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Abstract
Background Echinococcus granulosus sensu lato has a complex developmental biology with a variety of factors 
relating to both intermediate and final hosts. To achieve maximum parasite adaptability, the development of the 
cestode is dependent on essential changes in transcript regulation. Transcription factors (TFs) and miRNAs are known 
as master regulators that affect the expression of downstream genes through a wide range of metabolic and signaling 
pathways. In this study, we aimed to develop a regulatory miRNA-Transcription factor (miRNA-TF) network across early 
developmental stages of E. granulosus protoscoleces by performing in silico analysis, and to experimentally validate 
TFs expression in protoscoleces obtained from in vitro culture, and from in vivo experiments.

Results We obtained list of 394 unique E. granulosus TFs and matched them with 818 differentially expressed genes 
which identified 41 predicted TFs with differential expression. These TFs were used to predict the potential targets of 
31 differentially expressed miRNAs. As a result, eight miRNAs and eight TFs were found, and the predicted network 
was constructed using Cytoscape. At least four miRNAs (egr-miR-124a, egr-miR-124b-3p, egr-miR-745-3p, and 
egr-miR-87-3p) and their corresponding differentially expressed TFs (Zinc finger protein 45, Early growth response 
protein 3, Ecdysone induced protein 78c and ETS transcription factor elf 2) were highlighted in this investigation. 
The expression of predicted differentially expressed TFs obtained from in vitro and in vivo experiments, were 
experimentally validated by quantitative polymerase chain reaction. This confirmed findings of RNA-seq data.

Conclusion miRNA-TF networks presented in this study control some of the most important metabolic and signaling 
pathways in the development and life cycle of E. granulosus, providing a potential approach for disrupting the early 
hours of dog infection and preventing the development of the helminth in the final host.

Keywords Echinococcus granulosus sensu stricto, Canine echinococcosis, Dog intestine, Gene regulation, 
Transcriptome, Pepsin
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Background
One of the world’s most common zoonotic parasitic dis-
eases is Cystic Echinococcosis or hydatid disease, caus-
ing remarkable health and financial burden in endemic 
countries [1]. The disease is caused by the dog tapeworm 
Echinococcus granulosus sensu lato, and is considered by 
the World Health Organization a neglected tropical dis-
ease (NTD). The life cycle of the parasite is going through 
the canid definitive host into the ruminant intermedi-
ate host in which the metacestode stage (hydatid cyst) is 
produced. Although humans are known to be accidental 
hosts, close human relationship with dogs and livestock, 
especially in endemic areas, is a challenge for disease 
control and prevention [2].

One of the critical stages in the life cycle of E. granulo-
sus is the ability of the parasite to develop from the larval 
stage (protoscolex) to the adult stage (strobilated worm 
with mature proglottids) in the small intestine of the dog. 
However, due to the nature of E. granulosus life cycle, 
studies on the growth and development of the tapeworm 
in the final host are limited [3]. Therefore, exploring 
the cellular and molecular mechanisms involved in the 
strobilation process is still challenging. In recent years, 
a limited number of studies have been performed to 
characterize protoscoleces transcriptome and proteome 
in the presence of stimuli in the canine gastrointestinal 
environment [4–6]. The results of these studies highlight 
differentially expressed genes/miRNAs and newly syn-
thesized proteins in the early stages of the strobilar devel-
opment. These studies show the effects of environmental 
changes and the gastrointestinal stimuli on the evagina-
tion and strobilation of the parasite, however the under-
lying molecular/biological mechanisms have not yet been 
fully elucidated.

Transcription factors (TFs) and miRNAs are consid-
ered as the important master regulators, altering the 
expression of downstream genes in multiple pathways 
[7]. MiRNAs are small non-coding RNAs that regu-
late post-transcriptional gene expression. Normally, in 
animals a mature miRNA binds to the 3’ untranslated 
regions (3’UTRs) of the target mRNAs, thereby leading 
to mRNA degradation or protein synthesis suppression. 
A number of miRNAs has been identified in various Echi-
nococcus species, related to the tissue and developmen-
tal stage specificity [8–11]. Even though, some common 
miRNAs could be detected in all Echinococcus species 
and their intermediate hosts [12].

