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Background and Aims    
The etiology of Idiopathic Congenital Talipes Equinovarus (ICTEV) remains poorly 
understood. Several theories have been proposed, including genetic factors. Unlike genes, 
which are essentially static in composition and size, transcriptome or microRNA (miRNA) 
varies greatly and might be influenced by multiple variables. This research aims to 
determine the expression of MiRNA that influences the occurrence of ICTEV in the 
Indonesian population. 

Methods  
A cross-sectional study was conducted using samples obtained from patients with ICTEV 
under the age of three years. Transcriptome profile evaluation was carried out through 
Nanostring analysis using nSolver Analysis to obtain miRNAs that play a role in the 
regulation of ICTEV. 

Results  
Among the 25 most upregulated miRNAs identified, two candidates were selected: 
miR-584-5p and miR-125a-3p. There were just two miRNAs which were downregulated 
namely miR-26a-5p and miR-548d-5p. Bioinformatics analysis using Diana-miRPathv4 
for upregulated microRNA using gene union and pathway union, revealed results related 
to the regulation of actin cytoskeleton, HIF-1 signaling pathway, Hippo signaling 
pathway and TGF-β signaling pathway. Bioinformatics analysis for downregulated 
miRNAs found that these miRNAs are affecting TGF-β regulation, actin cytoskeleton 
regulation and apoptotic pathway. These miRNAs act in the TGF-β signaling pathway 
which regulate cellular processes such as proliferation, apoptosis, differentiation, and 
extracellular matrix formation. These findings suggest a potential role of TGF-β signaling 
in the pathogenesis of ICTEV. Meanwhile, the other intersection pathway, the actin 
cytoskeleton is related to Filamin B (FLNB), in which mutation on FLNB causes skeletal 
deformity, dysregulation of muscle differentiation and presenting ICTEV appearance. 

Conclusion  
miR-584-5p, miR-125a-3p, miR-26a-5p and miR-548d-5p were identified as potential 
biomarker candidates for detecting ICTEV. In the development of biomarkers, validation 
of these discovered miRNA candidates is required, including expression testing and 
further analysis of their individual involvement in regulating the ICTEV-related genes. 

INTRODUCTION 

The most prevalent severe musculoskeletal birth abnormal
ity in infants is Congenital Talipes Equinovarus (CTEV). It 
is characterized by adduction, supination, and varus foot 

fixation, which means pointed downward, slanted inward, 
and axially rotated outward.1 One to two out of every 1000 
live babies have this congenital abnormality,2 with bilateral 
deformities occurring in about half of cases and unilateral 
cases being primarily right-sided.3 The deformity can mani
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fest as a single congenital abnormality with an “idiopathic” 
etiology or as a “syndromic” condition that occurs in com
bination with other genetically determined characteris
tics.4 

It’s unclear what causes CTEV and how much environ
mental and genetic influences play a part. Strong evidence 
suggests that the cause of idiopathic CTEV has a hereditary 
component. The final question of genetic participation was 
raised by a more thorough investigation that a five-gen
eration family was effectively implemented, and the auto
somal-dominant inheritance pattern was demonstrated.5,6 

A family history of idiopathic CTEV is reported in about 
24.4% of all isolated cases.7 Even though there are cur
rently no major gene candidates for CTEV, genetics plays 
a significant impact in its prevalence. Twin studies have 
shown a higher consanguineous relationship in monozy
gotic twins (32%) compared to dizygotic twins (2.9%).8 

PITX1 and MTHFR were among the most frequently men
tioned genes.9,10 The HOX gene family has also seen mu
tations that are typically observed to cause clubfoot defor
mity.11 In contrast to genes, which are relatively constant 
in size and content, the transcriptome, or MicroRNA 
(miRNA), changes widely and may be affected by several 
factors. 
Several aspects need to be considered when determining 

MicroRNA, including transcriptome variations that are de
pendent on age, cell cycle phase, and disorders. This vari
ation results from data showing that the kind and state of 
the cell affect how RNA is transcribed, or at what level.12 

The advantages of miRNA biomarker-based diagnostics in
clude minimally invasive sampling (peripheral blood), high 
sensitivity through quantitative methods such as RT-qPCR, 
and the potential to detect preclinical molecular changes 
non-invasively and monitor them longitudinally. 
In this study, Nanostring was used to explore biomarker 

potential of miRNA in Idiopathic CTEV. This technology 
was chosen for its ability to directly quantify miRNAs with
out enzymatic bias. Nevertheless, previous studies have 
emphasized the importance of validation using RT-qPCR 
due to potential inter-platform variability.13 The NanoS
tring nCounter has been employed in numerous investiga
tions due to its ability to directly quantify nucleic acids 
without necessitating an amplification process. It is still 
unknown how a particular genetic alteration contributes to 
recurring ICTEV instances, even if this theory was shown to 
be incorrect for genes linked to ethics.14 We aimed to de
termine the miRNA profile in ICTEV patient in Indonesian 
population and explore its potential as biomarker. 

