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Regulation of COL1A2, AKT3
genes, and related signaling
pathway in the pathology of
congenital talipes equinovarus
Ningqing Wang†, Jiangchao Zhang†, Haixiang Lv and
Zhenjiang Liu*

Department of Orthopedics, Children’s Hospital, Capital Institute of Pediatrics, Beijing, China

Congenital talipes equinovarus (CTEV) is one of the most common congenital

limb defects in children, which is a multifactorial and complex disease

that associates with many unknown genetic, social-demographic, and

environmental risk factors. Emerging evidence proved that gene expression

or mutation might play an important role in the occurrence and development

of CTEV. However, the underlying reasons and involved mechanisms are still

not clear. Herein, to probe the potential genes and related signaling pathways

involved in CTEV, we first identified the differentially expressed genes (DEGs)

by mRNA sequencing in pediatric patients with CTEV compared with normal

children. The gene of COL1A2 was upregulated, and AKT3 was downregulated

at the transcriptional level. Western blot and quantitative polymerase chain

reaction (qRT-PCR) results also showed that the expression of COL1A2 in

CTEV was enhanced, and the AKT3 was decreased. Furthermore, the COL1A2

Knock-in (+COL1A2) and AKT3 Knock-out (-AKT3) transgenic mice were used

to verify the effects of these two genes in the CTEV, and the results of which

showed that both COL1A2 and AKT3 were closely related to the CTEV. We

also investigated the effect of the PI3K-AKT3 signaling pathway in CTEV by

measuring the relative expression of several key genes using Western blot

and qRT-PCR. In line with the Kyoto Encyclopedia of Genes and Genomes

(KEGG) analysis data, the PI3K-AKT3 signaling pathway might play a potentially

important role in the regulation of pathological changes of CTEV. This study

will provide new ideas for the mechanism investigation and prenatal diagnosis

of CTEV.

KEYWORDS

congenital talipes equinovarus, COL1A2, AKT3, differentially expressed genes, key
genes

Introduction

Congenital talipes equinovarus (CTEV), also known as clubfoot, is one of the
most common congenital limb defects in children that is characterized by hindfoot
varus, forefoot adduction, high arch foot, and plantar flexion deformity (1). The
epidemiological data suggest that the incidence of CTEV is nearly 0.5–2h, and the
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number of male patients is twofold that of the female patients
(2, 3). In low- and middle-income countries, the prevalence
of CTEV seems higher than the developed countries, and the
incidence of CTEV is racial differences (1, 4). Based on the
clinical presentation, CTEV can be classified as secondary,
syndromic, and idiopathic. It has been reported that 20% of
the cases can be secondary or syndromic when associated with
other congenital diseases, and 80% of cases may happen as birth
defects without any relationships with other malformations (1).
The traditional treatment for CTEV is early postnatal non-
surgical therapy, such as the minimally invasive Ponseti method,
which has been accepted as the initial treatment of CTEV in
many countries (5). The Ponseti method has good mobility and
functional outcomes, but the recurrence rate is up to ∼54%
and may be accompanied by foot pain and muscle dysplasia in
the surgery side leg (5, 6). Therefore, exploring the pathogenic
causes and novel therapeutic methods has become a hot topic
in CTEV research.

Characterization of the protein composition in the
extracellular matrix of contracted tissue is important and
helpful in understanding the pathogenesis of CTEV. In total,
13 infant patients with idiopathic clubfoot were selected to
analyze the protein composition of the extracellular matrix
in contracted tissue by proteomic analysis. The extracellular
matrix in clubfoot was composed of additional 16 proteins
including collagens V, VI, and XII, as well as collagens I, III, and
transforming growth factor β (7). Kerling et al. also examined
whether there were quantitative changes of key proteins in the
extracellular matrix by immunohistological analysis, resulting
in that the values of collagens I, III, VI, and undulin in musculus
gastrocnemius were higher than musculus vastus lateralis, while
the value for tissue inhibitor of matrix metalloproteinase-2
was reduced (8). There were no significant differences in the
components of the musculus tibialis anterior and musculus
vastus lateralis, as well as no differences between the male and
female patients or between the patients who suffered on one side
and both sides (8). Moreover, emerging studies indicated that
CTEV is a multifactorial and complex disease that is not only
caused by the interaction of many unknown genetic factors but
also social-demographic and environmental risk factors (1, 2, 9).
Theories about genetic factors include abnormal extracellular
matrix, neuromuscular injury, skeletal dysplasia, soft tissue
contracture, vascular abnormalities, Bacino et al. (2). Several
abnormally expressed genes were proved closely associated
with the CTEV, such as homeobox gene (HOX), collagen family
genes (COL), cysteinyl aspartate specific proteinase (CASP),
and so on (7, 10). For example, HOX cluster has been proved
to play an important role in regulating muscle development of
children and also can regulate the simultaneous development of
muscles, tendons, and cartilage (11, 12). In one clinical study,
the mRNA of COL9A1 and COL1A1 in patients with CTEV was
remarkably higher than normal people, which suggested that

the COL family might associate with the CTEV (13). However,
the underlying reasons and involved mechanism of CTEV are
still not completely clear.