Transcription factors control the rate of transcrip-
tion by binding to the transcription factor binding sites 
(TFBS) in the enhancer or promoter regions of the target 
genes. However, depending on the type of transcription 
factor, the expression of the target genes can be increased 
or decreased [13]. Recent studies regarding the process 
of growth and development of E. granulosus have shown 

that changes in environmental factors can lead to exten-
sive changes in transcriptome profiles in less than 24 h, 
including changes in the expression of TFs such as Fork-
head box protein, Zinc finger protein 45, zinc-finger tran-
scription factor Gli2 and Krueppel factor 10 [6, 14]. In 
another study on parasitic platyhelminths, some impor-
tant TFs are predicted in the process of strobilation that 
co-expressed with other genes in Wnt, TGF-β/BMP, or 
G-protein coupled receptor signaling pathways [15].

Since miRNAs affect transcript stability, and TFs regu-
late mRNA production, a curious possibility of co-reg-
ulating shared target genes between miRNAs and TFs 
could be expected. In the last decade an increasing num-
ber of studies have been focused on the association of 
miRNAs and TFs in the pathogenesis of human diseases 
including leukemia, cleft lip, hepatic cancer stem cells 
and testicular germ cell tumors [16–20]. In infectious 
diseases, such as Covid-19 and TB, regulatory linkages 
between TFs and miRNAs have recently been discovered 
[21, 22]. Therefore, it would be promising that under-
standing miRNA-TF network could lead to identifying 
key regulatory motifs and cellular regulatory mechanisms 
in echinococcosis. As there are limited studies in the 
miRNA-TF network analysis in parasitic helminths, par-
ticularly cestode parasites, the identification and charac-
terization of these networks can improve our knowledge 
on the factors affecting parasite development and patho-
genic mechanisms.

Comparative analyses of E. granulosus transcriptome 
and miRNAome profiles in different developmental 
stages are scarce. Also, the value of in vitro develop-
ment of the strobilated worms as an alternative to in vivo 
experiments in dogs is not fully evaluated and studies 
on the phenomenal behavior of E. granulosus develop-
ment in in vitro culture compared to early development 
of the parasite in the natural definitive host is still chal-
lenging. In this study, we attempted to construct a regula-
tory miRNA-TF network across in vivo and in vitro early 
developmental stages of E. granulosus protoscoleces.

Results
Figure  1  A explains the workflow of this study to con-
struct comprehensive miRNA–TF networks in the 
early strobilar stage of E. granulosus by using in silico, 
in vitro and in vivo analyses. In vivo and in vitro devel-
opment experiences was successfully performed for all 
time dependent treatments. In vitro pepsin treated E. 
granulosus protoscoleces were cultivated for 0, 3, 6, 9, 12 
and 24  h and collected along with non-treated controls 
(Fig.  1B). For in vivo experiments, early strobilar stages 
harvested from dogs’ intestine were compared with the 
protoscoleces samples from the same cyst initially fed to 
the dogs. In vitro culture showed a gradual development 
during the first 24 h after pepsin treatment. In our in vivo 
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development experiments, similar to in vitro conditions, 
24 h after dog infection, evaginated protoscoleces devel-
oping towards strobilar worms were visible. Figure  1. B 
shows the worms in the very beginning of the parasite 
settlement in the proximal sections of the dog intestine.

Identification of differentially expressed transcription 
factors
Among 10,245 protein-coding genes of E. granulosus 
(PRJEB121), 394 potential TFs were identified and clas-
sified into 58 families by using AnimalTFDB database. 
The highest number of TFs belonged to ZF-C2H2 (82), 
Homeobox (58), bHLH (31), ZF-C2H2_2 (26) and HMG 

(22) families, respectively. The comparison of these 
potential TFs with 818 differentially expressed genes 
(DEGs) in the early strobilar development of E. granulo-
sus protoscoleces showed 41 TFs with differential expres-
sion (DETFs) (Fig.  2A, Additional file 1: Table S1). The 
expression level of co-clustered TFs in 12- and 24-hour 
treatments showed higher correlation coefficients com-
pared to the pepsin treated samples (Fig. 2B).