METHODS 

STUDY DESIGN AND PATIENT SELECTIONS 

This was a cross-sectional, single-center, exploratory study. 
Patients were consecutively recruited from the outpatient 
clinic of the Pediatric Orthopaedic Subdivision, Depart
ment of Surgery, Dr. Sardjito General Hospital, Yogyakarta, 
Indonesia, between July 2021 and January 2024. Ethical ap
proval was obtained from the Ethics Committee of Faculty 

of Medicine, Public Health and Nursing, Universitas Gadjah 
Mada (KE/FK/1252/EC/2022). Informed assent was obtained 
from the parents of all participants prior to enrollment. 
Inclusion and exclusion criteria are summarized in 

Table 1 . Based on these criteria, a total of 8 patients were 
enrolled and subsequently divided into the ICTEV group (n 
= 4) and the control group (n = 4). 
Clinical variables collected included the initial Pirani 

score, Pirani score at follow-up (at  months), number of 
Ponseti casts applied, whether percutaneous Achilles teno
tomy was performed, duration of initial and maintenance 
foot abduction brace use, as well as weight, height, body 
mass index (BMI), and pGALS assessment. Sociodemo
graphic variables included maternal age at pregnancy, 
pregnancy supplement use, household smoking exposure, 
and economic status. 
Based on previous literature, factors such as sex, socioe

conomic status, exposure to cigarette smoke, and mater
nal age at pregnancy have been reported to be associated 
with the occurrence of CTEV.15‑18 Therefore, these vari
ables were identified as potential confounders and were col
lected for each subject in the present study. All clinical 
and sociodemographic patient data were collected manu
ally from electronic patient medical record 

SAMPLE COLLECTION 

We collected 2-3 mL of peripheral whole blood from pa
tients who met the eligibility criteria. Venipuncture was 
performed via the cephalic vein using standard aseptic pro
cedures, and the blood was collected into ethylene diamine 
tetra acetic acid (EDTA)-coated tubes. Samples were stored 
at room temperature (15-25 °C) and processed within 2 
hours of collection. The blood samples were centrifuged at 
2000 rpm at 4 °C for 10 minutes to separate plasma. The 
plasma samples were then aliquoted and stored at -80 °C, 
or used immediately for RNA extraction. 

RNA EXTRACTION 

Frozen plasma samples were incubated at 37 °C in a water 
bath until samples are completely thawed before RNA ex
traction. Cell-free total RNA, includes miRNAs, was ex
tracted from plasma samples using miRNeasy Serum/
Plasma Kit (QIAGEN, Hilden, Germany), strictly following 
the manufacturer’s protocol. 
Briefly, 200 µL of plasma samples were mixed with Buffer 

RPL and Buffer RPP, then incubated at room temperature 
to promote efficient protein denaturation. Samples were 
then centrifuged to remove precipitates, yielding clear su
pernatant. The resulting supernatant was mixed with iso
propanol to facilitate nucleic acid binding and subse
quently transferred to the RNeasy UCP MinElute spin 
column. After sequential washes with Buffer RWT, Buffer 
RPE, and 80% ethanol to remove residual proteins, salts, 
and contaminants, RNA was eluted in 20 µL of RNase-free 
water. The purified RNA was either used immediately or 
stored at –80 °C until use for further analysis. 
The concentration and purity of the extracted RNA were 

quantified using TapeStation (Agilent Technologies, USA) 
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Table 1. Inclusion and exclusion criteria     

Inclusion criteria for ICTEV group 

Inclusion criteria for control group 

Exclusion criteria 

and NanoDrop™ spectrophotometer (Thermo Fisher Sci
entific, USA), respectively. The integrity of RNAs was as
sessed to ensure suitability for downstream applications. 
Acceptable concentrations of total RNA were established at 
minimum of 100 ng, with preferred values of 1.6 for the 
A280/A260 ratio and 1.8 for the A260/A230 ratio. 

