 
genes were mapped, and information about location and type 
of CNV is presented in Table 2 and Supplementary File 1.

Table Browser parameters for the extraction of data from the 
dbVar Common database included Mammal, Human, Hg19; 
Group:Variation; Track: dbVar Common; Table: Curated Euro-
pean. The data were filtered and only variants that meet the 
previously described parameter criteria were retained, which 
resulted in 1454 cCNVs. After miRNA mapping conducted by 
the same configuration criteria as for the cCNVs extracted from 
the gnomAD database, a total of 6 miRNAs were identified 
(Table 2 and Supplementary File 1). Out of these 6 miRNAs, 
only one miRNA (hsa-miR-3118-5) was not detected in a previ-
ous analysis performed on gnomAD Controls SV data.

Selection of the mapped miRNA for the association 
study

Jointly identified miRNAs employing gnomAD SV and 
dbVar Common databases were additionally verified using 

https://genome.ucsc.edu/
https://genome.ucsc.edu/
https://genome.ucsc.edu/
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miRbase V22.1 (http:// www. mirba se. org/) (Supplementary 
File 1). The verification established that hsa-miR-3172 
is actually a “dead input” because it represents a frag-
ment of transport RNA. We identified two MIR511 genes 
(MIR511-1 and MIR511-2) located in two CNV regions. In 
the latest miRbase database, these two miRNAs map to a 
single locus and the annotation was corrected to MIR511.

Furthermore, for the bioinformatic interpretation of 
individual miRNAs, we used the more dominant mature 
miRNA strand to reduce the noise during bioinformatic 
interpretation. Using the integrative algorithm miR-
PathDB2 (https:// mpd. bioinf. uni- sb. de/), pathways from 
multiple databases (KEGG, Gene Ontology, Reactome, 
and Wiki Pathways) have been extracted as those con-
taining significantly more targets of certain miRNA than 
expected by chance (Supplementary File 2). The enriched 
pathways were reviewed to confirm that the candidate 
miRNAs could be involved in pathways associated with 
CAKUT (such as development of urogenital system, mor-
phogenesis, development of muscle, neurodifferentiation). 
The additional inclusion criteria demanded that miRNA 
corresponding proxy CNV must not overlap known 
CAKUT-associated genomic disorder regions and must 
not contain CAKUT-associated genes. If the candidate 
miRNA appears on one genomic locus, this was consid-
ered an advantage due to the higher dose dependence.

Detection of the candidate miRNA copy number 
variation and data analysis

DNA extraction and copy number quantification

Genomic DNA (gDNA) of all samples was extracted from 
3 mL peripheral blood collected with EDTA, by standard 
proteinase K/phenol extraction method. The quality and 
quantity of extracted gDNA were assessed using a Nan-
oDrop ND-1000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Verifying the exact gDNA input 
of 5 ng/µL for the copy number quantitation, an experiment 
was done using Qubit 3.0 Fluorometer (Invitrogen, Thermo 
Fisher Scientific, Waltham, MA, USA).

Quantification of miRNA gene copy numbers was per-
formed on the Applied Biosystems 7500 Real-Time PCR 
System, according to the manufacturer’s instructions 
(Applied Biosystems, Foster City, CA, USA). The geno-
typing was done using TaqMan™ Copy Number Assays 
(Thermo Fisher Scientific, Waltham, MA, USA) for the 
three selected miRNAs: MIR9-3 Assay ID: Hs05330221_cn, 
MIR511 Assay ID: NC_511_CD2W9JZ and MIR1299 Assay 
ID: NC_9.14_CD7DRAN). The custom TaqMan assays have 
been designed in proximity to the MIR511 and MIR1299 
genes of up to 2 KB, to ensure the maximum efficiency of 
the assays and to exclude potential interference due to the 

Table 2  Identified miRNA candidates with copy number variation

Italicized miRNAs are selected for the case-control association study
SV type, type of structural variation (deletion/duplication); SV name, gnomAD v2.1 accession; Chrom start, starting position of the cCNV; 
Chrom end, ending position of the cCNV; coordinates are extracted from genome assembly hg19; Genes affected, genes affected by the corre-
sponding cCNV
* miRNA genes identified in both gnomAD and dbVar databases

miRNA gene Chr SV type SV name Chrom start Chrom end SV freq Population Genes affected

hsa-mir-663b chr2 DUP DUP_2_6167 132853576 133213563 0.5042 European ANKRD30BL, GPR39
hsa-mir-1324 chr3 DUP DUP_3_8930 75678999 75701000 0.7143 European N/A
hsa-mir-4273* chr3 DEL DEL_3_33722 75767999 75796000 0.3593 European ZNF717
hsa-mir-548i-3* chr8 DEL DEL_8_89370 7938549 7984800 0.485 European N/A
hsa-mir-548i-3 chr8 DEL DEL_8_89371 7942087 7950583 0.8454 European N/A
hsa-mir-1302-9 chr9 DUP DUP_9_26157 27999 39000 0.6735 European N/A
hsa-mir-1299 chr9 DUP DUP_9_27309 67340080 70089613 0.8917 European N/A
hsa-mir-511* chr10 DEL DEL_10_108289 18126899 18135000 0.386 European MRC1
hsa-mir-3172* chr14 DEL DEL_14_141125 32953303 32954345 0.3457 European AKAP6 (intronic)
hsa-mir-3179-1 chr16 DUP DUP_16_41455 14988999 15125000 0.8399 European NPIPA1, NOMO1, PDXDC1
hsa-mir-3180-1 chr16 DUP DUP_16_41527 16397999 16404000 0.6797 European N/A
hsa-mir-1972-1 chr16 DUP DUP_16_41455 14988999 15125000 0.8399 European NPIPA1, NOMO1, PDXDC1
hsa-mir-3180-2 chr16 DUP DUP_16_41527 16397999 16404000 0.6797 European N/A
hsa-mir-3180-3* chr16 DEL DEL_16_152903 18462999 18502000 0.2513 European RP11-1212A22.4
hsa-mir-3180-3 chr16 DUP DUP_16_41637 18495999 18502000 0.7167 European N/A
hsa-mir-1302-11 chr19 DUP DUP_19_46400 59999 72000 0.628 European N/A
hsa-mir-3118-5* chr21 DEL DEL_21_178683 15012799 15034700 0.4045 European POTED

http://www.mirbase.org/
https://mpd.bioinf.uni-sb.de/
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SNP-rich regions. Simultaneously, a copy number reference 
assay (TaqMan™ Copy Number Reference Assay, human, 
RNase P, Cat.no.: 4403328) was included in a duplex real-
time polymerase chain reaction (PCR) performed in techni-
cal triplicates.

Relative quantification analysis of gDNA target regions 
using the Real-Time PCR data from pre-designed TaqMan® 
Copy Number Assay (Hs05330221_cn) and Custom 
TaqMan® Copy Number Assays (NC_511_CD2W9JZ 
and NC_9.14_CD7DRAN) was performed by framing the 
parameters: Manual Ct Threshold = 0.2, Automatic Base-
line = ON, with included conservative method for omitting 
the outliers. Dataset containing Ct values for Copy Number 
Assays and Reference Assay for each sample was subse-
quently imported into CopyCaller® Software (CopyCaller® 
Software v2.1, Applied Biosystem, Foster City, CA, USA) 
for post-PCR data analysis of the copy number quantitation 
experiment.