Target gene prediction and network analysis of miRNA-
target genes
We focused on master regulatory elements, miRNA-TF 
network in the early 24  h of developmental stages of E. 

Fig. 1  A. The workflow and the summery of findings of miRNA–TF network analysis in the early strobilar development of E. granulosus protoscoleces. B. 
An overview of the comparative experimental study on the early strobilar development of E. granulosus protoscoleces; In vivo and in vitro settings
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granulosus. Eight miRNA-target genes were selected by 
comparing the outcome of three popular miRNA interac-
tion predictor algorithms. The results of miRanda, PITA 
and RNA22 were summarized in Fig. 2. C and Additional 
file 1: Table S2. To make the miRNA-target genes inter-
actions more specific for miRNA-TF relation, we limited 
the predicted targets to the list of 41 TFs with differen-
tial expression in the early strobilar development. Con-
sequently, eight miRNAs and eight TFs were identified 
and indicated in Fig.  2.C and Fig.  3. A. In this regard, 
each TF was related to one, two or three miRNAs. The 
constructed network with 578 nodes and 722 edges 
were analyzed by Cytohubba and the egr-miR-124a-3p 
was indicated as top ranked in Degree/Closeness/and 
Betweenness centrality. Accordingly, the target genes 
of eight miRNAs were clustered in three subnetworks 
(Fig. 3. A).

GO function and KEGG pathway enrichment
Functional enrichment analysis of 570 putative tar-
geted genes of eight selected DEmiRNAs identified 
several enriched GO terms in cellular component, bio-
logical process and molecular function. The cluster of 
target genes to each miRNA were analyzed separately 

and the top ranked GO terms in each cluster were sum-
marized (Fig.  3. B). The ion binding (GO:0043167) and 
heterocyclic compound binding (GO:1,901,363) are 
the most significant GO terms observed in each cluster 
genes in Molecular Function category. The membrane 
(GO:0016020), integral/intrinsic component of mem-
brane (GO:0031224, GO:0016021) and cellular anatomi-
cal membrane (GO:0110165) are the most frequent and 
significant GO terms observed across all clusters in cel-
lular components. The biological process is the most 
diverse category, with all targeted genes. However, the 
GO terms associated with metabolic processes are more 
prominent in each target gene cluster. The findings of the 
gene cluster analysis for each miRNA are provided in the 
Additional file 2.

According to the annotation level of the E. granulosus 
genome, the possibility of identifying KEGG Orthology 
(KO) for all target genes was limited. Nonetheless KEGG 
pathway analysis indicates that crosstalk between each 
miRNA and the related targeted gene were much mul-
tifaceted (Additional file 1. Table S3). The Metabolic 
pathways and Biosynthesis of secondary metabolites are 
the most Frequent pathways through all miRNA’s targets. 
In this regard, Glucagon signaling pathway, Starch and 

Fig. 2  A. The identification of 41 differentially expressed transcription factors (DETFs) based on comparison of 10,245 E. granulosus genes, along with 
394 of E. granulosus transcription factors (TFs) and 818 differentially expressed genes in the early strobilar development of E. granulosus protoscoleces. B. 
Heatmap clustering of 41 differentially expressed TFs of E. granulosus according to RNA-seq data (Debarba et al., 2020). Pepsin-treated protoscoleces (PEP, 
0 h), Pepsin-treated protoscoleces after 12 (12 h) and 24 h (24 h). The Z-score calculation on fold changes was utilized. C. Identification of eight differentially 
expressed TFs and corresponding miRNA targets in comparison to a list of 41 DETFs with predicted targets from miRanda, PITA, and RNA22.
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Sucrose metabolism and Insulin signaling pathway were 
the highlighted Enriched pathways in targeted genes of 
egr-miR-2c-5p. Interestingly, egr-miR-124a-3p, egr-miR-
124b-3p, egr-miR-745-3p and egr-miR-87-3p showed 
a significant relationship with the splicing pathway and 
specifically to spliceosome complex (Additional file 1. 
Table S3).