In recent years, gene sequencing technologies including
whole-genome linkage analysis, mRNA sequencing, gene chip,
and whole-exome sequencing have provided bases for the
investigation of gene pathways, developmental processes, and
environmental factors on the pathogenesis of CTEV. Especially,
RNA sequencing technology has been widely used in the
research of various human diseases, and it is the most widely
used research mode of transcriptomics in disease research on
the changes of genes at the transcriptome level (14). Moreover,
RNA sequencing can rapidly and massively supplement the
biological information of patients with CTEV, which is helpful
to carry out in-depth molecular biology research on CTEV. In
this study, we probed the differentially expressed genes (DEGs)
in child patients with CTEV compared with normal children
by mRNA sequencing. Then, the target gene Knock-in (KI) or
Knock-out (KO) mice were constructed to identify the genes’
function and related signaling pathways in the CTEV. This
study provides new ideas for the mechanism investigation and
prenatal diagnosis of CTEV.

Materials and methods

Materials

The plasma samples of pediatric patients with CTEV
and normal children were collected from the Department
of Pediatric Orthopedics, Shengjing Hospital, China Medical
University. Both the groups included 1 man and 2 women, and
the ethnicity of all children was Han Chinese. The children in
the control group had no history of CTEV and other congenital
skeletal and musculoskeletal malformations and without any
abnormal blood biochemical indexes. The CTEV and normal
children aged in the range from 4 to 6 years. All patients in
this study met the inclusion and exclusion criteria, and all
clinical specimens were collected with the informed consent
of the children’s guardians and approved by the Medical
Ethics Committee of Shengjing Hospital affiliated with China
Medical University (No. 2017PS226K). All the reagents were
purchased from Beijing Chemical Plant (Beijing, China) without
any special notes.

Experimental animals

Both the wild-type (WT) C57BL/6 mice and transgenic mice
were generated by Cyagen Biosciences (Guangzhou, China).
The mice were hosted following guidelines of the Institute
for Experimental Animals of Shengjing Hospital affiliated
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with China Medical University and were approved by the
Medical Ethics Committee for animal experiments. The relative
humidity of the mouse room is 55 ± 5%, with a temperature
of 25◦C and a 12 h/12 h light/dark cycle. The fetal mice were
obtained and checked about the CTEV-like morphology after
the female mice conception for 21 days.

mRNA sequencing

Three pediatric patients with CTEV and control children
were recruited for the identification of key genes involved in
CTEV, in which, the male to female ratio was 1:2. A volume of
10 ml peripheral venous blood was collected from 7 to 9 a.m.
Then, the blood was centrifuged at 1,000g for 10 min. After
removing the pellet, plasma was obtained and stored at −80◦C.
The plasma samples were sent to Aksomics Biotechnology Co.,
Ltd., (Shanghai, China) to perform the mRNA sequencing. In
brief, the total RNA of the plasma sample was isolated using
TRIzol reagents (Promega, United States) and identified using
agarose gel electrophoresis and microspectrophotometer. After
the RNA library was constructed by 1∼2 µg RNA and identified
by Agilent 2100 Bioanalyzer, the sequencing was carried out
using Illumina NextSeq 500 sequenator. Gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway were used to analyze the potential gene functions and
signaling pathways.

Western blot

The plasma was isolated by centrifuging at 1,000g for
10 min. Then, the total protein concentration was detected using
the bicinchoninic acid (BCA) method. Notably, 5 µg/µl plasma
samples were boiled for 5 min after mixing with 2xSDS-PAGE
loading buffer and then loaded on SDS-PAGE prefabricated gel
(8%) for gel electrophoresis. The gel was transferred onto a
nitrocellulose film at 100 V for 1.5 h. A total of 5% skimmed milk
was used to block the membrane at room temperature for 1 h.
The membrane was stained using the first antibody at 4◦C on
a shaker overnight. After rinsing three times with TBST buffer
(pH 7.4), the second antibody was added and incubated at room
temperature for 1 h. Finally, enhanced chemiluminescence
(ECL) solution was added to the film, and the film was imaged
using the TANON chemiluminescence instrument. Antibodies
of COL1A2, AKT3, PI3K, mTOR, GSK3β, and MMP proteins
were purchased from Abcam (Cambridge, MA, United States).

Real-time quantitative polymerase
chain reaction assay

The quantitative polymerase chain reaction (qRT-PCR)
was performed following standard procedures (15). The total

RNA of the plasma sample was isolated using TRIzol reagents
following the manufacturer’s instructions. Then, the first-strand
cDNA was prepared using the Hi Fi-Script First Strand cDNA
Synthesis Kit (Kangwei, Beijing, China). Then, the RT-PCR was
carried out using a real-time PCR system (Bio-Rad, Hercules,
CA, United States) following the amplification parameters: pre-
denaturation at 95◦C for 10 min, 40 cycles of denaturation at
95◦C for 15 s, and annealing at 60◦C for 30 s. β-actin was
used as an internal control. The relative expression of genes
between the CTEV and control samples was calculated using the
following equation: fold changes = 2−11Ct (16). All the primers
for qRT-PCR are listed in Table 1.

Statistical analysis

The data were presented as (means ± SD). The difference
analysis of different groups was performed by one-way ANOVA
followed by Tukey’s test; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001;
∗∗∗∗p < 0.0001.

