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Background: Preeclampsia (PE) is a major health complication for pregnant women that increases the risk of mortality and
morbidity. Knowledge of the complex molecular mechanisms associated with PE is incomplete and methods for early diagnosis
and treatment options in PE are limited. MicroRNAs (miRNAs) are short non-coding RNAs involved in pathogenesis of various
diseases including PE. In our previous studies, we identified a relationship between miR-510-3p and PE. However, the exact
molecular mechanisms and genes regulated by miR-510-3p have not been elucidated.
Methods: In this study, we employed the bioinformatic tools including miRbase, RNAcomposer, RNAfold, TargetScan, miRDB,
miRTarbase to analyze the secondary structure and targets of miR-510-3p from the publicly available databases. We compared
the miR-510-3p target genes with PE genes retrieved from the NCBI (National Center for Biotechnology Information) genes
database. The miR-510-3p target genes that were involved in PE were further subjected to gene ontology (GO) and Kyoto En-
cyclopaedia for Genes and Genomes (KEGG) pathway analysis to analyse their biological, molecular and cellular role in PE.
STRING, Shiny GO, Cytoscape and Metascape were used for the GO and KEGG analysis.
Results and Conclusions: MicroRNA-510-3p had a minimum free energy of –29.10 Kcal and A+U content of 55.4%, suggest-
ing stability and binding affinity towards its targets. Genes that were involved in the positive regulation of angiogenesis were
identified, since angiogenesis is an important process in PE. ADAM12, ANGPT2, CHRNA7, DDAH1, ERAP1, FGF2, GRN, HGF,
HIF1A, HK2, HMGB1, HMOX1, IL1A, KDR, NRP1, PRKCB, SERPINE1, SIRT1, TGFBR2, THBS1, TLR3, VEGFA, andWNT5A
were the miR-510-3p targets involved in the positive regulation of angiogenesis. In conclusion, miR-510-3p is postulated to play
an important role in the pathogenesis of PE. Hence, further studies could define miR-510-3p as a novel therapeutic target for PE.
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Introduction

Preeclampsia (PE) is a type of hypertension occurring
during pregnancy and is characterized by elevated blood
pressure and proteinuria. PE occurs due to impaired pla-
cental development leading to restriction of foetal uterine
growth and multiple organ dysfunction, resulting in high
foetal and maternal mortality and morbidity rates [1,2].
There is a lack of early diagnosis and treatment for PE
which affects the overall survival rate of the disease. This is
due to sparse knowledge of the underlying molecular mech-
anisms and signalling pathways involved in PE. Currently,
several studies are trying to decipher the disease pathogen-
esis of PE [3–5], yet there is no clear understanding of the
molecular mechanisms, signalling pathways and gene reg-
ulatory networks involved in PE. Since several genes are
involved in the progression of PE, identifying a common
regulator for all the differentially expressed genes (DEGs)
might help in a better understanding of PE, which would
pave way for novel therapeutic approaches.

Small non-coding RNAs of the microRNA family
(miRNAs; MiRs) have been implicated in the pathogenesis
of PE and other diseases [6–8]. In general, miRNAs bind to
the 3′untranslated region (UTR) of target genes and repress
gene expression. Thus, miRNAs have the capability to reg-
ulate the gene expression of target genes associated with
pathology [9]. In a study by Li et al. (2022) [10], patients
with early-onset PE had significantly higher levels of miR-
372-3p compared to patients with late-onset PE. The ba-
sic helix-loop-helix (bHLH) transcription factor Twist1was
targeted by miR-372-3p, according to bioinformatics anal-
ysis and dual luciferase reporter assay. It was concluded
that miR-372-3p may contribute to the development of PE
by targeting Twist1 and may represent a novel therapeutic
target for PE [10]. In another study, Yang et al. (2022) [11]
studiedmiR-222-3p for its potential role in PE as a regulator
of stathmin 1 (STMN1) expression. Levels of miR-222-3p
were higher in patients with severe PE than in healthy con-
trols. In addition, a positive correlation between diastolic
and systolic blood pressure and miR-222-3p levels in PE
patients was identified. Furthermore, STMN1 was identi-
fied as a target of miR-222-3p, and inhibition of miR-222-
3p raised STMN1 expression and reversed the inhibitory ef-
fects of STMN1 short hairpin RNA (shRNA) on the prolif-
eration, invasion, and migration of extravillous trophoblast
cells [11]. Likewise, miR-101-3p [12], miR-512-3p [13],
miR-2115-3p [14] have been studied for their potential role
in PE. However, none of the studies explored the down-
stream signalling pathways regulated by the miRNAs. We
previously found that miR-510-3p was significantly upreg-
ulated in the blood samples of PE patients when compared
to normal pregnant women [15]. SincemiR-510-3pwas up-
regulated, it can be postulated that miR-510-3p is involved
in the regulation of PE. Thus, tracking the target genes and
the signalling pathways regulated by them could help in de-

ciphering the molecular mechanisms and signalling path-
ways regulated by miR-510-3p in PE pathogenesis.