MIRNA EXPRESSION PROFILING USING NANOSTRING 
NCOUNTER 

For miRNA expression profiling, the nCounter® Human v3 
miRNA Panel (NanoString Technologies, Seattle, WA, USA) 
was used. This platform enables direct digital detection 
of approximately 800 human miRNAs without the need 
for reverse transcription or amplification, thereby reducing 
technical bias and ensures more accurate and reproducible 
measurement. 
Briefly, the workflow of miRNA sample preparation in

volved three sequential steps: multiplexed annealing of 
unique DNA tags to the target miRNAs, enzymatic ligation 
to generate tag–miRNA complexes, and purification to re
move excess unligated tags. nCounter miRNA assays re
quire purified total RNA as input material, in which the rec
ommended concentration is ≥33 ng/µL. For each reaction, 
3 µL of purified total RNA was combined with an annealing 
master mix containing nCounter Tag Reagents, Annealing 
Buffer, and diluted miRNA assay controls. Annealing was 
performed in a thermal cycler at 94 °C for 1 min, 65 °C for 2 
min, 45 °C for 10 min, and held at 48 °C. Ligation was car
ried out by adding a PEG-based ligation mix followed by lig
ase enzyme directly at 48 °C, and samples were incubated 
through a temperature gradient (48 °C, 3 min ― 47 °C, 3 
min ― 46 °C, 3 min ― 45 °C, 5 min ― 65 °C, 10 min ― 4 °C 
on hold) to ensure efficient adapter ligation. Following liga
tion, each reaction was treated with a clean-up enzyme and 
subjected to a purification step consisting of 1 h incubation 
at 37 °C, followed by heat inactivation at 70 °C for 10 min. 

The purified ligated products were diluted in nuclease-free 
water to a final volume of 40 µL. 
Those tagged miRNA samples were then proceeded for 

hybridization with the nCounter® Human v3 miRNA Code
Set (NanoString Technologies, Seattle, WA, USA). Hy
bridization process was carried out according to the man
ufacturer’s instructions. Briefly, each reaction consisted of 
20 µL hybridization master mix (Reporter CodeSet and Hy
bridization Buffer), 5 µL of purified tagged miRNA sample, 
and 5 µL Capture ProbeSet, yielding a final volume of 30 
µL. Prior to hybridization, samples were denatured at 85 °C 
for 5 min and immediately cooled on ice. Hybridization was 
carried out in a thermal cycler at 65 °C with a heated lid 
at 70 °C for 16–30 h, with an optimal incubation time of 
20–22 h. Following hybridization, reactions were held at 65 
°C until processing in the nCounter Prep Station. 
Lastly, the cartridges were scanned on the nCounter Dig

ital Analyzer to generate raw count data. The Digital An
alyzer uses multiple Field of View (FOVs) in the process 
of counting barcodes. At least 75% of FOVs should be suc
cessfully counted to obtain robust data. Raw counts for 
each target miRNA, as well as positive and negative control 
probes, were exported as RCC dan RLF files for downstream 
data processing. 

ANALYSIS OF MIRNA EXPRESSION PROFILE 

Raw miRNA expression profiles were uploaded and ana
lyzed using ROSALIND® (OnRamp Bioinformatics, San 
Diego, CA, USA), a cloud-based analysis platform for 
NanoString data. ROSALIND automatically performed stan
dard quality control, background correction, positive con
trol normalization, and normalization to housekeeping 
genes following NanoString-recommended best practices. 
Normalization factors were calculated to adjust for dif

ferences in analyte abundance and quality across samples, 
thereby accounting for input variance and potential RNA 
degradation effects. All normalization factors were within 

1. Male toddlers. 

2. Age between 2 and 2.5 years at the time of sampling. 

3. Newly diagnosed with idiopathic CTEV with a Pirani score > 3. 

4. Idiopathic CTEV, non-recurrent at initial diagnosis. 

5. Treated according to the Ponseti protocol (serial casting, with or without percutaneous Achilles tendon tenotomy, and use of a foot abduction brace 

[FAB] according to standard guidelines and instructions), performed by a single operator (the author) at Dr. Sardjito General Hospital. 

6. No other congenital musculoskeletal or non-musculoskeletal abnormalities, and not associated with any syndromic condition. 

7. Parents provided informed assent to participate in the study. 

1. Male toddlers. 

2. Age between 2 and 2.5 years at the time of sampling. 

3. No other congenital musculoskeletal or non-musculoskeletal abnormalities, and not associated with any syndromic condition. 

4. Parents provided informed assent to participate in the study. 

1. Patients with idiopathic CTEV who had a poor general condition and a high risk of mortality. 

2. Diagnosed with syndromic CTEV. 

3. Presence of any other congenital musculoskeletal or non-musculoskeletal abnormality. 

4. Parents declined to participate in the study. 
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the acceptable range of 0.1–10, indicating no samples re
quired exclusion. 
Differential expression analysis was performed within 

ROSALIND using a generalized linear model framework, 
with p-values adjusted for multiple testing using the Ben
jamini–Hochberg method to control the false discovery rate 
(FDR). ROSALIND also generated fold-change estimates, 
volcano plots, and heatmaps as part of its integrated analy
sis workflow. 