The Longevity regulating pathway was another com-
mon shared pathway among egr-let-7-5p, egr-miR-
745-3p, egr-miR-8-5p and egr-miR-124a-3p. Also, A 
number of vital pathways in cell regeneration and devel-
opment such as Axon regeneration, Apelin signaling 
pathway, signaling pathways regulating pluripotency of 
stem cells were found in related to each cluster of tar-
geted genes. Hippo signaling pathway, an evolutionarily 
conserved signaling pathway controlling organ size in 
animals, was the common pathway among egr-miR-
124a-3p, egr-miR-124b-3p, egr-miR-87-3p and egr-miR-
745-3p (Additional file 1. Table S3).

Functional enrichment analysis of transcription factors 
interaction networks
Searching the recurring instances of neighboring genes 
with STRING provides a predicted protein − protein 

interaction/association network for six TFs as hub genes. 
The transcription factor, early growth response protein 
3 (EgrG_001006300) as hub gene was related to some of 
the well-known genes regulating DNA expression such 
as histone binding protein and histone deacetylase. This 
TF along with Zinc finger protein (EgrG_000793900) 
and Zinc finger protein 45 (EgrG_000186000) have 
a role as gene hub with Mind bomb and some poly-
merases that catalyze the transcription of DNA into 
RNA. Interestingly, the Ecdysone induced protein 78c 
(EgrG_001013700) as gene hub show a relation with 
Forkhead box protein P4 (EgrG_000320300), another dif-
ferentially expressed TF in this study. The results of the 
predicted networks for each TF are listed in Additional 
file 1. Table S4.

Validation of transcription factor expression in the 
protoscoleces from in vitro and in vivo settings
We validated the expression profiles of eight differentially 
expressed TFs at different time points of early strobilar 
development of E. granulosus protoscoleces from in vitro 
and in vivo samples (Fig. 4). In the in vitro experiment, 
the expression of six TFs was gradually reduced over the 
first 24  h of early strobilar development. These results 

Fig. 3  A. miRNA–target interaction networks of Echinococcus granulosus genes with differential expression in early strobilar development of protoscol-
eces. B. Gene Ontology enrichment of differentially expressed genes related to selected miRNAs. The enrichment analysis of the cluster of related genes 
to each miRNA separated into three categories: Molecular Function (red), Biological Process (yellow) and Cellular Component (green)
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were consistent with the expression data from the col-
lected early developed protoscoleces in our in vivo exper-
iment and previously published RNA-seq data.

Over the same time period, the expression of the other 
two TFs (EgrG 000793900, EgrG 000808600) steadily 
increased in both in vivo and in vitro study groups. These 
findings followed a similar pattern to previously pub-
lished RNA-seq data. (Fig. 4).

Discussion
In the present study we tried to improve the under-
standing of miRNA and TF regulatory networks in the 
early developmental stages of E. granulosus protoscol-
eces which are essential in parasite reproduction and 

development in the final host as well as in the in vitro 
conditions. The process of evagination of protoscoleces 
in the dog intestine is a critical stage of E. granulosus 
development toward strobilation, but the logistical, ethi-
cal, and safety issues associated with conducting in vivo 
experiments on Echinococcus definitive hosts are major 
limiting factors in research on the adult worm develop-
ment [3]. After ingesting hydatid cysts, the protoscol-
eces are released from brood capsules by pepsin action, 
and the adult worm development processes start in dog 
gastrointestinal tract [23, 24]. Although it was possible 
to feed collected protoscoleces to dogs, in this study the 
intact cysts were fed to the dogs in order to mimic the 
natural cycle of infection [25]. Considering that the effect 