Results

Identification of the key genes involved
in congenital talipes equinovarus by
mRNA sequencing

The total RNA from CTEV and normal children’s plasma
were extracted using TRIzol reagents (Promega, United States).
After determining the purity and integrity of RNA samples
by agarose gel electrophoresis and microspectrophotometer,
the sequencing was carried out with the support of Aksomics
Biotechnology Co., Ltd. (Shanghai, China). As shown in

TABLE 1 Primer sequences used in the quantitative polymerase chain
reaction (qRT-PCR) assay.

Gene Direction Primer sequence (5′-3′)

AKT3 Forward ATAATCAGATGTCTCCAGTGGAC

Reverse ATAATCAGATGTCTCCAGTGGAC

COL1A2 Forward GAAGGCTCTAGAAAGAACCC

Reverse CCAGTAGTAACCACTGCTC

GSK3β Forward GACTAAGGTCTTCCGACCCC

Reverse TTAGCATCTGACGCTGCTGT

MMP Forward AAGGGTACAGCCTGTTCCTGGT

Reverse CTGGATGCCGTCTATGTCGTCT

mTOR Forward TTCATTCTTTCATTGGAGACGG

Reverse CTCGAACCCTGTTAATAATCTGG

PI3K Forward ACTGGCAACCCAGAACTGATA

Reverse CCGAGACACCACAGCTGAAT

β-actin Forward ATATCGCTGCGCTGGTCGT

Reverse CCTTCTGACCCATTCCCACC
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Figure 1A, scatter plots were used to evaluate the expression
variations of mRNA between the CTEV and control samples.
Totally, compared with the control group, 181 DEGs were
screened in the CTEV group, in which 58 DEGs were
upregulated, and 123 DEGs were downregulated. We calculated
the relative expression of DGEs and collected the top 10
significantly expressed upregulated or downregulated genes
(Figure 1B). Concretely, the top 10 most significantly
upregulated genes were HBA1, HBB, COL1A2, SNN, PF4, SPP1,
INAFM2, LSP1, TREML1, and HIST1H2BC, and the top 10
most significantly downregulated genes were RPS27, MT1E,
TMEM147, ENO1, S100A14, AKT3, SERPINE1, NDUFB6,
FAM20B, and SCD.

Gene ontology and KEGG pathway analysis were performed
to predict the functional enrichment of differentially expressed
mRNAs. In the GO analysis, three items including biological
process, cellular component, and molecular function were
conducted. The top 10 upregulated and downregulated GO
terms are listed in Table 2, and we found that the upregulated
process or function was mainly involved in hydrogen peroxide
metabolic, oxygen transport, growth hormone, and extracellular
process, and downregulated process mainly included cellular
metabolic, RNA splicing, and nucleobase containing compound
metabolic process. KEGG pathway analysis showed that
malaria, cancer, and several other disease-related pathways
corresponded to upregulated transcripts, and HIF-1 signaling,
spliceosome, and PI3K-AKT signaling pathways corresponded
to downregulated transcripts (Table 3).

Therefore, by combining the results of DEG candidates and
predicting biological processes and pathways, we noticed that
among the upregulated genes, the relative expression of COL1A2
in CTEV was nearly 239-fold compared with the control group
(Figure 1B). The AKT3 gene was downregulated nearly 43-
fold compared with the control group (Figure 1B), which is

in line with the KEGG analysis results that the PI3K-AKT3
signaling pathway in the CTEV group was downregulated.
All in all, we hypothesized that the gene of COL1A2 was
upregulated and AKT3 was downregulated, both of which play a
pivotal role in CTEV.

COL1A2 and AKT3 were abnormally
expressed in patients with congenital
talipes equinovarus

According to the mRNA sequencing and functional
prediction, the DEGs of COL1A2 and AKT3 may play an
important role in the CTEV. So, we detected the expressed
proteins of COL1A2 and AKT3 in the plasma from normal
children and child patients with CTEV using Western blot.
As shown in Figure 2A, the dose of COL1A2 in the CTEV
plasma group was obviously higher than the control group,
and the AKT3 was lower than the control group, respectively.
Quantification of the COL1A2 or AKT3 to GAPDH in the
Western blot further proved that COL1A2 (p < 0.001) and
AKT3 (p < 0.01) were significantly differentially expressed
between the CTEV and control groups (Figure 2B).

We further probed the relative expression of COL1A2
and AKT3 at the transcriptional level using the qRT-PCR
method. In accord with the Western blot results, the relative
expression of COL1A2 was significantly higher than the
control group (p < 0.001), and AKT3 was significantly lower
(p < 0.01) (Figures 2C,D). Therefore, consistent with the
mRNA sequencing results, it was indicated that the expression
of COL1A2 and AKT3 in patients with CTEV were abnormal, in
which, the COL1A2 was higher expressed and AKT3 was lower
expressed compared with the normal people.

FIGURE 1

Identification of the differentially expressed genes in the plasma from normal children and child patients with congenital talipes equinovarus
(CTEV) using mRNA-seq. (A) Volcano plot of gene expression changes between control and child patients with CTEV. (B) Top 10 upregulated
and downregulated genes from the RNA-seq results.
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TABLE 2 Gene ontology (GO) analysis of differentially expressed genes (DEGs) in the plasma from child patients with congenital talipes
equinovarus (CTEV) compared with normal children.