PREDICTION OF POTENTIAL PUTATIVE GENE 

Differentially expressed miRNAs identified from the 
NanoString analysis were subjected to further exploration 
for their putative target genes using the multiMiR R pack
age (version 1.30.0). This package integrates data from 14 
curated external databases containing both experimentally 
validated interactions and computationally predicted inter
actions.19 Analyses were restricted to Homo sapiens entries. 
To identify genes targeted by more than one dysregulated 
miRNA, lists of predicted targets were compared in R. Over
laps among target gene sets were visualized using Venn di
agrams generated with the VennDiagram R package. Prior 
to plotting, all gene vectors were cleaned to remove missing 
values (NA) and duplicates, ensuring accurate representa
tion of shared targets. Genes located in the overlapping re
gions, representing shared targets among the selected miR
NAs, were subsequently selected for functional enrichment 
analyses. 

ENRICHMENT ANALYSIS 

Functional enrichment analyses, including Gene Ontology 
(GO) and pathway enrichment, were performed on the re
sulting putative target genes using clusterProfiler R pack
age. Enriched terms were visualized using enrichplot R 
package. 

STATISTICAL ANALYSIS 

Sample size was calculated a priori using a standard for
mula for comparison of two means, based on an expected 
difference in mean expression levels and variance derived 
from previous data. This calculation resulted in a minimum 
required sample size of four samples per group. 
Clinical and socioeconomic variables were analyzed us

ing SPSS software (version 27; IBM Corp., Armonk, NY, 
USA). Continuous variables were summarized as mean ± 
standard deviation (SD), while categorical variables were 
expressed as frequencies and percentages. Between-group 
comparisons of baseline characteristics were performed us
ing independent-samples t-tests or Mann–Whitney U tests, 
depending on data distribution. Categorical variables were 
compared using Chi-square or Fisher’s exact tests, as ap
propriate. 
Potential confounding variables (sex, socioeconomic sta

tus, exposure to cigarette smoke, and maternal age) were 
descriptively compared between groups to assess baseline 
balance. Due to the limited sample size, no multivariable 
regression analysis was performed. 

A p-value <0.05 was considered statistically significant. 

RESULTS 

SUBJECT CHARACTERISTICS 

In total, eight patients met the eligibility criteria and were 
included in the study, with peripheral blood samples col
lected from all participants. In the non-recurrent idiopathic 
CTEV cohort, the mean baseline Pirani scores were elevated 
on both the right (5.37 ± 0.48) and left feet (4.25 ± 2.87), 
but improved to 0 at follow-up, indicating complete clinical 
correction. The mean number of Ponseti casts required was 
5.75 ± 0.5 times, with 25% of patients undergoing percuta
neous Achilles tenotomy. Adherence to the bracing proto
col was consistent, with mean daily brace usage of 23 hours 
during the initial phase and 16 hours during the main
tenance phase. The mean maternal age during pregnancy 
was slightly higher in the non-recurrent group compared 
to controls, while prenatal supplement intake was reported 
by all mothers in both groups. A positive household smok
ing exposure was observed in 75% of the non-recurrent 
group and 100% of controls. Although the control group 
reported a higher mean household income, anthropomet
ric parameters (body weight, height, and BMI) were com
parable between groups. Functional assessment using the 
pGALS screening tool demonstrated no pain, no difficulty 
in dressing or ambulation, and normal movement patterns 
in all participants Table 2 . 

DIFFERENTIAL EXPRESSION OF MIRNA 

To identify differentially expressed miRNAs between 
groups, the data generated from ROSALIND® were ana
lyzed using a two-tailed Student’s t-test to compute fold 
changes and corresponding p-values for each comparison 
defined during the experimental setup. To address the issue 
of multiple testing, false discovery rate (FDR) adjustments 
were applied using the Benjamini–Hochberg procedure. 
miRNAs with absolute fold change ≥1.5 and p-value ≤0.05 
were considered putative differentially expressed. 
Given the exploratory nature of this analysis and the ab

sence of widespread statistical significance after FDR cor
rection, the following miRNA findings should be inter
preted with caution. 
The lists of putative upregulated and downregulated 

miRNAs (p <0.05), sorted by fold change, have shown in 
Table 3  and Table 4 , respectively. 
Putative upregulated circulating miRNAs (p <0.05) iden

tified in non-recurrent idiopathic CTEV compared with 
controls, ranked by fold change. Only miRNAs meeting the 
predefined significance threshold are shown (ROSALIND 
platform). 
When compared with control group, two miRNAs were 

found to be downregulated in non-recurrent idiopathic 
CTEV group, namely hsa-miR-548d-5p with a fold change 
of –2.34 (p = 0.042) and hsa-miR-26a-5p with a fold change 
of –2.12 (p = 0.025). In contrast, top 5 miRNAs were upreg
ulated in non-recurrent idiopathic CTEV group relative to 
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Table 2. Patient demographic and characteristics     