The copy number analysis was performed using the no-
calibrator algorithm (expected most frequent sample copy 
number = 2) per individual plate. Copy number calculated 
genotypes, copy number predicted genotypes, confidence, 
and Z-score were extracted for further statistical analysis 
using Statistica 8.0 software package (StatSoft, Inc. 2007, 
Tulsa, OK, USA). Samples with calculated candidate 
miRNA gene copy numbers were divided into three groups: 
low copy number (< 2 gene copies), 2 gene copies, and high 
copy number (> 2 gene copies).

Statistical analysis

The statistical analysis of all data was performed using the 
Statistica 8.0 software package (StatSoft, Inc. 2007, Tulsa, 
OK, USA). Differences in copy number genotype frequency 
distributions between controls and patients and between sub-
groups of patients were assessed by Chi-square test. As a 

measure of strength of association between the studied copy 
number frequency and CAKUT, the odds ratio (OR) was 
used with its 95% confidence interval (CI). To reduce the 
chance of obtaining false-positive results (type I errors), the 
Bonferroni correction was used, and results were considered 
statistically significant if P ≤ 0.016.

Results

Candidate miRNA genes for association analysis 
of copy number variation with CAKUT

Based on the aforementioned inclusion criteria involv-
ing cCNV miRNA mapping and bioinformatical analysis 
(Supplementary Files 1 and 2), we have selected MIR1299 
and MIR511 as miRNA genes with copy number varia-
tions which have been associated with pathways involved 
in CAKUT (Supplementary File 2). A significant body of 
literature demonstrates potent molecular activity of the miR-
1299 [13–16] and miR-511 [17, 18], thus making these miR-
NAs reliable candidates for the association study in CAKUT. 
In addition, we have intentionally selected one known copy 
number candidate, MIR9-3 which has not been identified in 
cCNVs defined by our stringent criteria. However, it was 
associated with relevant biological processes in CAKUT 
bioinformatically while literature data supported its previous 
investigation in copy number association studies [19, 20].

Copy number variation of candidate miRNA genes 
in patients with CAKUT and controls

MIR9-3 copy number variation showed significant associa-
tion with CAKUT (P = 0.006) (Table 3). High copy num-
ber (> 2 gene copies) was detected only in patients. Conse-
quently, we could not calculate an odds ratio for high copy 

Table 3  cCNV-miRNA copy 
number frequencies in CAKUT 
patients and controls

Data are presented as count (frequency, %). Bonferroni correction was applied and P values were consid-
ered significant if the value was less than 0.05/3 = 0.016
CAKUT, congenital anomalies of the kidney and urinary tract; CN, miRNA gene copy number; OR, odds 
ratio; CI, confidence interval; Pa, Chi-square test; Pb, logistic regression

Genes CN Controls (%) CAKUT (%) Pa OR (95% CI) Pb

MIR9-3  < 2 11 (5.8) 4 (2.2) 0.006 0.37 (0.11–1.18) 0.91
 = 2 179 (94.2) 170 (93.9) 0.94 (0.39–2.26) 0.90
 > 2 0 (0) 7 (3.9) N/A N/A

MIR511  < 2 4 (2.6) 12 (7.5) 0.027 3.08 (0.96–9.81) 0.056
 = 2 141 (90.4) 144 (90) 0.96 (0.45–2.02) 0.91
 > 2 11 (7) 4 (2.5) 0.33 (0.10–1.09) 0.07

MIR1299  < 2 5 (3.3) 21 (11.1) 0.0002 3.72 (1.36–10.15) 0.01
 = 2 145 (94.8) 149 (79.3) 0.21 (0.09–0.46) 0.0001
 > 2 3 (1.9) 18 (9.6) 5.29 (1.52–18.40) 0.008
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number association between controls and patients. Logistic 
regression analysis showed no association of low MIR9-3 
copy number (< 2 gene copies) with CAKUT, Pb = 0.91 
(Table 3).

MIR511 copy number variation showed significant 
association with CAKUT (P = 0.027); however, after the 
Bonferroni correction, the association was not considered 
significant (Table 3). Logit models showed no statistically 
significant association of MIR511 with high copy number 
(OR = 0.33; 95% CI = 0.10–1.09; P = 0.07) and low copy 
number (OR = 3.08; 95% CI = 0.96–9.81; P = 0.056) with 
the risk of CAKUT occurrence.

MIR1299 copy number variation showed significant 
association with CAKUT (P = 0.0002) (Table 3). MIR1299 
copy number variation was associated with an increased 
risk of CAKUT, with OR = 3.72 (95% CI = 1.36–10.15; 
P = 0.01) and OR = 5.29 (95% CI = 1.52–18.40; P = 0.008) 
for low and high copy number, respectively (Table 3). For 
these two analyses, we obtained a study power of 63.9% 
and 68.8%, respectively, for the P value cutoff 0.016.

In the case control study which included subgroup 
of patients with congenital anomalies of the urinary 
tract (consisted of UPJO, OMU, MU, VUR, PUV, and 
UVJO), in comparison to the controls, the association 
remained significant for MIR9-3 (P = 0.002) and MIR1299 
(P = 0.0001) using Chi-square test (Table 4). In the logistic 
regression analysis, a statistically significant association 
is only found for MIR1299 copy number variations. Logit 
models showed an increased risk for the occurrence of 
CAKUT, with OR = 3.58 (95% CI = 1.26–10.17; P = 0.016) 
and OR = 6.50 (95% CI = 1.84–22.96; P = 0.003) for low 
and high copy numbers of the MIR1299 gene, respectively 
(Table 4). For these two analyses, we have achieved study 
power of 55.6% and 79.8%, respectively, for the P value 
cutoff 0.016.

miRNA gene copy number variation in patients 
with CAKUT with regard to phenotype

Considering the phenotype stratification of CAKUT patients, 
we analyzed congenital anomalies of the kidney versus con-
genital anomalies of the urinary tract and we did not find 
significant association with miRNA gene copy number vari-
ation (Table 5). In a separate association analysis, performed 
between patients with obstructive CAKUT and patients with 
congenital kidney anomalies compared to VUR patients, we 
found no statistically significant difference in the copy num-
ber frequencies of the candidate miRNA genes (Table 6). 
Statistical trends were observed in the variation of MIR1299 
copy number between obstructive CAKUT and VUR, with 
low copy number being more abundant in VUR (16.4% vs. 
5.4%, Pb = 0.05) and referent 2 copies being less frequent in 
VUR (70.5% vs. 85.1%, Pb = 0.04) as presented in Table 6.