The rapid development of bioinformatics techniques
enables us to gain a deeper understanding of disease patho-
biology at the genetic level. In light of this, the goal of this
study is to combine and analyse gene data from the pub-
lic database related to the pathogenesis of PE, which offers
new insights into the biological mechanisms of PE. In this
study, we have employed bioinformatic tools and databases
to identify the miR-510-3p target genes and their involve-
ment in PE. Moreover, we have analyzed the gene en-
richment and Kyoto Encyclopedia for Genes and Genomes
(KEGG) pathway analysis for the screened genes. A total
of 23 genes targeted by miR-510-3p were linked to posi-
tive regulation of angiogenesis in PE. Hence, we postulate
that further analysis using in vitro and in vivo analysis might
help in validating the role of miR-510-3p in PE. Thus, this
study provided evidence that miR-510-3p regulated impor-
tant molecular mechanisms, signalling pathways and gene
regulations in PE.

Fig. 1. Structure predictions from RNAfold and RNAcom-
poser. (A) The secondary structure of miR-510-3p retrieved from
the RNAfold database and the mature sequence is marked in the
3p strand of the secondary structure. (B) The three-dimensional
structure of miR-510-3p retrieved from RNAcomposer database.

Materials and Methods

MicroRNA-510-3p Sequence Retrieval and Analysis
The stem-loop and mature sequence of miR-510-3p

were retrieved from the miRbase database (https://www.
mirbase.org/) using the search query “hsa-miR-510-3p”.
The retrieved sequence was used to develop the sec-
ondary structure and three-dimensional (3D) structure of
miR-510-3p. The secondary structure was obtained us-
ing RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebS
uite/RNAfold.cgi). The following criteria were selected:
(1) RNA structure must have an appropriate stem-loop hair-
pin structure. (2) Mature miRNA must be in one side of
the hairpin structure. (3) MiRNA should have less than

https://www.biolifesas.org/
https://www.mirbase.org/
https://www.mirbase.org/
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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Table 1. MiR-510-3p sequences retrieved from miRbase.
S. No. Structure Sequence

1 Stem-loop
GUGGUGUCCUACUCAGGAGAGUGGCAAUCACA
UGUAAUUAGGUGUGAUUGAAACCUCUAAG
AGUGGAGUAACAC

2 Mature miRNA AUUGAAACCUCUAAGAGUGGA

Table 2. The pre-miRNA length, minimum free energy, mature sequence, match extent, and A+U % content of miR-510-3p.
Source miRNA Source

organism
Pre-miRNA

length
Minimum free

energy
Mature sequence Match extent Strand A+U %

miR-510-3p Homo sapiens 74 –29.10 Kcal AUUGAAACCUCUA
AGAGUGGA

21/21 3p 55.4

7 mismatches with the opposite miRNA in the other arm.
(4) Secondary structure must have a higher negative en-
ergy and A+U content (40–70%) [16]. The 3D structure of
miR-510-3p was developed from the dot and comma for-
mat retrieved from RNAfold, and RNAcomposer (https:
//rnacomposer.cs.put.poznan.pl/) database created the 3D
structure [17].

Target Analysis of MiR-510-3p
In order to identify the genes that are targeted by miR-

510-3p, all the targets for miR-510-3p were downloaded
from three publicly available databases which include target
scan (https://www.targetscan.org/vert_80/) [16], miRDB
(https://mirdb.org/), and miRTarbase (https://mirtarbase
.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/) [17–19].
The keyword “hsa-miR-510-3p” was used as search query.
The targets from all the three databases were compared and
duplicates were removed using Venn software (VIB-UGent
Bioinformatics & Evolutionary Genomics, Ghent, Bel-
gium) (http://bioinformatics.psb.ugent.be/webtools/Venn/)
[16–19].

Preeclampsia Gene Retrieval
To retrieve the PE gene list, the National Centre for

Biotechnology Information (NCBI) genes database (https:
//www.ncbi.nlm.nih.gov/gene/) was used. The search term
“Preeclampsia” and “Homo sapiens” was entered which
helped in screening the PE genes. The retrieved gene list
was compared with the targets from all three databases us-
ing Venn software (VIB-UGent Bioinformatics & Evolu-
tionary Genomics, Ghent, Belgium) (http://bioinformatics
.psb.ugent.be/webtools/Venn/) to identify the miR-510-3p
target genes that are involved in PE disease pathogenesis
[16,17].