Non-recurrent ICTEV 
(n = 4) 

Control 
(n = 4) 

Initial Pirani Score 
Right 
Left 

5.37 ± 0.48 
4.25 ± 2.87 

NA 
NA 

Pirani Score at follow up 
Right 
Left 

0 
0 

NA 
NA 

Ponseti Casting 5.75 ± 0.5 NA 

Percutaneous Achilles Tenotomy (%) 25 NA 

Foot Abduction Brace (hours/day) 
Initial phase 
Maintenance phase 

23 ± 0 
16 ± 0 

NA 
NA 

Maternal Age During Pregnancy (years) 31.33 ± 5.68 28.25 ± 4.85 

Maternal Supplement Intake (%) 100% 100% 

Household smoking exposure (%) 75% 100% 

Economic status (IDR) 2,950,000 ± 613,731.8 4,125,000 ± 2,015,564 

Body weight (kg) 14 ± 0.82 13.10 ± 1.48 

Body height (cm) 93 ± 4.69 92.30 ± 3.33 

BMI (kg/m²) 16 ± 0.82 15.35 ± 0.70 

pGALS (%) 
Pain 
Problems with dressing 
Problems with walking 
Normal Appearance and Movement 

0 
0 
0 

100 

0 
0 
0 

100 

Continuous data are presented as mean ± SD, and frequency data are presented as percentages. 

Table 3. Top 10 Putative upregulated circulating miRNAs       

miRNA Fold Change p-Value p-Adj 

1 hsa-miR-584-5p 4.31282 0.003675 0.325871 

2 hsa-miR-125a-3p 3.98967 0.001901 0.325871 

3 hsa-miR-553 3.81679 0.024593 0.577724 

4 hsa-miR-6724-5p 3.62505 0.0000216 0.017218 

5 hsa-miR-561-5p 3.16622 0.006529 0.413414 

6 hsa-miR-640 3.16622 0.013413 0.53517 

7 hsa-miR-129-2-3p 3.14051 0.045006 0.577724 

8 hsa-miR-1287-3p 3.12209 0.024265 0.577724 

9 hsa-miR-614 3.04962 0.00537 0.413414 

10 hsa-miR-181b-5p+hsa-miR-181d-5p 3.04829 0.040998 0.577724 

Table 4. Putative downregulated circulating miRNAs     

miRNA Fold Change p-Value p-Adj 

1 hsa-miR-548d-5p -2.34409 0.042288 0.577724 

2 hsa-miR-26a-5p -2.12308 0.024926 0.577724 

Putative downregulated circulating miRNAs (p < 0.05) identified in non-recurrent idiopathic CTEV compared with controls, ranked by fold change. Only miRNAs meeting the prede
fined significance threshold are shown (ROSALIND platform). 

controls, with the largest fold changes observed in the fol
lowing sequence: hsa-miR-584-5p, hsa-miR-125a-3p, has-
miR-553, hsa-miR-6724-5p, and hsa-miR-561-5p. 

A volcano plot was generated to visualize differential 
expression, with log₂-Fold Change (FC) plotted on the x-
axis and –log₁₀(p-value) on the y-axis. Each dot represents 
a miRNA, with green dots indicating upregulated miRNAs 
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Figure 1. Volcano plot of microRNA expression in non-      
recurrent idiopathic CTEV versus controls.      
The plot displays log2 fold change (x-axis) against –log10 p-value (y-axis). Red dots in
dicate putative upregulated miRNAs (p <0.05, |log2FC| > threshold), blue dots indicate 
putative downregulated miRNAs, and gray dots represent non-significant transcripts. 

(log₂FC >0.5), purple dots indicating downregulated miR
NAs (log₂FC <–0.5), and black dots representing miRNAs 
that did not meet the significance threshold (Figure 1 ). 
For clustering analysis, the Partitioning Around Medoids 

(PAM) algorithm was employed using the fpc R package. 
PAM clustering accounts for both the direction and magni
tude of expression change, grouping miRNAs with similar 
expression profiles. The resulting heatmap provides a vi
sual overview of how expression patterns differentiate the 
non-recurrent ICTEV group and control group, and also 
highlights potential cooperative behaviour of miRNA sets 
within shared signaling pathways relevant to CTEV recur
rence and deformity (Figure 2 ). Together, these findings 
indicate that distinct circulating miRNA signatures may 
discriminate non-recurrent CTEV patients from healthy 
controls. 
From the putative dysregulated miRNAs, four with no

table fold changes: hsa-miR-584-5p, hsa-miR-125a-3p, 
hsa-miR-548d-5p, and hsa-miR-26a-5p, were selected for 
bioinformatics analysis, including target gene prediction 
and pathway enrichment. 