Discussion

We have employed a pipeline aiming to identify and vali-
date miRNAs with common copy number variation, poten-
tially associated with CAKUT by using existing genomic 
data and bioinformatical analysis. For validation purposes, 
a case-control association study of the three miRNA genes 
(MIR9-3, MIR511, and MIR1299) was performed regarding 
the number of miRNA gene copies in CAKUT patients and 
controls from a Serbian population. We showed a significant 
association of MIR9-3 and MIR1299 gene copy numbers 
with CAKUT.

Previously, rare CNVs were identified as a common 
CAKUT risk factor in multiple high-throughput screening 
studies [4, 21, 22]. In addition, the significant enrichment of 
miRNA genes in rare CNVs associated with CAKUT was 

Table 4  cCNV-miRNA copy 
number frequencies in patients 
with congenital anomalies of 
the urinary tract and controls

Data are presented as count (frequency, %). Congenital anomalies of the urinary tract: UPJO, OMU, MU, 
VUR, PUV, and UVJO. Bonferroni correction was applied and P values were considered significant if the 
value was less than 0.05/3 = 0.016
CN, miRNA gene copy number; OR, odds ratio; CI, confidence interval; Pa, Chi-square test; Pb, logistic 
regression

Genes CN Controls (%) Congenital anomalies of 
the urinary tract (%)

Pa OR (95% CI) Pb

MIR9-3  < 2 11 (5.8) 3 (2.3) 0.002 0.38 (0.10–1.40) 0.14
 = 2 179(94.2) 121(92.4) 0.74 (0.30–1.81) 0.51
 > 2 0 (0) 7 (5.3) N/A N/A

MIR511  < 2 4 (2.6) 8 (6.8) 0.03 2.76 (0.81–9.46) 0.10
 = 2 141 (90.4) 108 (91.5) 1.15 (0.49–2.67) 0.74
 > 2 11 (7) 2 (1.7) 0.23 (0.05–1.05) 0.06

MIR1299  < 2 5 (3.3) 15 (10.8) 0.0001 3.58 (1.26–10.17) 0.016
 = 2 145 (94.8) 108 (77.7) 0.19 (0.08–0.44) 0.0001
 > 2 3 (1.9) 16 (11.5) 6.50 (1.84–22.96) 0.003
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observed, while subsequent miRNA gene loss effect on tar-
get gene expression was confirmed [5]. Previously, changes 
in miRNA dosage that could influence the development in 
mammalian cells and mice have been documented [11, 12]. 
Recently, it was proposed that CNV-mediated variation of 
miRNA gene dosage should be considered as high-priority 
candidate variants in genotype-phenotype association stud-
ies [6]. miRNA dosage sensitive modulation of gene expres-
sion was also suggested in plants implying the conserved 
mechanism of miRNA copy number variation effect [23]. 
We have demonstrated in vitro that heterozygous deletion 
of the MIR484 leads to upregulation of MDM2, APAF1, and 
downregulation of NOTCH3, genes that could have a sub-
stantial role in CAKUT development [5]. However, despite 

the discovery of the potential of rare CNVs to dysregulate 
miRNA genes, and the proposal of CNV-located miRNAs 
being potentially functional variants [6], the copy number 
association study of miRNA genes located in common 
CNVs was not performed in CAKUT.

MIR9 expression is associated with acute kidney injury 
(AKI) [24]. Zhu and colleagues found increased expression 
level of miR-9 in kidney tissues of glycerol-induced AKI in a 
murine model, while the inhibition of miR-9 exhibited reno-
protective effects affecting the reduction of inflammatory 
response, oxidative stress, and vascular endothelial growth 
factor [24]. This is in line with our findings describing the 
enrichment of MIR9-3 low copy number among controls 
while a high copy number characterized CAKUT patients. 

Table 5  cCNV-miRNA copy 
number frequencies regarding 
major CAKUT cohorts

Data are presented as count (frequency, %). Congenital anomalies of the kidney: RA, renal hypoplasia, 
renal dysplasia, congenital hydronephrosis, MCDK, and ectopic kidney. Congenital anomalies of the uri-
nary tract: UPJO, OMU, MU, VUR, PUV, and UVJO. Bonferroni correction was applied and P values were 
considered significant if the value was less than 0.05/3 = 0.016
CN, miRNA gene copy number; OR, odds ratio; CI, confidence interval; Pa, Chi-square test; Pb, logistic 
regression

Genes CN Congenital anomalies 
of the kidney (%)

Congenital anomalies of 
the urinary tract (%)

Pa OR (95% CI) Pb

MIR9-3  < 2 0 (0) 3 (2.3) 0.27 N/A N/A
 = 2 32 (100.0) 121 (92.4) N/A N/A
 > 2 0 (0) 7 (5.3) N/A N/A

MIR511  < 2 3 (12.0) 8 (6.8) 0.14 1.88 (0.46–7.72) 0.38
 = 2 20 (80.0) 108 (91.5) 0.37 (0.11–1.21) 0.10
 > 2 2 (8.0) 2 (1.7) 5.04 (0.66–38.31) 0.11

MIR1299  < 2 5 (15.2) 15 (10.8) 0.55 1.48 (0.49–4.43) 0.48
 = 2 26 (78.8) 108 (77.7) 1.07 (0.42–2.71) 0.89
 > 2 2 (6.0) 16 (11.5) 0.49 (0.11–2.30) 0.37

Table 6  cCNV-miRNA copy number frequencies in CAKUT patients regarding phenotype groups

Data are presented as count (frequency, %). Obstructive CAKUT: UPJO, OMU, PUV, and UVJO. Congenital anomalies of the kidney: RA, renal 
hypoplasia, renal dysplasia, congenital hydronephrosis, MCDK. and ectopic kidney. Bonferroni correction was applied and P values were con-
sidered significant if the value was less than 0.05/3 = 0.016
CN, miRNA gene copy number; OR, odds ratio; CI, confidence interval; Pa, Chi-square test (VUR vs. obstructive CAKUT); Pb, logistic regres-
sion for VUR vs. obstructive CAKUT; Pc, Chi-square test (VUR vs. congenital anomalies of the kidney); Pd, logistic regression for VUR vs. 
congenital anomalies of the kidney; VUR, vesicoureteral reflux

Genes CN Obstructive 
CAKUT (%)

Congenital anomalies 
of the kidney (%)

VUR (%) Pa OR (95% CI) Pb Pc OR (95% CI) Pd

MIR9-3  < 2 2 (3.1) 0(0) 1 (1.6) 0.71 (0.21–2.41) 0.57 N/A N/A
 = 2 58 (89.2) 32 (100) 61 (95.3) 0.43 1.56 (0.77–3.18) 0.21 0.46 N/A N/A
 > 2 5 (7.7) 0 (0) 2 (3.1) 0.62 (0.27–1.45) 0.26 N/A N/A

MIR511  < 2 3(4.5) 3 (12.0) 5 (10.42) 1.57 (0.74–3.33) 0.22 0.85 (0.18–4.00) 0.84
 = 2 63 (94.0) 20 (80.0) 42 (87.5) 0.45 0.67 (0.34–1.30) 0.23 0.46 1.75 (0.47–6.57) 0.39
 > 2 1 (1.5) 2 (8.0) 1 (2.08) 1.18 (0.29–4.87) 0.81 0.24 (0.02–2.96) 0.26