Protein-Protein Interaction Using STRING
The miR-510-3p target genes linked to PE were anal-

ysed for their protein-protein interaction using STRING
database (https://string-db.org/). The query genes were
pasted in the dialogue box and the STRING network for

Homo sapiens was created. The protein network from the
STRING database supported evaluation of the experimen-
tally determined, co-expressed relationships, gene fusion,
gene co-occurrence, and protein homology between the
query genes [20].

Gene Ontology (GO) and Kyoto Encyclopaedia for
Genes and Genomes (KEGG) Analysis

Both GO and KEGG analyses were used to identify
the functional role of the target genes and the important
signalling pathways regulated by the query genes in PE.
The gene enrichment and KEGG pathway analysis were
performed using the publicly available Shiny GO database
(http://bioinformatics.sdstate.edu/go/) [21]. The 247 query
genes were uploaded in the search box and the analysis was
performed specifically for Homo sapiens. Then each gene
based on the GO and KEGG databases were annotated to
clarify the biological functions of the target genes and asso-
ciated signalling pathways. The genes identified in the GO
analysis were those corresponding to the GO terms “biolog-
ical process”, “molecular function”, and “cellular compo-
nent”, and the enrichment score were expressed as the –log
(p-value) [22]. Metascape database (https://metascape.org/
gp/index.html#/main/step1) was used to analyse the tissue
and cell specificity and disease involvement of the screened
genes [23]. Finally, enrichment scores were plotted as heat
maps or lollipop plots and downloaded from Shiny GO and
Metascape databases.

Screening of Genes Involved in Angiogenesis

Since angiogenesis was identified to be an important
process in PE, the query genes involved in the positive reg-
ulation of angiogenesis were highlighted using NDEX. The
gene network analysis was performed in the Cytoscape tool
(https://cytoscape.org/) with the help of NDEX database
(https://www.ndexbio.org/) [22,23]. The INDRAGO in
NDEXwas used to uncover which of the genes from the GO
and KEGG analyses were implicated in the positive regula-
tion of angiogenesis.

https://www.biolifesas.org/
https://rnacomposer.cs.put.poznan.pl/
https://rnacomposer.cs.put.poznan.pl/
https://www.targetscan.org/vert_80/
https://mirdb.org/
https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/
https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://www.ncbi.nlm.nih.gov/gene/
https://www.ncbi.nlm.nih.gov/gene/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
http://bioinformatics.sdstate.edu/go/
https://metascape.org/gp/index.html#/main/step1
https://metascape.org/gp/index.html#/main/step1
https://cytoscape.org/
https://www.ndexbio.org/
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Fig. 2. Venn Diagram comparing the miR-510-3p targets and Preeclampsia genes. (A) Comparison of miRNA-510-3p targets
between 3 databases. All predicted targets for miR-510-3p were retrieved. TargetScan provided 6292 targets, miRDB reported 1383
targets and miRTarBase 159 targets. A total of 6404 genes were identified as targets for miR-510-3p after removal of duplicates. (B)
Represents the miR-510-3p targets retrieved from the three databases and PE genes retrieved from NCBI database. A total of 247 unique
genes were identified which are all targets of miR-510-3p.

Fig. 3. Protein-protein interaction network of the query genes
from STRING database. Relationships between the proteins
in terms of experimentally validated (pink line), co-expressed
genes (black line), protein homology (light blue line) and gene
co-occurrence (dark blue lines) are displayed in the network.

Results

MicroRNA-510-3p Sequence Retrieval and Rtructure
Analysis

The stem-loop sequence and the mature sequence re-
trieved from the miRBase can be found in Table 1. This

stem-loop sequence was used to generate the secondary
structure of miR-510-3p. Fig. 1A represents the secondary
structure of miR-510-3p. The minimum free energy was
found to be –29.10 Kcal and the A+U% content was calcu-
lated to be 55.4%. Table 2 displays the pre-miRNA length,
minimum free energy, mature sequence, match extent, and
A+U % content of miR-510-3p. The 3D structure deter-
mined from RNAcomposer is presented in Fig. 1B.

MicroRNA-510-3p and Preeclampsia Genes Analysis

The miR-510-3p targets retrieved from all the three
databases were compared and duplicates were removed to
create a dataset. TargetScan provided 6292 targets, miRDB
gave 1383 targets and miRTarBase yielded 159 targets. Af-
ter removal of duplicates, a total of 6404 genes were identi-
fied as targets for miR-510-3p which are listed in the Sup-
plementary Table 1. Separately, 916 PE-associated genes
were obtained from the NCBI gene database. Compari-
son of the two datasets revealed 247 targets of miR-510-
3p linked to PE. Fig. 2A,B represent the Venn analysis for
miR-510-3p targets and PE genes.