Biological process Cellular component Molecular function

Up-regulated Hydrogen peroxide metabolic process Extracellular region Growth hormone activity

Oxygen transport Extracellular space Growth hormone receptor binding

Growth hormone receptor signal Haptoglobin hemoglobin complex Haptoglobin binding

Cellular response to growth Hemoglobin complex Oxygen carrier activity

Platelet degranulation Platelet alpha granule Receptor ligand activity

Regulation of signaling recognition Vesicle Growth factor activity

Extracellular structure organization Cytoplasmic vesicle lemen Extracellular matrix structure

Hydrogen peroxide catabolic process Platelet alpha granule lumen Oxygen binding

Regulated exocytosis Secretory granule Hormone activity

Response to growth hormone Secretory vesicle Peroxidase activity

Down-regulated Cellular metabolic process Membrane bounded organelle Peptide binding

mRNA splicing via spliceosome Nucleus Amide binding

RNA splicing via transeste Intracellular membrane bounded RNA polymerase I core binding

Cellular nitrogen compound Nucleoplasm Protein binding

Metabolic process Intracellular organelle Enzyme binding

Nitrogen compound metabolic process Intracellular Organic cyclic compound binding

Nucleobase containing compound metabolic Nuclear lumen RNA binding

Cellular aromatic compound metabolic Catalytic complex SMAD binding

Primary metabolic process Catalytic step 2 spliceosome RNA polymerase II activity

RNA splicing Cytoplasm Disulfide oxidoreductase

Functional identification of COL1A2
and AKT3 in transgenic mice

From the mRNA sequencing data and the expression
measurement, we found that the genes of COL1A2 and AKT3
may play important roles in the occurrence and development of
CTEV, and both of these two genes were abnormally expressed
in the patients with CTEV. Therefore, we further used the
COL1A2 KI (+COL1A2) and AKT3 KO (-AKT3) transgenic
mice to determine the function of COL1A2 and AKT3 on

TABLE 3 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of signal pathways of DEGs in the plasma from child patients
with CTEV compared with normal children.

Up-regulated Down-regulated

African trypanosomiasis Bacterial invasion of epithelial

Cell adhesion molecules Central carbon metabolism

ECM receptor interaction Cytosolic DNA-sensing pathway

Focal adhesion Epstein-Barr virus infection

Leishmaniasis Glycolysis/Gluconeogenesis

Malaria HIF-1 signaling pathway

Phagosome Metabolic pathways

Proteoglycans in cancer Mineral absorption

Pyrimidine metabolism PI3K-AKT signaling pathway

Systemic lupus erythematosus Spliceosome

CTEV. First, we obtained the +COL1A2 and -AKT3 transgenic
mice according to the DNA prokaryotic microinjection method
(17). After identifying the positive mutations by genotyping,

FIGURE 2

The expression of COL1A2 and AKT3 in the plasma from normal
children and child patients with CTEV. (A) Western blot of
plasma COL1A2 and AKT3 proteins. (B) Quantification of protein
expression in panel (A). Quantitative polymerase chain reaction
(qRT-PCR) analyzation of plasma COL1A2 (C) and AKT3 (D)
expression at the transcriptional level. Data are means ± SD
(n = 3). Statistical significance was determined using one-way
ANOVA followed by Tukey’s test; ∗∗p < 0.01; ∗∗∗p < 0.001.
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we detected the expression of COL1A2 and AKT3 genes in the
transgenic mice. As shown in the Western blot results, compared
with the WT mice, the content of COL1A2 protein in the plasma
was obviously higher, and AKT3 was lower in the +COL1A2
transgenic mice (Figure 3A). It means that there may exist a
relationship among the expression of COL1A2 and AKT3 genes,
in which, the overexpression of the COL1A2 gene may suppress
the activation of AKT3 expression. In the -AKT3 transgenic
mice, the content of COL1A2 protein in the plasma seemed less
high than in the WT mice, while the AKT3 was scarcely detected
(Figure 3A). Quantification of the COL1A2 or AKT3 blot to
GAPDH proved that in the +COL1A2 mice, the content of
COL1A2 was significantly improved (p < 0.01), and AKT3 was
reduced compared with the WT mice (p < 0.01) (Figure 3B).
The content of COL1A2 was not significantly different in the -
AKT3 transgenic mice compared with the WT mice, while AKT3
was significantly decreased (p < 0.0001) (Figure 3B).

We also measured the relative expression of COL1A2 and
AKT3 genes in both the +COL1A2 and -AKT3 transgenic mice
using qRT-PCR. As shown in Figure 3C, the expression of
COL1A2 in both of these two transgenic mice was significantly
increased than in WT mice at the transcriptional level (p < 0.05).