MIR1299  < 2 4 (5.4) 5 (15.2) 10 (16.4) 15.8 (1.00–3.42) 0.05 1.10 (0.34–3.59) 0.88
 = 2 63 (85.1) 26 (78.8) 43 (70.5) 0.07 0.64 (0.42–0.99) 0.04 0.54 0.64 (0.23–1.77) 0.39
 > 2 7 (9.5) 2 (6.0) 8 (13.1) 1.20 (0.70–2.07) 0.50 2.33 (0.46–11.98) 0.30
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In addition, a high copy number of MIR9-3 which could 
increase miR-9 levels, associated with AKI, was not identi-
fied in controls. However, in another study, the miR-9-5p, a 
mature miRNA being developed from the MIR9-3 gene, is 
shown to protect from kidney fibrosis in a mouse model of 
unilateral ureteral obstruction by reprogramming of the met-
abolic derangement and mitochondrial dysfunction affecting 
tubular epithelial cells [25]. It was also hypothesized that 
miR-9-5p could affect development of cysts in autosomal 
dominant polycystic kidney disease as an antifibrotic fac-
tor [26]. There is a need for further analysis to make a final 
resolution of MIR9 connection with kidney and urinary tract 
defects. Low copy number of MIR9 was previously associ-
ated with the susceptibility for acute anterior uveitis, which 
is also an inflammatory disease, and in the same study the 
authors proved that miRNA expression is directly affected by 
its gene dosage [20]. Our study lacks analysis of the MIR9-
3 expression level regarding the gene copy number, which 
represents one of the study limitations. Whether the asso-
ciation of MIR9-3 gene copy number observed in our study 
expresses the effect through the gene dosage or it is mediated 
through another mechanism remains to be explored. Explo-
ration of this mechanism especially concerns the MIR9-3 
gene which, unlike other tested miRNA genes in our study, 
belongs to a family of three independent precursor genes 
which encode the same mature miR-9 [27].

Although bioinformatical analysis has linked MIR511 
with CAKUT-associated pathways, there is a lack of experi-
mental evidence of MIR511 involvement in CAKUT cur-
rently. Previous studies have demonstrated that the upregu-
lation of miR-511 reduced the p-PI3K and p-AKT protein 
levels in HCT116 and SW480 cells [17]. Increased activa-
tion of the AKT pathway is demonstrated in the formation of 
cysts in multicystic renal dysplasia [28]. Our findings regard-
ing MIR511 copy number are in accordance with described 
miRNA dosage effect [17], as we have found higher fre-
quency of copy number losses and a lower frequency of copy 
number gains in CAKUT compared to controls. However, 
due to a lack of statistical significance, and a limited num-
ber of samples in our study, future studies should follow to 
exclude possibilities of the type II error.

We have identified an increased frequency of both high 
copy number and low copy number of the MIR1299 gene 
in CAKUT patients. It is not unusual that both up- and 
downregulation of certain genes could lead to the same 
pathology, which was already described in the case of the 
PKD1 gene where both upregulation and downregula-
tion lead to polycystic kidney disease in animal models 
[29–32]. This suggests the importance of molecular home-
ostasis in the urinary system. miR-1299 has been mainly 
investigated in cancers, regulating cell proliferation, 
migration, and invasion [33]. In various malignancies, 
miR-1299 was proven to be a negative regulator of genes 

such as NOTCH3 in ovarian cancer [34] or MMPs [35] and 
CCND1 [36] in breast cancer. These genes have also been 
associated with CAKUT [5, 10, 37]. As a tumor suppressor 
in many tumor tissues [13–15] miR-1299 demonstrates a 
complex effect on a number of downstream targets, includ-
ing EGFR/PI3K/AKT signaling pathway [14, 16]. Addi-
tionally, NF-kappa B signaling pathway, downstream of 
PI3K/Akt [38], was among the top enriched pathways in 
the union of miR-1299 and miR-9 targets according to 
DIANA-miRPath v3.0 tool. NF-kappa B signaling is a 
focal mediator of inflammation and involved in the patho-
genesis of kidney inflammatory diseases [39]. We have 
identified a total of 13 genes (NFKB1, TNFSF13B, ATM, 
MYD88, CCL19, PTGS2, CFLAR, ERC1, BIRC3, RELA, 
MAP3K7, XIAP, and BIRC2) complementary regulated by 
miR-1299 and miR-9 in NF-kappa B pathway of which 
ATM and MAP3K7 were common targets of both miRNAs.

CAKUT represents an umbrella term of phenotypes in 
which both kidneys and the urinary tract could be affected 
[40]. However, it has been shown that differences in phe-
notype inclusion can influence rare CNV detection [21, 40, 
41]. For MIR1299, association analysis between controls 
and patients with congenital anomalies of the urinary tract 
was with increased study power (79.8% for gain of copy 
number) in comparison to the association analysis between 
controls and the entire CAKUT group (68.3% for gain of 
copy number). We have identified that there are differences 
in the frequency of the low copy number of MIR1299 gene 
between subgroups of patients, specifically between patients 
with obstructive CAKUT and VUR. Although this associa-
tion (P = 0.05) was not considered significant, according to 
our stringent criteria, the sample size could be the limiting 
factor, which ought to be addressed in further studies.

It should be noted that low-level mosaicism may develop 
from somatic mutations in healthy tissues with high turno-
ver rates such as blood [42], which must be considered a 
limitation of this study due to the age difference between 
patients and controls. This could potentially lead to over-
estimation of miRNA gene copy number frequencies and 
thus introduce bias in obtained results. On the other hand, 
the investigated miRNA gene copy numbers followed the 
inherited (germline) CNVs which are shown to be more 
reliable and a better biomarker than somatic CNVs which 
could differ at the single-cell level and could be variable in 
response to external stimuli [43]. However, in this work, the 
robust confirmation of “age when sampled” does not impact 
the frequency of common CNVs, which was not performed. 
Regarding these shortcomings, future studies should aim 
to recruit age-matched children without CAKUT to clarify 
this major limitation. Ideally, genotyping of miRNA gene 
copy number variation of the parents of CAKUT patients 
should be also performed to improve the quality of CNVs 
[44], which should be considered in future studies.
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Although it would be premature to predict the contri-
bution of miRNA gene dosage to a complex disease such 
as CAKUT, the results presented here open an additional 
avenue in the current genetic diagnostic approaches, which 
at the moment have the potential to genetically resolve 
just 20% of CAKUT patients [45]. Significantly differ-
ent miRNA expression levels have been found in tissue 
from patients with CAKUT compared to healthy control 
tissue, and the potential role of CNVs in their expression 
changes has been suggested previously [46]. Thus, com-
mon copy number variation affecting miRNA genes should 
be considered in the future when untangling the complex 
CAKUT inheritance. Further studies should in addition 
provide evidence about MIR9-3, MIR511, and MIR1299 
miRNA expression levels in tissues and cell models and 
their functional effect on CAKUT.