IDENTIFICATION OF VALIDATED GENE TARGETS 

Using the multiMiR R package, target genes of the four 
dysregulated miRNAs (hsa-miR-584-5p, hsa-miR-125a-3p, 
hsa-miR-548d-5p, and hsa-miR-26a-5p) were identified. 
The search retrieved experimentally validated interactions 
from three databases (miRecords, miRTarBase, and Tar
Base), yielding a comprehensive list of putative targets. 
This dataset formed the basis for subsequent functional en
richment and network analyses. 

Validated target genes of the four miRNAs were retrieved 
using the multiMiR R package. The search identified 9,436 
targets for hsa-miR-26a-5p, 1,779 for hsa-miR-584-5p, 
2,616 for hsa-miR-125a-3p, and 523 for hsa-miR-548d-5p. 
Notably, the exceptionally large number of experimentally 
supported targets for hsa-miR-26a-5p is consistent with its 
role as a broadly expressed and stable reference miRNA in 
expression studies.20 Integration of validated target genes 
from the four dysregulated miRNAs revealed 65 overlapping 
targets, as shown in Figure 3 . These shared genes were 
considered high-confidence candidates, as they represent 
convergent regulatory signals across multiple miRNAs. 
These gene sets were subsequently used for functional en
richment and network analyses. 

ENRICHMENT ANALYSIS 

To explore the shared functions of the four dysregulated 
miRNAs and their potential roles in gene expression reg
ulation, the 65 putative target genes (Figure 3 ) were an
alyzed using the clusterProfiler R package. Functional en
richment analysis based on Gene Ontology (GO) 
categorized these genes into biological process (BP), mol
ecular function (MF), and cellular component (CC) terms, 
with the top five terms selected based on p-values (Figure  
4). GO annotation analysis indicated that target mRNAs 
were primarily involved in BP terms such as regulation of 
myelination, myelination, ensheathment of neurons, and 
axon ensheathment, suggesting a role of these miRNAs 
in neural development and maintenance. Additionally, 
miRNA metabolic process was enriched, consistent with the 
post-transcriptional regulatory functions of miRNAs. 
CC analysis showed strong enrichment for cytoplasmic 

ribonucleoprotein granule, ribonucleoprotein granule, and 
endonuclease complex, pointing toward a localization of 
target gene products in RNA processing and degradation 
compartments. Regarding the MF terms, significant enrich
ment was observed for regulatory RNA binding, acetyla
tion-dependent protein binding, and nuclear receptor bind
ing, indicating that the target genes of these miRNAs may 
participate in transcriptional regulation and chromatin re
modeling. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path

way enrichment was performed using the enrichKEGG func
tion for human pathways (organism = “hsa”), applying the 
same multiple testing correction and significance cutoff. 
KEGG pathway analysis identified 61 pathways, of which 
those predicted to be relevant to musculoskeletal, neurode
velopment, and angiogenesis are shown in Figure 5  and 
Table 5 . 

DISCUSSION 

Idiopathic CTEV is more common than syndromic CTEV, al
though the exact cause remains unclear. According to a sys
tematic review by Muhammad,21 the HOX, CASP and COL 
gene families are associated with CTEV. The Homeobox 
(HOX) gene family Idiopathic CTEV is more common than 
syndromic CTEV, although the exact cause. The 39 HOX 
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Figure 2. Heatmap of the top putative differentially expressed circulating microRNAs in non-recurrent            
idiopathic CTEV compared with controls.      
Hierarchical clustering demonstrates distinct segregation between groups, with biological replicates clustering closely within each condition. Expression values are shown as relative 
normalized counts (ROSALIND platform). 

genes found in humans are grouped into subgroups linked 
to the limbs, gastrointestinal, urogenital, and axial skele
ton.21 Gene expression at the posttranscriptional level is 
regulated by a broad group of microRNAs (miRNAs), which 
are small noncoding RNAs. Approximately 1000 miRNAs 
are known to exist inside the human genome, and they 
could influence numerous genes that code for proteins.22 

Initial transcription of DNA sequences results in primary 
miRNAs, which are subsequently transformed into miRNA 
precursors and, eventually, mature miRNAs, to produce the 
majority of miRNAs. Most of the time, miRNAs cause trans
lational repression and mRNA degradation via engaging 
with target mRNAs’ 3′ untranslated region (3′ UTR). How
ever, miRNAs have also been reported to interact with other 
regions, including the coding sequence, gene promoters, 
and the 5′ UTR.23 