Fig. 4 Expression of eight predicted transcription factors differentially expressed in early strobilar development of Echinococcus granulosus in in vitro and 
in vivo experiments compared to RNA-seq data. The in vitro test groups were analyzed in comparison with PEP group. * Statistically significant, P < 0.05
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of combined enzymatic digestion and bile salts in stim-
ulation of strobilation has been shown before, the same 
experimental settings as performed in the previous RNA-
seq studies, were applied in the culture of protoscoleces 
[4, 5]. Protoscoleces are particularly active during and 
after evagination because they need to quickly settle 
in the GI tract of the definitive host in order to prevent 
being washed out of the small intestine. Protoscoleces 
motility is facilitated by a well-developed neural system 
and glycogen energy reserves that are rapidly used in the 
early developmental stages. Although this process might 
take up to 72 h, most protoscoleces evaginate and estab-
lish within six hours after ingestion [3, 14, 26].

It is critical for the protoscoleces to use advantageous 
strategies in the early hours of evagination in order to 
adapt quickly and flexibly to changes in definitive host 
intestinal environment. [23, 24]. TFs are well-known 
for their roles in response to environmental stimuli and 
helminth development, therefore we put together a list 
of 394 E. granulosus TFs and compared them with 818 
DEGs. As a result, the analysis discovered 41 TFs with 
differential expression.

A recent study indicates that E. granulosus has more 
alternatively spliced genes than other platyhelminths, 
suggesting the parasite’s need to adapt to various settings 
within the bodies of intermediate and definitive hosts 
and highlighting the function of regulatory mechanisms 
of gene expression [14]. The regulatory network of miR-
NAs and TFs, as two key master regulatory elements, 
might have an impact on the survival of E. granulosus 
during the first 24 h of development. Therefore, we com-
pared 818 differentially expressed genes of E. granulosus 
previously identified by Debarba 2020 with 31 differen-
tially expressed miRNAs in the early stages of protoscol-
eces previously identified by Bai et al. [5, 6].

In the current study, we discovered a significant shift 
in the regulatory networks of multiple differentially 
expressed miRNAs and TFs, regulating key pathways in 
parasite survival in the first 24 h after ingesting hydatid 
cysts by the definitive host. We applied three well-known 
miRNA interaction prediction algorithms with different 
approaches for target identification; i.e., RNA22, PITA, 
and miRanda. Finally, the predicted targets in each soft-
ware were compared to the DETFs list, and eight DEmiR-
NAs with putative effects on eight DETFs in the early 
stages of strobilar development were selected. These 
findings well matched with previously published miRNA 
expression data from the same period [5]. As a result, the 
transcription factor targets of 6 out of the 8 upregulated 
miRNAs were downregulated in the in vivo and in vitro 
experiments (Additional file 1. Table S5). This miRNA 
expression pattern is consistent with the basic concept 
of gene expression regulation by miRNAs: as miRNA 
expression increases, the expression of its target genes 

decreases. However, this trend is different for Zinc finger 
protein (EgrG_000793900) and ProP (EgrG_000808600). 
Moreover according to Bai et al. the amount of fold 
change in egr-miR-8-5p during the first 24 h of the stro-
bilation stage in the original research was not remarkable 
[5]. It is probable that the relationships between the tar-
get gene and the miRNA in these two cases have not been 
accurately predicted, even if there may be other regula-
tory variables e.g., lncRNAs, acting on these TFs and/
or miRNAs. However, in other conditions or life cycle 
stages, these genes might nevertheless be targeted by 
miRNAs.

In the proposed miRNA-TF network, it is interesting to 
see that certain TFs are affected by multiple miRNAs and 
a single miRNA controls a number of TFs. The ecdysone 
induced protein 78c (EgrG_001013700) is related to three 
miRNAs, egr-miR-124a-3p, egr-miR-124b-3p and egr-
miR-745-3p. The C. elegans ortholog of this gene (Signal 
Element on X, sex1) is involved in primary sex determi-
nation and the regulation of gene expression [27]. Also, 
The Ecdysone-Induced protein 78c is one of the charac-
terized nuclear receptors in the parasitic platyhelminth, 
S. mansoni [28]. Among the three miRNAs listed, egr-
miR-745-3p also regulates the expression of the ETS tran-
scription factor elf2 (EgrG 000770300). The orthologous 
C. elegans elf transcription factor is predicted to mediate 
DNA-binding transcription factor activity, specific RNA 
polymerase II, regulate cell division and be involved in 
gonad development [29]. ETS like transcription factor as 
calcium sensitive TFs has been previously identified in 
larval stage of E. granulosus [30]. As a result, it appears 
that changes in these regulatory factors can have a sig-
nificant impact on the growth of new proglottids and the 
formation of reproductive organs.