CNVs have gained interest over the past few years due 
to their potency to affect multiple genomic elements. In 
addition to their influence on gene expression and phe-
notypic variations, CNVs also play a significant role in 
shaping genetic diversity within populations [47]. A more 
profound analysis of gene expression patterns and the com-
prehensive functional exploration of CNV-located miR-
NAs will contribute to the expansion of our current knowl-
edge regarding the molecular underpinnings of the diverse 
range of CAKUT phenotypes. While the whole-genome 
CNV analysis offers unprecedented datasets, the analysis 
of individual miRNA gene copy number variations repre-
sents a novel source for elucidating their precise role and 
understanding functional significance. In this study, we 
have performed an integrated prioritization involving data 
mining and bioinformatics for focused selection of cCNV 
miRNAs, as evaluated in the study. Future studies should 
consider the additional cCNV miRNAs identified in this 
study to further evaluate their association with CAKUT.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00467- 024- 06381-x.

Acknowledgements This work was funded by the Science Fund of 
the Republic of Serbia, PROMIS, #6066923, miFaDriCa, and the Ser-
bian Ministry of Science, Technological Development and Innovation 
451-03-1/2023-03/13.

Author contribution Ivan Zivotic: methodology, data analysis, writing–
original draft and editing. Ivana Kolic: experimental procedures, for-
mal analysis, editing of the manuscript. Mirjana Cvetkovic: sampling, 
clinical consultation, manuscript review. Brankica Spasojevic-Dim-
itrijeva: sampling, clinical consultation, manuscript review. Maja 
Zivkovic: conceptualization, writing–review and editing. Aleksan-
dra Stankovic: conceptualization, writing–review and editing. Ivan 
Jovanovic: conceptualization, writing–review and editing, supervision, 
project administration.

Data availability All data generated and analyzed during this study are 
included in this published article.

Declarations 

Ethics approval The Ethical Research Committee of University Chil-
dren’s Hospital in Belgrade approved the study. Adult participants and 
children’s parents gave written informed consent.

Conflict of interest The authors declare no competing interests.

References

 1. Lanzoni M, Morris J, Garne E, Loane M, Kinsner-Ovaskainen 
A (2017) European monitoring of congenital anomalies: JRC-
EUROCAT Report on Statistical Monitoring of Congenital Anom-
alies (2006 – 2015). https:// doi. org/ 10. 2760/ 157556

 2. Harambat J, van Stralen KJ, Kim JJ, Tizard EJ (2012) Epide-
miology of chronic kidney disease in children. Pediatr Nephrol 
27:363–373. https:// doi. org/ 10. 1007/ s00467- 011- 1939-1

 3. Sanna-Cherchi S, Westland R, Ghiggeri GM, Gharavi AG (2018) 
Genetic basis of human congenital anomalies of the kidney and uri-
nary tract. J Clin Invest 128:4–15. https:// doi. org/ 10. 1172/ JCI95 300

 4. Verbitsky M, Westland R, Perez A, Kiryluk K, Liu Q, Krithivasan 
P, Mitrotti A, Fasel DA, Batourina E, Sampson MG, Bodria M, 
Werth M, Kao C, Martino J, Capone VP, Vivante A, Shril S, Kil 
BH, Marasà M, Zhang JY, Na YJ, Lim TY, Ahram D, Weng PL, 
Heinzen EL, Carrea A, Piaggio G, Gesualdo L, Manca V, Masnata 
G, Gigante M, Cusi D, Izzi C, Scolari F, van Wijk JAE, Saraga 
M, Santoro D, Conti G, Zamboli P, White H, Drozdz D, Zach-
wieja K, Miklaszewska M, Tkaczyk M, Tomczyk D, Krakowska 
A, Sikora P, Jarmoliński T, Borszewska-Kornacka MK, Pawluch 
R, Szczepanska M, Adamczyk P, Mizerska-Wasiak M, Krzemien 
G, Szmigielska A, Zaniew M, Dobson MG, Darlow JM, Puri P, 
Barton DE, Furth SL, Warady BA, Gucev Z, Lozanovski VJ, Tasic 
V, Pisani I, Allegri L, Rodas LM, Campistol JM, Jeanpierre C, 
Alam S, Casale P, Wong CS, Lin F, Miranda DM, Oliveira EA, 
Simões-E-Silva AC, Barasch JM, Levy B, Wu N, Hildebrandt F, 
Ghiggeri GM, Latos-Bielenska A, Materna-Kiryluk A, Zhang F, 
Hakonarson H, Papaioannou VE, Mendelsohn CL, Gharavi AG, 
Sanna-Cherchi S (2019) The copy number variation landscape of 
congenital anomalies of the kidney and urinary tract. Nat Genet 
51:117–127. https:// doi. org/ 10. 1038/ s41588- 018- 0281-y

 5. Mitrovic K, Zivotic I, Kolic I, Djordjevic A, Zakula J, Filipovic 
Trickovic J, Zivkovic M, Stankovic A, Jovanovic I (2022) Identi-
fication and functional interpretation of miRNAs affected by rare 
CNVs in CAKUT. Sci Rep 12:17746. https:// doi. org/ 10. 1038/ 
s41598- 022- 22749-1

 6. Marcinkowska M, Szymanski M, Krzyzosiak WJ, Kozlowski P 
(2011) Copy number variation of microRNA genes in the human 
genome. BMC Genomics 12:183. https:// doi. org/ 10. 1186/ 
1471- 2164- 12- 183

 7. Wu X, Zhang D, Li G (2012) Insights into the regulation of human 
CNV-miRNAs from the view of their target genes. BMC Genom-
ics 13:707. https:// doi. org/ 10. 1186/ 1471- 2164- 13- 707

 8. Kajbafzadeh AM, Payabvash S, Salmasi AH, Monajemzadeh M, 
Tavangar SM (2006) Smooth muscle cell apoptosis and defective 
neural development in congenital ureteropelvic junction obstruction. 
J Urol 176:718–723. https:// doi. org/ 10. 1016/j. juro. 2006. 03. 041

 9. Davis TK, Hoshi M, Jain S (2014) To bud or not to bud: the RET 
perspective in CAKUT. Pediatr Nephrol 29:597–608. https:// doi. 
org/ 10. 1007/ s00467- 013- 2606-5

 10. Stankovic A (2021) Promising biomarkers in pediatric chronic 
kidney disease through the kaleidoscope of CAKUT background 

https://doi.org/10.1007/s00467-024-06381-x
https://doi.org/10.2760/157556
https://doi.org/10.1007/s00467-011-1939-1
https://doi.org/10.1172/JCI95300
https://doi.org/10.1038/s41588-018-0281-y
https://doi.org/10.1038/s41598-022-22749-1
https://doi.org/10.1038/s41598-022-22749-1
https://doi.org/10.1186/1471-2164-12-183
https://doi.org/10.1186/1471-2164-12-183
https://doi.org/10.1186/1471-2164-13-707
https://doi.org/10.1016/j.juro.2006.03.041
https://doi.org/10.1007/s00467-013-2606-5
https://doi.org/10.1007/s00467-013-2606-5