However, the AKT3 gene was significantly downregulated
in both + COL1A2 (p < 0.05) and -AKT3 (p < 0.001)
transgenic mice compared with WT mice (Figure 3D). As
shown in Figure 3E, compared with the control fetal mouse,
both the +COL1A2 and -AKT3 transgenic fetal mice had
bilateral congenital clubfoot-like abnormalities. All the two
lower limbs in the transgenic fetal mice were involved,
and other morphological features of the CTEV phenotype
including asymmetric hind limb, pelvic abnormalities, calcaneus
varus, overlap of the talus, and calcaneus were also noted
(Figure 3E) (3, 18). The CTEV phenotypes of +COL1A2
transgenic fetal mice seemed more serious compared with the
-AKT3 mice (Figure 3E).

The effects of PI3K/AKT3 signal
pathway in the congenital talipes
equinovarus

It was encouraging that COL1A2 and AKT3 genes were
important in the pathological process of CTEV according to
the above mRNA sequencing data of patients with CTEV and

FIGURE 3

Functional identification of the target genes using COL1A2 Knock-In (+ COL1A2) and AKT3 Knock-Out (-AKT3) transgenic mice. (A) Western
blot of plasma COL1A2 and AKT3 proteins. (B) Quantification of protein in panel (A). qRT-PCR analyzation of plasma COL1A2 (C) and AKT3 (D)
expression at the transcriptional level. (E) Morphological observation of the mice pups. Data are means ± SD (n = 3). Statistical significance was
determined using one-way ANOVA followed by Tukey’s test; n.s., no significance; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.
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FIGURE 4

The effects of the PI3K/AKT3 signal pathway in the CTEV. (A) Western blot of the expression of key proteins involved in the PI3K/AKT3 signal
pathway. (B) Quantification of protein in panel (A). qRT-PCR analyzation of plasma genes of PI3K (C), mTOR (D), GSK3β (E), and MMP (F)
expression at the transcriptional level. Data are means ± SD (n = 3). Statistical significance was determined using one-way ANOVA followed by
Tukey’s test; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.

experiments on transgenic mice. We also wanted to know the
effect of the related signaling pathway involved in the CTEV.
According to the previous study, we detected the expression of
key proteins or factors in the PI3K-AKT3 signaling pathway,
including PI3K, mTOR, GSK3β, and MMP. As shown in
Figure 4A, after KO of the AKT3 gene, the content of all the
three important proteins involved in the PI3K-AKT3 signaling
pathway (PI3K, mTOR, and GSK3β) was obviously lower than
the WT mice. While the MMP was remarkably abundant in
the -AKT3 transgenic mice (Figure 4A), similar results were
occurred in the +COL1A2 transgenic mice compared with WT
mice (Figure 4A). Quantification of the PI3K, mTOR, GSK3β,
and MMP blot to GAPDH showed that in both the +COL1A2
and -AKT3 transgenic mice, the three proteins (PI3K, mTOR,
and GSK3β) involved in the PI3K-AKT3 signaling pathway were
significantly lower than that in the WT mice (p < 0.05), while
MMP was significantly higher (p < 0.0001) (Figure 4B).

Furthermore, we measured the relative expression of PI3K,
mTOR, GSK3β, and MMP genes at the transcriptional level.
In line with the Western blot results, in both the +COL1A2
and -AKT3 transgenic mice, the relative expression of PI3K,
mTOR, and GSK3β genes involved in the PI3K-AKT3 signaling
pathway was significantly reduced compared with the WT mice

(p < 0.05) (Figures 4C–E), and MMP was significantly increased
(p < 0.0001) (Figure 4F). Therefore, the PI3K-AKT3 signaling
pathway was important and disrupted in the CTEV, which was
in agreement with the KEGG analysis (Scheme 1).

Discussion

mRNA sequencing was used to identify the key genes
involved in the CTEV. After the sequencing and analysis,
10 most significantly upregulated and downregulated genes
were selected. Of note, similar to COL1A1 and COL9A1,
the COL1A2 gene is a member of the collagen family genes
that play a vital role in osteogenesis, bone toughness, and
bone metabolism (19). COL1A1 and COL1A2 encode the
pro-α1 and pro-α2 chains of collagen type I, respectively,
the major component of bone extracellular matrix (13). It
has been reported that the abnormal expression or mutation
of COL1A2 may involve in the development of osteopenia
and osteoporosis (20). Other upregulated genes such as SPP1
encodes the protein of osteopontin, one of the non-collagenous,
extracellular agglutinating glycoprotein located inside the bone,
which may play a key role in the osteoclast attachment to the
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SCHEME 1

Schematic diagram of the molecular pathway of COL1A2 and
AKT3 might be involved in the pathogenicity of congenital
talipes equinovarus (CTEV).

bone during bone resorption (21). In addition, osteopontin
can regulate the proliferation, motility, migration, and blood
vessel formation of human umbilical vein endothelial cells
and then may lead to the occurrence of CTEV (22). It was
interesting that the processes of hydrogen peroxide metabolic
and oxygen transport were upregulated from the GO analysis
results (Table 2). In line with the data from another study,
Altay et al. measured the oxidative status of 38 patients with
CTEV and found that the high levels of serum prolidase activity,
total oxidant status, and oxidative stress index might be closely
associated with the development of CTEV (23). From the KEGG
pathway analysis results, we found that some genes involved in
malaria, cancer, or other disease were upregulated in the patients
with CTEV compared with the control children (Table 3).
Malaria remains a highly prevalent disease that is caused by
Plasmodium falciparum infection, which is often associated with
procoagulant tonus characterized by thrombocytopenia and
activation of the coagulation cascade and fibrinolytic system
(24). Thus, malaria may induce angiogenesis, resulting in
vascular malformation. However, lots of studies have proved
that vascular abnormalities might play key roles in CTEV
(2). Caspases are part of a family of cysteine proteases that
are closely related to apoptosis, necrosis, and inflammation
processes, which usually lead to cancers. In 2005, Heck
et al. first found that caspase activity seemed to be related
to the development of limbs, and some related genes were
associated with CTEV (25). Therefore, the related pathways
involved in malaria, cancer, and several other diseases may also
associate with CTEV.