On the other hand, while the egr-miR-745-3p regulates 
both ecdysone-induced protein 78c and ETS transcrip-
tion factor elf2, the egr-miR-87-3p regulates Zinc finger 
protein 45 (EgrG_000186000) and Early growth response 
protein 3 (EgrG_001006300). The Early growth response 
protein 3 has protein-protein association networks to 
some important protein in development and cellular 
proliferation such as mind bomb and histone deacety-
lase. The C. elegans mind bomb ortholog (mib-1) is pre-
dicted to have ubiquitin-protein transferase activity and 
predicted to participate in the Notch signaling pathway, 
which is important for normal embryonic development 
and tissue homeostasis through regulating a number of 
cell fate decisions and cellular processes [31]. Also, The 
Notch signaling system is important in nephron segmen-
tation and formation and function of the nervous sys-
tem [32, 33]. Notably, the elevated expression of Notch 
pathway-related genes in the peripheral blood of persons 
with S. haematobium was reported in another investiga-
tion as a possible indication of the systemic inflammation 
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associated with chronic schistosomiasis [34]. As a result, 
it appears that the sequential regulatory process of miR-
NAs and TFs plays a key role in cellular differentiation 
and the formation of body organs in the parasite life 
cycle, ultimately influencing the process of protoscolec-
ses development to adult worms.

As it mentioned earlier, Protoscoleces appears to be 
responding to environmental changes in the host’s intes-
tine by significantly changing its transcriptome and 
proteome levels which is consistent with the worm’s 
preparation for the strobilation as well as the process of 
providing the required energy. According to the recent 
investigations including the present study, this response 
is identified to occur efficiently as a swift and quick pro-
cess [4, 6, 14]. The KEGG pathway enrichment of each 
clustered DE gene in the constructed network shows 
that egr-let-7-5p, egr-miR-2c-5p, egr-miR-124a-3p, 
egr-miR-124b-3p, egr-miR-745-3p, and egr-miR-87-3p 
regulate several genes involved in the metabolic and 
biosynthesis of secondary metabolites pathways. In par-
ticular, we should highlight the function of egr-miR-
2c-5p in regulating the metabolic pathways involved in 
energy intake, such as starch and Sucrose metabolism 
(ko00500), insulin signaling (ko04910), and glucagon 
signaling pathway (ko04922) by regulating number of 
genes such as EgrG_000491400, EgrG_000501500, and 
EgrG_001087500. It has already shown that the evagi-
nated protoscoleces hold some glycogen resources, which 
serve as an energy reserve, but it is quickly used within 
a few hours, and protoscoleces need to look for other 
sources of energy [35]. Interestingly, EgrG 000491400 
(Calmodulin - K02183), one of the best-known genes for 
ion binding and calcium-mediated signaling throughout 
the life cycle of cestodes, is targeted by egr-miR-2c-5p. 
Our findings on the GO enrichments of each cluster of 
miRNA-targeted genes indicate that ion binding and 
membrane roles are more prominent, which can be due 
to the organism’s requirement to react properly to envi-
ronmental changes. In accordance to our findings in a 
recent study on Fasciola hepatica, the expression of inte-
gral component genes of the membrane was found as the 
main biological function in the newly excysted juvenile 
[36].