 Pediatric Nephrology

complexity. Pediatr Nephrol 36:1321–1325. https:// doi. org/ 10. 
1007/ s00467- 020- 04877-w

 11. Cui Y, Lyu X, Ding L, Ke L, Yang D, Pirouz M, Qi Y, Ong J, Gao 
G, Du P, Gregory RI (2021) Global miRNA dosage control of 
embryonic germ layer specification. Nature 593:602–606. https:// 
doi. org/ 10. 1038/ s41586- 021- 03524-0

 12. Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN, 
Tsuchihashi T, McManus MT, Schwartz RJ, Srivastava D (2007) 
Dysregulation of cardiogenesis, cardiac conduction, and cell cycle 
in mice lacking miRNA-1-2. Cell 129:303–317. https:// doi. org/ 
10. 1016/j. cell. 2007. 03. 030

 13. Venkatesan N, Deepa PR, Khetan V, Krishnakumar S (2015) 
Computational and in vitro investigation of miRNA-gene regula-
tions in retinoblastoma pathogenesis: miRNA mimics strategy. 
Bioinform Biol Insights 9:89–101. https:// doi. org/ 10. 4137/ BBI. 
S21742

 14. Van Neste C, Laird A, O’Mahony F, Van Criekinge W, Deforce 
D, Van Nieuwerburgh F, Powles T, Harrison DJ, Stewart GD, 
De Meyer T (2017) Epigenetic sampling effects: nephrectomy 
modifies the clear cell renal cell cancer methylome. Cell Oncol 
40:293–297. https:// doi. org/ 10. 1007/ s13402- 016- 0313-5

 15. Schiavinato JLDS, Haddad R, Saldanha-Araujo F, Baiochi J, 
Araujo AG, Santos Scheucher P, Covas DT, Zago MA, Panepucci 
RA (2017) TGF-beta/atRA-induced Tregs express a selected set 
of microRNAs involved in the repression of transcripts related 
to Th17 differentiation. Sci Rep 7:3627. https:// doi. org/ 10. 1038/ 
s41598- 017- 03456-8

 16. Cao S, Li L, Li J, Zhao H (2020) MiR-1299 Impedes the pro-
gression of non-small-cell lung cancer through EGFR/PI3K/AKT 
signaling pathway. Onco Targets Ther 13:7493–7502. https:// doi. 
org/ 10. 2147/ OTT. S2503 96

 17. He S, Wang G, Ni J, Zhuang J, Zhuang S, Wang G, Ye Y, Xia W 
(2018) MicroRNA-511 inhibits cellular proliferation and inva-
sion in colorectal cancer by directly targeting hepatoma-derived 
growth factor. Oncol Res 26:1355–1363. https:// doi. org/ 10. 3727/ 
09650 4018X 15154 09433 1876

 18. Maheu M, Lopez JP, Crapper L, Davoli MA, Turecki G, Mechawar 
N (2015) MicroRNA regulation of central glial cell line-derived 
neurotrophic factor (GDNF) signalling in depression. Transl Psy-
chiatry 5:e511. https:// doi. org/ 10. 1038/ tp. 2015. 11

 19. Hou S, Ye Z, Liao D, Bai L, Liu Y, Zhang J, Kijlstra A, Yang P 
(2016) miR-23a, miR-146a and miR-301a confer predisposition 
to Vogt-Koyanagi-Harada syndrome but not to Behcet’s disease. 
Sci Rep 6:20057. https:// doi. org/ 10. 1038/ srep2 0057

 20. Yang L, Du L, Yue Y, Huang Y, Zhou Q, Cao S, Qi J, Liang L, 
Wu L, Wang C, Ye Z, Tian Y, Kijlstra A, Hou S, Yang P (2017) 
miRNA copy number variants confer susceptibility to acute 
anterior uveitis with or without ankylosing spondylitis. Invest 
Ophthalmol Vis Sci 58:1991–2001. https:// doi. org/ 10. 1167/ iovs. 
16- 21047

 21. Sanna-Cherchi S, Kiryluk K, Burgess KE, Bodria M, Sampson 
MG, Hadley D, Nees SN, Verbitsky M, Perry BJ, Sterken R, 
Lozanovski VJ, Materna-Kiryluk A, Barlassina C, Kini A, Cor-
bani V, Carrea A, Somenzi D, Murtas C, Ristoska-Bojkovska N, 
Izzi C, Bianco B, Zaniew M, Flogelova H, Weng PL, Kacak N, 
Giberti S, Gigante M, Arapovic A, Drnasin K, Caridi G, Curioni 
S, Allegri F, Ammenti A, Ferretti S, Goj V, Bernardo L, Joban-
putra V, Chung WK, Lifton RP, Sanders S, State M, Clark LN, 
Saraga M, Padmanabhan S, Dominiczak AF, Foroud T, Gesu-
aldo L, Gucev Z, Allegri L, Latos-Bielenska A, Cusi D, Scolari 
F, Tasic V, Hakonarson H, Ghiggeri GM, Gharavi AG (2012) 
Copy-number disorders are a common cause of congenital kidney 
malformations. Am J Hum Genet 91:987–997. https:// doi. org/ 10. 
1016/j. ajhg. 2012. 10. 007

 22. Westland R, Verbitsky M, Vukojevic K, Perry BJ, Fasel DA, 
Zwijnenburg PJ, Bökenkamp A, Gille JJ, Saraga-Babic M, 

Ghiggeri GM, D’Agati VD, Schreuder MF, Gharavi AG, van 
Wijk JA, Sanna-Cherchi S (2015) Copy number variation analy-
sis identifies novel CAKUT candidate genes in children with a 
solitary functioning kidney. Kidney Int 88:1402–1410. https:// 
doi. org/ 10. 1038/ ki. 2015. 239

 23. Shi X, Yang H, Chen C, Hou J, Ji T, Cheng J, Birchler JA (2022) 
Effect of aneuploidy of a non-essential chromosome on gene 
expression in maize. Plant J 110:193–211. https:// doi. org/ 10. 
1111/ tpj. 15665

 24. Zhu Y, Zhou P, Tong J, Luo Y, Jiang W (2021) Influence of 
miR-9 on inflammatory factors and VEGF expression in acute 
kidney injury. Int J Clin Exp Med 14:1884–1891. https://e- centu 
ry. us/ files/ ijcem/ 14/5/ ijcem 01163 25. pdf. Accessed Aug 2023

 25. Fierro-Fernández M, Miguel V, Márquez-Expósito L, Nuevo-
Tapioles C, Herrero JI, Blanco-Ruiz E, Tituaña J, Castillo C, 
Cannata P, Monsalve M, Ruiz-Ortega M, Ramos R, Lamas S 
(2020) MiR-9-5p protects from kidney fibrosis by metabolic 
reprogramming. FASEB J 34:410–431. https:// doi. org/ 10. 1096/ 
fj. 20190 1599RR