In addition, emerging evidence indicate that the PI3K-
AKT3 signaling pathway plays a key role in cell proliferation,

growth, survival, and metabolism (26). Of note, the PI3K-
AKT3 signaling pathway involves the regulation of extracellular
matrix and chondrocyte changes by inhibiting the MMP and
protecting against the degradation of extracellular matrix (27).
MMP was regulated by the PI3K-AKT3 signaling pathway
and was one of the most important proteases that degrade
extracellular matrix proteins including collagen and elastin
and also related to other severe diseases, such as cancer (28–
30). For other downregulated genes, RPS27 is a ribosomal
protein-related gene that can regulate the activity of p53 by
binding with the murine double minute 2 (MDM2), and the
p53-MDM2 pathway is an important regulatory mechanism
leading to cell cycle arrest or apoptosis (31). Moreover,
downregulation of RPS27 may activate caspase 3 and then
affect apoptosis by regulating the transcription of growth
and apoptosis-related genes in the CTEV (32). In addition,
there are also several limitations of this study. First, we
screened at least 10 genes that were remarkably upregulated
or downregulated between the CTEV and control samples
according to the mRNA sequencing. But we have not probed
the involved relationships among other genes with CTEV except
the COL1A2 and AKT3 genes. In addition, the present data
provide potential genes related to CTEV, which are not complete
and adequate to reveal the pathogenesis of CTEV. More studies
should be employed to investigate the in-depth reasons and
mechanisms of CTEV.

In summary, we investigated the DEGs in child
patients with CTEV compared with normal children
using mRNA sequencing, and the gene of COL1A2
was upregulated, and AKT3 was downregulated at
the transcriptional level. Western blot and qRT-PCR
results also showed that the expression of COL1A2 in
CTEV was enhanced, and the AKT3 was decreased.
Moreover, the + COL1A2 and -AKT3 transgenic mice
were constructed to prove that these two genes were
truly closely related to the CTEV. In line with the KEGG
analysis data, the PI3K-AKT3 signaling pathway might play
a potentially important role in the regulation of pathological
changes of CTEV.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary Material, further
inquiries can be directed to the corresponding author/s.

Ethics statement

The studies involving human participants were reviewed
and approved by the Medical Ethics Committee of Shengjing

Frontiers in Pediatrics 08 frontiersin.org

https://doi.org/10.3389/fped.2022.890109
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


fped-10-890109 July 14, 2022 Time: 17:52 # 9

Wang et al. 10.3389/fped.2022.890109

Hospital affiliated to China Medical University (No.
2017PS226K). The patients/participants provided their written
informed consent to participate in this study. The animal study
was reviewed and approved by the Medical Ethics Committee
for animal experiments of Shengjing Hospital affiliated to China
Medical University.

Author contributions

NW, JZ, and ZL contributed to the conception and design
of the study. NW organized the database and wrote the first
draft of the manuscript. HL performed the statistical analysis.
JZ, HL, and ZL wrote sections of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

Funding

This study was supported by the Project of Capital Institute
of Pediatrics (No. FX-2020-06).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fped.2022.890109/full#supplementary-material

References

1. Pavone V, Chisari E, Vescio A, Lucenti L, Sessa G, Testa G. The etiology of
idiopathic congenital talipes equinovarus: a systematic review. J Orthop Surg Res.
(2018) 13:206. doi: 10.1186/s13018-018-0913-z

2. Bacino CA, Hecht JT. Etiopathogenesis of equinovarus foot malformations.
Eur J Med Genet. (2014) 57:473–9. doi: 10.1016/j.ejmg.2014.06.001

3. Miedzybrodzka Z. Congenital talipes equinovarus (clubfoot): a disorder of the
foot but not the hand. J Anat. (2003) 202:37–42. doi: 10.1046/j.1469-7580.2003.
00147.x

4. Smythe T, Kuper H, Macleod D, Foster A, Lavy C. Birth prevalence of
congenital talipes equinovarus in low- and middle-income countries: a systematic
review and meta-analysis. Trop Med Int Health. (2017) 22:269–85. doi: 10.1111/tmi.
12833

5. Banskota B, Banskota AK, Regmi R, Rajbhandary T, Shrestha OP, Spiegel
DA. The ponseti method in the treatment of children with idiopathic clubfoot
presenting between five and ten years of age. Bone Joint J. (2013) 95-B:1721–5.
doi: 10.1302/0301-620X.95B12.32173

6. Li J, Wu J, Liu Y, Li Y, Xiao Z, Jiang X, et al. Hoxa9 Rs3801776
G>a polymorphism increases congenital talipes equinovarus risk in a Chinese
population. J Gene Med. (2019) 21:e3119. doi: 10.1002/jgm.3119