Among the identified miRNAs, miR-584-5p and 
miR-125a-3p exhibited the highest fold changes and were 
therefore selected for further analysis. miR-584-5p expres
sion was markedly increased in patients with idiopathic 
CTEV, suggesting its potential role as a biomarker for this 
condition. Previous studies have reported that overexpres
sion of miR-584-5p increases apoptosis while inhibiting os
teosarcoma cell motility, invasion, and proliferation 
Functional enrichment analysis indicated that 

miR-584-5p may regulate several signaling pathways, in
cluding adherens junction, axon guidance, cytoskeleton or
ganization in muscle cells, ECM–receptor interaction, focal 
adhesion, neuroactive ligand–receptor interaction, Hedge
hog signaling, Hippo signaling, MAPK signaling, PI3K–Akt 
signaling, Ras signaling, regulation of the actin cytoskele
ton, Relaxin signaling, TGF-β signaling, and Wnt signaling 
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Figure 3. Venn diagram analysis of overlapping validated target genes among four dysregulated miRNAs (hsa-            
miR-125a-3p, hsa-miR-584-5p, hsa-miR-26a-5p, and hsa-miR-548d-5p).      
The numbers in each section represent the number of genes shared between specific miRNAs. 

Figure 4. Gene ontology analysis of the 65 overlapping validated target genes.           

pathway. Most of these pathways play a role in neurogene
sis, musculoskeletal development, and angiogenesis. 
Adherens junctions are essential for angiogenesis, neu

ronal development, and musculoskeletal function by medi
ating cell-cell adhesion and signal transduction. Adherens 
junctions support endothelial cell migration, growth, and 
differentiation, and maintain the integrity, development, 

and repair of muscle and connective tissue.24‑27 The cy
toskeleton in muscle cells plays a crucial role in muscle 
contraction, musculoskeletal integrity, and myogenesis. It 
facilitates structural support, cell movement, signal trans
duction, myoblast fusion, myofibril assembly, and the for
mation of muscle fiber architecture.28 
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Figure 5. KEGG pathway analysis of the 65 overlapping validated target genes. Only relevant pathways shown.               

Table 5. List of KEGG pathway relevant to musculoskeletal, neurodevelopment, and/or angiogenesis.           

ID KEGG pathway Target genes 

hsa04520 Adherens junction ACTN4, CTNNB1, EP300, MAPK1, ROCK2, SMAD4 

hsa04024 cAMP signaling pathway EP300, MAPK1, ROCK2, ATP2A2, MAP2K1 

hsa04110 Cell cycle EP300, SMAD4, CCNB1, MCM6 

hsa04022 cGMP-PKG signaling pathway MAPK1, ROCK2, ATP2A2, MAP2K1 

hsa04012 ErbB signaling pathway MAPK1, MAP2K1, MAP2K4 

hsa04510 Focal adhesion ACTN4, CTNNB1, MAPK1, SMAD4, MAP2K1 

hsa04068 FoxO signaling pathway EP300, MAPK1, SMAD4, MAP2K1, CCNB1 

hsa04066 HIF-1 signaling pathway EP300, MAPK1, MAP2K1 

hsa04380 Osteoclast differentiation MAPK1, ATP2A2, MAP2K1 

hsa04015 Rap1 signaling pathway CTNNB1, MAPK1, MAP2K1, RAPGEF2 

hsa04810 Regulation of actin cytoskeleton ACTN4, MAPK1, ROCK2, MAP2K1 

hsa04926 Relaxin signaling pathway MAPK1, MAP2K1, MAP2K4 

hsa04550 Signaling pathways regulating pluripotency of stem cells CTNNB1, MAPK1, SMAD4, MAP2K1 

hsa04350 TGF-β signaling pathway EP300, MAPK1, SMAD4, MAP2K1 

hsa04530 Tight junction ACTN4, ROCK2, RAPGEF2, RAB8B 

hsa04668 TNF signaling pathway MAPK1, MAP2K1, MAP2K4 

hsa04310 Wnt signaling pathway CTNNB1, EP300, ROCK2, SMAD4 

Previous research stated that miRNA 584-5p has not 
been recognized as related to clubfoot and limb deformity. 
But it may interfere from actin cytoskeleton and TGF-β 
pathway.29 The TGF-β signaling pathway plays a crucial 
role in the nervous, musculoskeletal, and vascular systems. 
In the nervous system, TGF-β regulates neurogenesis, den
drite growth, spine formation, and impulse transmission at 
synapses.30,31 In musculoskeletal tissues, TGF-β controls 
muscle growth, repair, and fibrosis, as well as bone remod
eling and tendon healing.32‑34 Several genes involved in the 
TGF-β pathway are known to exhibit increased expression 

in syndromic clubfoot. Impaired TGF-β signaling in club
foot tissue leads to fibrosis and changes in ECM compo
sition. Mutations in TGF-β pathway components or ECM 
proteins are frequently found in syndromic clubfoot. This 
association is reinforced by the involvement of Filamin B 
(FLNB), which interacts with the cytoskeleton, ECM, and 
TGF-β signaling pathways.35 