 26. Li D, Sun L (2020) MicroRNAs and polycystic kidney disease. 
Kidney Med 2:762–770. https:// doi. org/ 10. 1016/j. xkme. 2020. 06. 
013

 27. Zhang J, Jia J, Zhao L, Li X, Xie Q, Chen X, Wang J, Lu F (2016) 
Down-regulation of microRNA-9 leads to activation of IL-6/Jak/
STAT3 pathway through directly targeting IL-6 in HeLa cell. Mol 
Carcinog 55:732–742. https:// doi. org/ 10. 1002/ mc. 22317

 28. Apostolou A, Poreau B, Delrieu L, Thévenon J, Jouk PS, Lal-
lemand G, Emadali A, Sartelet H (2020) High activation of the 
AKT pathway in human multicystic renal dysplasia. Pathobiology 
87:302–310. https:// doi. org/ 10. 1159/ 00050 9152

 29. Lantinga-van Leeuwen IS, Leonhard WN, van der Wal A, Breun-
ing MH, de Heer E, Peters DJ (2007) Kidney-specific inactiva-
tion of the Pkd1 gene induces rapid cyst formation in developing 
kidneys and a slow onset of disease in adult mice. Hum Mol Genet 
16:3188–3196. https:// doi. org/ 10. 1093/ hmg/ ddm299

 30. Leonhard WN, Zandbergen M, Veraar K, van den Berg S, van 
der Weerd L, Breuning M, de Heer E, Peters DJ (2015) Scat-
tered deletion of PKD1 in kidneys causes a cystic snowball effect 
and recapitulates polycystic kidney disease. J Am Soc Nephrol 
26:1322–1333. https:// doi. org/ 10. 1681/ ASN. 20130 80864

 31. Pritchard L, Sloane-Stanley JA, Sharpe JA, Aspinwall R, Lu W, 
Buckle V, Strmecki L, Walker D, Ward CJ, Alpers CE, Zhou J, 
Wood WG, Harris PC (2000) A human PKD1 transgene generates 
functional polycystin-1 in mice and is associated with a cystic 
phenotype. Hum Mol Genet 9:2617–2627. https:// doi. org/ 10. 
1093/ hmg/9. 18. 2617

 32. Thivierge C, Kurbegovic A, Couillard M, Guillaume R, Coté O, 
Trudel M (2006) Overexpression of PKD1 causes polycystic kid-
ney disease. Mol Cell Biol 26:1538–1548. https:// doi. org/ 10. 1128/ 
MCB. 26.4. 1538- 1548. 2006

 33. Kaiyuan D, Lijuan H, Xueyuan S, Yunhui Z (2021) The role and 
underlying mechanism of miR-1299 in cancer. Future Sci OA 
7:FSO693. https:// doi. org/ 10. 2144/ fsoa- 2021- 0014

 34. Pei Y, Li K, Lou X, Wu Y, Dong X, Wang W, Li N, Zhang D, 
Cui W (2020) miR-1299/NOTCH3/TUG1 feedback loop contrib-
utes to the malignant proliferation of ovarian cancer. Oncol Rep 
44:438–448. https:// doi. org/ 10. 3892/ or. 2020. 7623

 35. Sang M, Meng L, Liu S, Ding P, Chang S, Ju Y, Liu F, Gu L, 
Lian Y, Geng C (2018) Circular RNA ciRS-7 maintains meta-
static phenotypes as a ceRNA of miR-1299 to target MMPs. Mol 
Cancer Res 16:1665–1675. https:// doi. org/ 10. 1158/ 1541- 7786. 
MCR- 18- 0284

 36. Zhang L, Sun D, Zhang J, Tian Y (2021) Circ-UBR1 facilitates 
proliferation, metastasis, and inhibits apoptosis in breast cancer 
by regulating the miR-1299/CCND1 axis. Life Sci 266:118829. 
https:// doi. org/ 10. 1016/j. lfs. 2020. 118829

https://doi.org/10.1007/s00467-020-04877-w
https://doi.org/10.1007/s00467-020-04877-w
https://doi.org/10.1038/s41586-021-03524-0
https://doi.org/10.1038/s41586-021-03524-0
https://doi.org/10.1016/j.cell.2007.03.030
https://doi.org/10.1016/j.cell.2007.03.030
https://doi.org/10.4137/BBI.S21742
https://doi.org/10.4137/BBI.S21742
https://doi.org/10.1007/s13402-016-0313-5
https://doi.org/10.1038/s41598-017-03456-8
https://doi.org/10.1038/s41598-017-03456-8
https://doi.org/10.2147/OTT.S250396
https://doi.org/10.2147/OTT.S250396
https://doi.org/10.3727/096504018X15154094331876
https://doi.org/10.3727/096504018X15154094331876
https://doi.org/10.1038/tp.2015.11
https://doi.org/10.1038/srep20057
https://doi.org/10.1167/iovs.16-21047
https://doi.org/10.1167/iovs.16-21047
https://doi.org/10.1016/j.ajhg.2012.10.007
https://doi.org/10.1016/j.ajhg.2012.10.007
https://doi.org/10.1038/ki.2015.239
https://doi.org/10.1038/ki.2015.239
https://doi.org/10.1111/tpj.15665
https://doi.org/10.1111/tpj.15665
https://e-century.us/files/ijcem/14/5/ijcem0116325.pdf
https://e-century.us/files/ijcem/14/5/ijcem0116325.pdf
https://doi.org/10.1096/fj.201901599RR
https://doi.org/10.1096/fj.201901599RR
https://doi.org/10.1016/j.xkme.2020.06.013
https://doi.org/10.1016/j.xkme.2020.06.013
https://doi.org/10.1002/mc.22317
https://doi.org/10.1159/000509152
https://doi.org/10.1093/hmg/ddm299
https://doi.org/10.1681/ASN.2013080864
https://doi.org/10.1093/hmg/9.18.2617
https://doi.org/10.1093/hmg/9.18.2617
https://doi.org/10.1128/MCB.26.4.1538-1548.2006
https://doi.org/10.1128/MCB.26.4.1538-1548.2006
https://doi.org/10.2144/fsoa-2021-0014
https://doi.org/10.3892/or.2020.7623
https://doi.org/10.1158/1541-7786.MCR-18-0284
https://doi.org/10.1158/1541-7786.MCR-18-0284
https://doi.org/10.1016/j.lfs.2020.118829


Pediatric Nephrology 

 37. Wilkinson LJ, Neal CS, Singh RR, Sparrow DB, Kurniawan ND, 
Ju A, Grieve SM, Dunwoodie SL, Moritz KM, Little MH (2015) 
Renal developmental defects resulting from in utero hypoxia are 
associated with suppression of ureteric β-catenin signaling. Kid-
ney Int 87:975–983. https:// doi. org/ 10. 1038/ ki. 2014. 394

 38. Romashkova JA, Makarov SS (1999) NF-κB is a target of AKT 
in anti-apoptotic PDGF signalling. Nature 401:86–90. https:// doi. 
org/ 10. 1038/ 43474