7. Ost’adal M, Eckhardt A, Herget J, Miksik I, Dungl P, Chomiak J, et al.
Proteomic analysis of the extracellular matrix in idiopathic pes equinovarus. Mol
Cell Biochem. (2015) 401:133–9. doi: 10.1007/s11010-014-2300-3

8. Kerling A, Stoltenburg-Didinger G, Grams L, Tegtbur U, Horstmann H, Kuck
M, et al. The congenital clubfoot - immunohistological analysis of the extracellular
matrix. Orthop Res Rev. (2018) 10:55–62. doi: 10.2147/ORR.S156449

9. Cai G, Yang X, Chen T, Jin F, Ding J, Wu Z. Integrated bioinformatics analysis
of potential pathway biomarkers using abnormal proteins in clubfoot. PeerJ. (2020)
8:e8422. doi: 10.7717/peerj.8422

10. Yong BC, Xun FX, Zhao LJ, Deng HW, Xu HWA. Systematic review of
association studies of common variants associated with idiopathic congenital
talipes equinovarus (ICTEV) in humans in the past 30 years. Springerplus. (2016)
5:896. doi: 10.1186/s40064-016-2353-8

11. Houghton L, Rosenthal N. Regulation of a muscle-specific transgene by
persistent expression of hox genes in postnatal murine limb muscle. Dev Dyn.
(1999) 216:385–97. doi: 10.1002/(SICI)1097-0177(199912)216:4/53.0.CO;2-G

12. Dobbs MB, Gurnett CA, Pierce B, Exner GU, Robarge J, Morcuende JA, et al.
Hoxd10 M319k mutation in a family with isolated congenital vertical talus. J Orthop
Res. (2006) 24:448–53. doi: 10.1002/jor.20052

13. Majchrzycki M, Bartkowiak-Wieczorek J, Wolski H, Drews K, Bogacz A,
Czerny B, et al. Polymorphisms of collagen 1a1 (Col1a1) gene and their relation
to bone mineral density in postmenopausal women. Ginekol Pol. (2015) 86:907–14.
doi: 10.17772/gp/60550

14. Byron SA, Van Keuren-Jensen KR, Engelthaler DM, Carpten JD, Craig
DW. Translating RNA sequencing into clinical diagnostics: opportunities and
challenges. Nat Rev Genet. (2016) 17:257–71. doi: 10.1038/nrg.2016.10

15. Wu SC, Cao ZS, Chang KM, Juang JL. Intestinal microbial dysbiosis
aggravates the progression of Alzheimer’s disease in drosophila. Nat Commun.
(2017) 8:24. doi: 10.1038/s41467-017-00040-6

16. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. (2001)
25:402–8. doi: 10.1006/meth.2001.1262

17. Gaj T, Gersbach CA, Barbas CF III. ZFN, talen, and CRISPR/CAS-based
methods for genome engineering. Trends Biotechnol. (2013) 31:397–405. doi: 10.
1016/j.tibtech.2013.04.004

18. Alvarado DM, McCall K, Aferol H, Silva MJ, Garbow JR, Spees WM, et al.
Pitx1 haploinsufficiency causes clubfoot in humans and a clubfoot-like phenotype
in mice. Hum Mol Genet. (2011) 20:3943–52. doi: 10.1093/hmg/ddr313

19. Wang X, Bank RA, TeKoppele JM, Agrawal CM. The role of collagen in
determining bone mechanical properties. J Orthop Res. (2001) 19:1021–6. doi:
10.1016/S0736-0266(01)00047-X

20. Majchrzycki M, Bartkowiak-Wieczorek J, Bogacz A, Szyfter-Harris J, Wolski
H, Klejewski A, et al. The importance of polymorphic variants of collagen 1a2 gene
(Col1a2) in the development of osteopenia and osteoporosis in postmenopausal
women. Ginekol Pol. (2017) 88:414–20. doi: 10.5603/GP.a2017.0077

Frontiers in Pediatrics 09 frontiersin.org

https://doi.org/10.3389/fped.2022.890109
https://www.frontiersin.org/articles/10.3389/fped.2022.890109/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2022.890109/full#supplementary-material
https://doi.org/10.1186/s13018-018-0913-z
https://doi.org/10.1016/j.ejmg.2014.06.001
https://doi.org/10.1046/j.1469-7580.2003.00147.x
https://doi.org/10.1046/j.1469-7580.2003.00147.x
https://doi.org/10.1111/tmi.12833
https://doi.org/10.1111/tmi.12833
https://doi.org/10.1302/0301-620X.95B12.32173
https://doi.org/10.1002/jgm.3119
https://doi.org/10.1007/s11010-014-2300-3
https://doi.org/10.2147/ORR.S156449
https://doi.org/10.7717/peerj.8422
https://doi.org/10.1186/s40064-016-2353-8
https://doi.org/10.1002/(SICI)1097-0177(199912)216:4/53.0.CO;2-G
https://doi.org/10.1002/jor.20052
https://doi.org/10.17772/gp/60550
https://doi.org/10.1038/nrg.2016.10
https://doi.org/10.1038/s41467-017-00040-6
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1093/hmg/ddr313
https://doi.org/10.1016/S0736-0266(01)00047-X
https://doi.org/10.1016/S0736-0266(01)00047-X
https://doi.org/10.5603/GP.a2017.0077
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


fped-10-890109 July 14, 2022 Time: 17:52 # 10

Wang et al. 10.3389/fped.2022.890109

21. Luukkonen J, Hilli M, Nakamura M, Ritamo I, Valmu L, Kauppinen K, et al.
Osteoclasts secrete osteopontin into resorption lacunae during bone resorption.
Histochem Cell Biol. (2019) 151:475–87. doi: 10.1007/s00418-019-01770-y