Similarly, miRNA 125a-3p has not been previously rec
ognized as related to muscle deformity, but we suggest this 
microRNA is related to rheumatoid arthritis that may con
tribute to the pathogenesis of ICTEV. By targeting MAST3, 
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overexpression of miR 125a-3p may deactivate several 
pathways called the Wnt/β-catenin and NF-κB, thereby re
ducing the response to inflammation and cell proliferation 
of fibroblast-like synovial cells and RA tissues in rheuma
toid arthritis (RA-FLS).36 

miRNA 26a-5p was elevated over muscle-skeletal differ
entiation, and excessive expression encouraged the devel
opment of myoblasts. At the same time, miR-26a was in
hibited by controlling Smad1 and Smad4. In RA-FLS cells 
transfected with miR-26a-5p inhibitor, cell proliferation 
rate peaked on day 2, indicating that downregulation of 
miR-26a-5p inhibits cell proliferation. When combined, 
their findings indicated that miR-26a-5p stimulates RA-FLS 
cell cycle progression and proliferation. While suppression 
of miR-26a-5p resulted in complete apoptosis, overexpres
sion of miR-26a-5p also slowed the rate of apoptosis in 
RA-FLS. In contrast, RA-FLS showed decreased cell pro
liferation, invasion, and apoptosis resistance along with 
down-regulated miR-26a-5p. While overexpression of 
miR-26a-5p escalated these traits.37 

Clubfoot causes stiffness as a result of the contraction 
of soft tissues. It is characterized by the high expression of 
extracellular matrix proteins such as versican, tenascin-C, 
collagen types III, V, and VI, asporin, and TGF-β induced 
protein.38,39 Additionally, ECM plays a part in the move
ment of cells, proliferation, and differentiation. TGF-β sig
naling is regulated in part by extracellular matrix binding.4,
40 The etiopathogenetic process of clubfoot involved im
munological responses and abnormalities in the extracellu
lar matrix.41 By controlling the actomyosin complex, miR
NAs are essential for many biological activities in different 
tissues [75]. Clubfoot has only been linked to the gene en
coding Filamin B (FLNB), which is necessary for actin cy
toskeletal function.42 An actin-binding protein called FLNB 
creates a dynamic structure by crosslinking actin cytoskele
ton filaments.43 

This finding is quite consistent with the results obtained 
that there is downregulation of the miRNA gene family, 
namely miRNA 26a-5p and miRNA 548d-5p, in patients 
with idiopathic CTEV through the involvement of the TGF 
signaling pathway and the actin cytoskeleton pathway. Due 
to the varying findings from our study and the literature, 
a definitive theory remains inconclusive. However, the ob
served downregulation of miRNA 26a-5p and miRNA 
548d-5p in our idiopathic CTEV patients provides valuable 
insights. Further tests could be conducted to quantify, val
idate, and explore the potential of miRNA 26a-5p and 
miRNA 548d-5p as biomarkers for idiopathic CTEV pa
tients. These findings should be interpreted as preliminary 
and hypothesis-generating rather than as definitive clinical 
evidence. 
This exploratory study bears several limitations. Al

though the sample size was determined a priori using a 
conventional formula for comparing two means, more con
servative estimation approaches (e.g., G*Power) suggest 
that a larger sample size may be required. As a result, the 
modest sample size may have limited statistical power to 
detect modest between-group differences, increasing the 
risk of type II error, particularly in analyses involving cor

rection for multiple testing. In addition, the small sample 
size precluded multivariable regression analyses; therefore, 
potential confounders were evaluated descriptively rather 
than through adjusted models. These limitations may re
strict the generalizability of the findings, which should be 
interpreted cautiously as hypothesis-generating. Future 
studies with larger sample sizes are warranted to enable ad
equately powered multivariable analyses and improve gen
eralizability. 

CONCLUSION 

Based on this exploratory study, MiR-584-5p, MiR-125a-3p, 
MiR-26a-5p, and MiR-548d-5p have been identified as po
tential biomarkers for detecting ICTEV. To advance the de
velopment of these biomarkers, it is important to validate 
these miRNA candidates through expression testing and 
further analysis of their individual roles in regulating 
ICTEV-related genes. 
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