Protein-Protein Interaction

The protein-protein interaction analysis using
STRING database is presented in Fig. 3. Relationships
between the proteins in terms of experimentally validated
(pink line), co-expressed genes (black line), protein
homology (light blue line) and gene co-occurrence (dark
blue lines) were displayed in the network. The proteins
and their functional roles are given in the Supplementary
Table 2.

https://www.biolifesas.org/
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Fig. 4. Plots of the top biological, molecular, cellular functions and KEGG pathways. (A) Top GO biological process identified
for the query genes. The graph is plotted with fold enrichment expressed as –log (p-value). Angiogenesis was identified as the topmost
biological process involved in PE. (B) Bar chart of the top GO cellular components of query genes. Platelet alpha granule lumen, which
is involved in inflammation, was the topmost cellular component of the query genes. (C) Bar chart of the GO molecular functions of the
query genes. Hormone binding and growth factor binding are both important processes in PE. (D) Top KEGG pathways analyzed from
Shiny GO using the query genes. The query genes are found to regulate PE mainly through EGFR tyrosine kinase receptor pathway.
miR-510-3p target genes are found to be playing important biological, cellular and molecular functions in PE.

Gene Ontology

The biological process analysis for the 247 query
genes revealed associations with angiogenesis, blood vessel
development, vasculature development, tube morphogene-
sis, circulatory system development, anatomical structure
formation involved in morphogenesis, regulation of cell
proliferation and the response to cytokines, all of which are
important processes in PE disease progression. The bar dia-
gram of the biological process (Fig. 4A) is plotted according
to the fold enrichment. The tree plot and network analysis
of the biological process, cellular component andmolecular
function is presented in Supplementary Figs. 1,2,3. The
results plotted in different models can be downloaded from
Shiny GO. The line length in the network analysis repre-
sents the distance between the two nodes i.e., between the
processes.

The cellular component and themolecular functions of
the 247 genes are plotted as bar charts in Fig. 4B,C. The top
GO molecular functions involved the growth factors bind-
ing and cytokine binding which are involved in PE disease
pathogenesis. The cellular components like the vesicle lu-
men, cell surface, and secretory vesicle were all important
for PE.

KEGG Pathway Analysis

The signalling pathways regulated by these genes
were identified and the lollipop plot of the KEGG pathways

were presented according to the fold enrichment expressed
as –log (p-value) as shown in Fig. 4D. The EGFR (epider-
mal growth factor receptor) tyrosine kinase receptor, HIF
(hypoxia inducible factor)-1 signalling and PI3K (phos-
phoinositol 3 phosphate)/AKT (Protein Kinase B) pathway
were uncovered as important pathways linked to PE. These
pathways with the query genes marked as red are given in
the Supplementary Figs. 4,5,6.

Metascape Analysis
The disease involvement of the query genes were

performed using Metascape (Fig. 5A). Query genes were
linked to vascular diseases, endothelial dysfunction, in-
flammation, and PE. The genes were found to be highly
specific to placenta, which was ranked highest in the heat
map (Fig. 5B).

Screening of Genes Involved in Angiogenesis
Since angiogenesis was the top biological process in-

volved in PE disease progression, the genes involved in
positive regulation were marked in the network analysis
by Cytoscape (Version 3.9.1, National Institute of Gen-
eral Medical Sciences, Bethesda, MD, USA) and NDEX
INDRAGO (Version 3.9.1, National Institute of Gen-
eral Medical Sciences, Bethesda, MD, USA). The genes
screened for positive regulation of angiogenesis included
ADAM12, ANGPT2, CHRNA7, DDAH1, ERAP1, FGF2,
GRN, HGF, HIF1A, HK2, HMGB1, HMOX1, IL1A, KDR,

https://www.biolifesas.org/
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Fig. 5. Plots of disease and tissue specificity of the query genes
retrieved from the Metascape database. (A) Disease associa-
tions of the query genes plotted in a heat map as –log (p-value).
Vascular diseases and endothelial dysfunction are both important
factors in PE disease progression, which are found to be highly
regulated by the miR-510-3p targets. (B) Tissue and cell speci-
ficity of the query genes plotted as a heat map. Placenta is found
to be the tissue specific for most of the query genes, which aligns
with roles for miR-510-3p target genes in PE.