22. Wein M, Huelter-Hassler D, Nelson K, Fretwurst T, Nahles S, Finkenzeller G,
et al. Differential osteopontin expression in human osteoblasts derived from iliac
crest and alveolar bone and its role in early stages of angiogenesis. J Bone Miner
Metab. (2019) 37:105–17. doi: 10.1007/s00774-017-0900-1

23. Altay MA, Erturk C, Aksoy N, Taskin A, Isikan UEA. Preliminary study
pointing out the role of serum prolidase activity and oxidative-antioxidative status
parameters during the treatment process of patients with idiopathic clubfoot. Scand
J Clin Lab Invest. (2011) 71:576–82. doi: 10.3109/00365513.2011.596661

24. Francischetti IM, Seydel KB, Monteiro RQ. Blood coagulation. Inflamm
Malar Microcirc. (2008) 15:81–107. doi: 10.1080/10739680701451516

25. Heck AL, Bray MS, Scott A, Blanton SH, Hecht JT. Variation in Casp10
gene is associated with idiopathic talipes equinovarus. J Pediatr Orthop. (2005)
25:598–602. doi: 10.1097/01.bpo.0000173248.96936.90

26. Hay N. The AKT-mTOR tango and its relevance to cancer. Cancer Cell. (2005)
8:179–83. doi: 10.1016/j.ccr.2005.08.008

27. Cheng K, Xia P, Lin Q, Shen S, Gao M, Ren S, et al. Effects of low-intensity
pulsed ultrasound on integrin-Fak-Pi3k/AKT mechanochemical transduction in
rabbit osteoarthritis chondrocytes. Ultrasound Med Biol. (2014) 40:1609–18. doi:
10.1016/j.ultrasmedbio.2014.03.002

28. Shapiro SD. Matrix metalloproteinase degradation of extracellular matrix:
biological consequences. Curr Opin Cell Biol. (1998) 10:602–8. doi: 10.1016/s0955-
0674(98)80035-5

29. Ra HJ, Parks WC. Control of matrix metalloproteinase catalytic activity.
Matrix Biol. (2007) 26:587–96. doi: 10.1016/j.matbio.2007.07.001

30. Murphy G, Nagase H. Progress in matrix metalloproteinase research. Mol
Aspects Med. (2008) 29:290–308. doi: 10.1016/j.mam.2008.05.002

31. Ma XR, Sim EU, Ling TY, Tiong TS, Subramaniam SK, Khoo AS. Expression
trend of selected ribosomal protein genes in nasopharyngeal carcinoma. Malays J
Med Sci. (2012) 19:23–30.

32. Wang YW, Qu Y, Li JF, Chen XH, Liu BY, Gu QL, et al. In vitro and in vivo
evidence of metallopanstimulin-1 in gastric cancer progression and tumorigenicity.
Clin Cancer Res. (2006) 12:4965–73. doi: 10.1158/1078-0432.CCR-05-
2316

Frontiers in Pediatrics 10 frontiersin.org

https://doi.org/10.3389/fped.2022.890109
https://doi.org/10.1007/s00418-019-01770-y
https://doi.org/10.1007/s00774-017-0900-1
https://doi.org/10.3109/00365513.2011.596661
https://doi.org/10.1080/10739680701451516
https://doi.org/10.1097/01.bpo.0000173248.96936.90
https://doi.org/10.1016/j.ccr.2005.08.008
https://doi.org/10.1016/j.ultrasmedbio.2014.03.002
https://doi.org/10.1016/j.ultrasmedbio.2014.03.002
https://doi.org/10.1016/s0955-0674(98)80035-5
https://doi.org/10.1016/s0955-0674(98)80035-5
https://doi.org/10.1016/j.matbio.2007.07.001
https://doi.org/10.1016/j.mam.2008.05.002
https://doi.org/10.1158/1078-0432.CCR-05-2316
https://doi.org/10.1158/1078-0432.CCR-05-2316
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Regulation of COL1A2, AKT3 genes, and related signaling pathway in the pathology of congenital talipes equinovarus
	Introduction
	Materials and methods
	Materials
	Experimental animals
	mRNA sequencing
	Western blot
	Real-time quantitative polymerase chain reaction assay
	Statistical analysis

	Results
	Identification of the key genes involved in congenital talipes equinovarus by mRNA sequencing
	COL1A2 and AKT3 were abnormally expressed in patients with congenital talipes equinovarus
	Functional identification of COL1A2 and AKT3 in transgenic mice
	The effects of PI3K/AKT3 signal pathway in the congenital talipes equinovarus

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