 39. Zhang H, Sun SC (2015) NF-κB in inf lammation and 
renal diseases. Cell Biosci 5:63. https:// doi. org/ 10. 1186/ 
s13578- 015- 0056-4

 40. Knoers NVAM (2022) The term CAKUT has outlived its useful-
ness: the case for the defense. Pediatr Nephrol 37:2793–2798. 
https:// doi. org/ 10. 1007/ s00467- 022- 05678-z

 41. Verbitsky M, Krithivasan P, Batourina E, Khan A, Graham SE, 
Marasà M, Kim H, Lim TY, Weng PL, Sánchez-Rodríguez E, 
Mitrotti A, Ahram DF, Zanoni F, Fasel DA, Westland R, Sampson 
MG, Zhang JY, Bodria M, Kil BH, Shril S, Gesualdo L, Torri F, 
Scolari F, Izzi C, van Wijk JAE, Saraga M, Santoro D, Conti G, 
Barton DE, Dobson MG, Puri P, Furth SL, Warady BA, Pisani I, 
Fiaccadori E, Allegri L, Degl’Innocenti ML, Piaggio G, Alam S, 
Gigante M, Zaza G, Esposito P, Lin F, Simões-E-Silva AC, Brodk-
iewicz A, Drozdz D, Zachwieja K, Miklaszewska M, Szczepanska 
M, Adamczyk P, Tkaczyk M, Tomczyk D, Sikora P, Mizerska-
Wasiak M, Krzemien G, Szmigielska A, Zaniew M, Lozanovski 
VJ, Gucev Z, Ionita-Laza I, Stanaway IB, Crosslin DR, Wong CS, 
Hildebrandt F, Barasch J, Kenny EE, Loos RJF, Levy B, Ghig-
geri GM, Hakonarson H, Latos-Bieleńska A, Materna-Kiryluk A, 
Darlow JM, Tasic V, Willer C, Kiryluk K, Sanna-Cherchi S, Men-
delsohn CL, Gharavi AG (2021) Copy number variant analysis 
and genome-wide association study identify loci with large effect 
for vesicoureteral reflux. J Am Soc Nephrol 32:805–820. https:// 
doi. org/ 10. 1681/ ASN. 20200 50681

 42. Acuna-Hidalgo R, Sengul H, Steehouwer M, van de Vorst M, Ver-
meulen SH, Kiemeney LALM, Veltman JA, Gilissen C, Hoischen 
A (2017) Ultra-sensitive sequencing identifies high prevalence of 
clonal hematopoiesis-associated mutations throughout adult life. 
Am J Hum Genet 101:50–64. https:// doi. org/ 10. 1016/j. ajhg. 2017. 
05. 013

 43. Voet T, Kumar P, Van Loo P, Cooke SL, Marshall J, Lin ML, 
Zamani Esteki M, Van der Aa N, Mateiu L, McBride DJ, Bignell 

GR, McLaren S, Teague J, Butler A, Raine K, Stebbings LA, 
Quail MA, D’Hooghe T, Moreau Y, Futreal PA, Stratton MR, 
Vermeesch JR, Campbell PJ (2013) Single-cell paired-end genome 
sequencing reveals structural variation per cell cycle. Nucleic 
Acids Res 41:6119–6138. https:// doi. org/ 10. 1093/ nar/ gkt345

 44. Chu JH, Rogers A, Ionita-Laza I, Darvishi K, Mills RE, Lee C, 
Raby BA (2013) Copy number variation genotyping using fam-
ily information. BMC Bioinformatics 14:157. https:// doi. org/ 10. 
1186/ 1471- 2105- 14- 157

 45. Wu CW, Lim TY, Wang C, Seltzsam S, Zheng B, Schierbaum 
L, Schneider S, Mann N, Connaughton DM, Nakayama M, van 
der Ven AT, Dai R, Kolvenbach CM, Kause F, Ottlewski I, Stajic 
N, Soliman NA, Kari JA, El Desoky S, Fathy HM, Milosevic D, 
Turudic D, Al Saffar M, Awad HS, Eid LA, Ramanathan A, Sen-
guttuvan P, Mane SM, Lee RS, Bauer SB, Lu W, Hilger AC, Tasic 
V, Shril S, Sanna-Cherchi S, Hildebrandt F (2022) Copy number 
variation analysis facilitates identification of genetic causation in 
patients with congenital anomalies of the kidney and urinary tract. 
Eur Urol Open Sci 44:106–112. https:// doi. org/ 10. 1016/j. euros. 
2022. 08. 004

 46. Jovanovic I, Zivkovic M, Kostic M, Krstic Z, Djuric T, Kolic 
I, Alavantic D, Stankovic A (2016) Transcriptome-wide based 
identification of miRs in congenital anomalies of the kidney and 
urinary tract (CAKUT) in children: the significant upregulation of 
tissue MIR144 expression. J Transl Med 14:193. https:// doi. org/ 
10. 1186/ s12967- 016- 0955-0

 47. Zhang F, Gu W, Hurles ME, Lupski JR (2009) Copy number vari-
ation in human health, disease, and evolution. Annu Rev Genom-
ics Hum Genet 10:451–481. https:// doi. org/ 10. 1146/ annur ev. 
genom.9. 081307. 164217

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1038/ki.2014.394
https://doi.org/10.1038/43474
https://doi.org/10.1038/43474
https://doi.org/10.1186/s13578-015-0056-4
https://doi.org/10.1186/s13578-015-0056-4
https://doi.org/10.1007/s00467-022-05678-z
https://doi.org/10.1681/ASN.2020050681
https://doi.org/10.1681/ASN.2020050681
https://doi.org/10.1016/j.ajhg.2017.05.013
https://doi.org/10.1016/j.ajhg.2017.05.013
https://doi.org/10.1093/nar/gkt345
https://doi.org/10.1186/1471-2105-14-157
https://doi.org/10.1186/1471-2105-14-157
https://doi.org/10.1016/j.euros.2022.08.004
https://doi.org/10.1016/j.euros.2022.08.004
https://doi.org/10.1186/s12967-016-0955-0
https://doi.org/10.1186/s12967-016-0955-0
https://doi.org/10.1146/annurev.genom.9.081307.164217
https://doi.org/10.1146/annurev.genom.9.081307.164217

	Copy number variation analysis identifies MIR9-3 and MIR1299 as novel miRNA candidate genes for CAKUT
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Patients and controls
	A funnel pipeline for identification of candidate miRNA genes with copy number variation
	Access to the gnomAD v2.1 and dbVar databases and miRNA mapping
	Selection of the mapped miRNA for the association study
	Detection of the candidate miRNA copy number variation and data analysis
	DNA extraction and copy number quantification

	Statistical analysis

	Results
	Candidate miRNA genes for association analysis of copy number variation with CAKUT
	Copy number variation of candidate miRNA genes in patients with CAKUT and controls
	miRNA gene copy number variation in patients with CAKUT with regard to phenotype

	Discussion
	Acknowledgements 
	References