NRP1, PRKCB, SERPINE1, SIRT1, TGFBR2, THBS1,
TLR3, VEGFA, and WNT5A. Fig. 6 represents the unique
genes involved in the positive regulation of angiogenesis,
marked in pink.

Discussion

PE is a major risk factor for pregnant women but
lack methods for early diagnosis and treatment. Moreover,
the exact molecular mechanisms behind PE are still un-
known, necessitating a better understanding of the patho-
genesis of PE. However, miRNAs have been implicated PE
and various other diseases [1–9]. We previously observed
that miR-510-3p was significantly upregulated in PE pa-
tients [15]. Hence, we employed bioinformatic analysis to
identify miR-510-3p target genes and explore their puta-
tive roles in PE. We first analysed the stability and bind-
ing affinity of miR-510-3p to confirm its active participa-
tion in disease pathogenesis. The minimum free energy
(MFE) of miR-510-3p was determined given that miRNA
secondary structure determines the binding affinity of the
miRNA with the target mRNA [16,24,25]. The MFE de-

Fig. 6. Network analysis of the genes involved in the positive
regulation of angiogenesis. The highlighted genes (pink colour)
that are involved in the positive regulation of angiogenesis are
marked. miR-510-3p targets 23 important genes involved in the
positive regulation of angiogenesis.

termined for miR-510-3p was –29.10 Kcal, which is opti-
mal for binding affinity of miR-510-3p to bind to its target
genes. The adenine and uracil content of miR-510-3p was
calculated to be approximately 55.4%, which leads to the
conclusion that the miRNA is stable.

After confirming the secondary structure of miR-510-
3p, the targets of the corresponding miRNA were screened
from the publicly available databases TargetScan, miRDB
and miRTarBase. After the removal of duplicates, a total
of 6404 genes were screened as targets of miR-510-3p. To
identify the genes involved in PE among the miR-510-3p
targets, all the targets were compared to the list of PE genes
retrieved from the NCBI genes database. A total of 247
target genes of miR-510-3p were associated with PE. The
247 genes were subjected to gene ontology studies based on
the key terms “biological functions”, “molecular function”,
and “cellular component”. Angiogenesis was uncovered as
the topmost process regulated by the 247 query genes. This
is consistent with the importance of placental angiogenesis
in the establishment of feto-maternal circulation, efficient
materno-fetal exchanges, the development of the placental
villous tree and overall placental growth. Notably, PE is
closely related to failure of these processes [26–29]. Since
miR-510-3p targets these genes that positively regulate an-
giogenesis, miR-510-3p likely impairs placental growth. In
addition, growth factors are needed for angiogenesis [30],
and the molecular functions of the 247 query genes prior-
itized growth factor binding and cytokine activity. Thus,
it could be postulated that miR-510-3p mediates the patho-
genesis of PE.

https://www.biolifesas.org/
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Further analysis of the cellular involvement of the tar-
get genes revealed that important cellular components are
regulated by these genes. Previous studies have confirmed
that every type of cell must dynamically respond to the
microenvironment and fulfil their function throughout pla-
cental development. Moreover, to control vessel remod-
elling and encourage angiogenesis, maternal cells, in partic-
ular immune cells, are recruited into uterine tissue [31–33].
From our bioinformatic analysis, miR-510-3p targets ap-
pear to play an important role in the cellular components of
PE. KEGG pathway analysis revealed that these genes were
involved in the EGFR tyrosine kinase receptor pathway,
HIF-1α signalling and PI3K/AKT signalling. The KEGG
analysis further confirmed the putative role of miR-510-3p
in PE since the target genes were involved in crucial sig-
nalling pathways [33–36].

Furthermore, most of these genes were appeared to
be specific to the placenta and were involved in vascular
diseases and endothelial dysfunction. Also, the STRING
network analysis revealed a range of protein-protein inter-
actions between the genes. The functional enrichment of
STRING database also predicted results similar to Shiny
GO, which further confirmed the regulatory role of the
query genes. Altogether, these findings suggest miR-510-
3p contributes to the pathogenesis of PE.

Conclusions

The bioinformatic analyses presented in this study in-
dicate miR-510-3p may be an important regulator of dis-
ease processes associated with PE. Since miR-510-3p tar-
geted important genes that had significant roles in biolog-
ical and molecular aspects of PE, it can be postulated that
miR-510-3p might be a broad regulator of PE-related dis-
ease pathogenesis. Further confirmation using in vitro and
in vivo analyses are required to prove this hypothesis. Thus,
exploring the role of miR-510-3p might provide a better un-
derstanding of PE and also pave way for early diagnosis and
novel therapeutic approaches.
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