Considering the limited number of genes in E. granu-
losus, it seems that the presence of an active splicing 
mechanism plays an essential role in cestode adaptabil-
ity [14]. Interestingly, at least four selected miRNAs (egr-
miR-124a-3p, egr-miR-124b-3p, egr-miR-745-3p and 
egr-miR-87-3p) control the spliceosome complex genes 
including heat shock 70  kDa protein (HSPA1s), U4/U6 
small nuclear ribonucleoprotein (PRP31), U4/U6.U5 
tri-snRNP-associated protein 2 (USP39), pre-mRNA-
splicing factor (SYF2), U6 snRNA-associated Sm-like 
protein (LSM3), FUS-interacting serine-arginine-rich 

protein(FUSIP1), ATP-dependent RNA helicase (DDX23) 
and splicing factor, arginine/serine-rich 7 (SFRS7). These 
findings are in line with the results of a previous study 
showing that alternative splicing is frequently occurring 
in spliceosomes complex during the early stages of the E. 
granulosus strobilation and emphasize the significance of 
the splicing machinery in the cestode development [14].

It is crucial to note that egr-miR-124a-3p has the high-
est rank of communication degree when compared to 
other miRNA nodes in the present miRNA-targeted 
genes network, including selected DETFs (Additional 
file 1. Table S6). This miRNA targets a number of genes 
involving in important energy intake related pathways 
such as metabolic pathways, biosynthesis of second-
ary metabolites, galactose metabolism, insulin signal-
ing pathway, glycolysis/gluconeogenesis and some other 
critical pathways in the life cycle of E. granulosus such as 
Spliceosome, MAPK signaling, focal adhesion, Hippo sig-
naling, and longevity regulating pathway. The Hippo sig-
naling pathway, which regulates organ size by controlling 
cell proliferation, apoptosis, and stem cell self-renewal, is 
likewise targeted by egr-miR-124b-3p, egr-miR-745-3p, 
and egr-miR-87-3p. This is confirmed by a previous 
investigation on the miRNA profile of E. granulosus 
strobilated worms generated from in vivo and in vitro 
systems, which revealed that differentially expressed 
miRNAs were implicated in Hippo signaling and MAPK 
pathways [37]. It is remarkable that egr-miR-124a-3p also 
targets some genes involving in the longevity regulating 
pathway along with egr-miR-745-3p egr-miR-8-5p and 
especially egr-let-7-5p. This would lead to the conclusion 
that the selected miRNAs network in particular egr-miR-
124a-3p, plays a critical role in the protoscoleces ability 
to adapt to environmental changes and to prepare for the 
next stage of the tapeworm life cycle.

Findings of the present study have potential implica-
tions for CE prevention and control. Due to the nature of 
E. granulosus biology in the final host, there is currently 
no reliable prevention method for echinococcosis in 
dogs. Our results suggested that the proposed miRNAs 
of the miRNA-TF network might be potential targets for 
canine vaccinations. Given the recent success of RNA-
based immunizations in the fight against COVID-19, 
this technology could be used to specifically target miR-
NAs [38–40]. It is also assumed that disrupting the pre-
dicted miRNA-TF network can be achieved by modifying 
the intestinal environment. Several studies successfully 
used host microbiome manipulation, as a non-invasive 
approach, to disrupt miRNA regulatory function [41, 42]. 
This provides a potential for using this approach to dis-
rupt miRNA-TF network particularly in the early hours 
of infection before the protoscoleces settled in dog intes-
tine, preventing development of the helminth in the final 
host.
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Despite many efforts made in the last decade to enrich 
our knowledge on E. granulosus genomics, transcrip-
tomics and proteomics, the databases on the “neglected 
neglected” cystic echinococcosis still have very limited 
annotations. In the present study, like many other studies 
in this field, the data analysis, and the results were highly 
dependent on the information obtained from other platy-
helminth species such as Schistosoma spp. or nematodes 
such as C. elegans.

Conclusions and outlook
The present study demonstrates the nature of miRNA-TF 
regulatory networks in the early developmental stages 
of E. granulosus protoscoleces in the definitive host as 
well as in the in vitro conditions. In the absence of infor-
mation on the tapeworms, we believe that the data sets 
can be used as an initial assessment of the relationship 
between transcription factors and miRNAs. However, 
further studies are required to investigate regulatory 
networks in more comprehensive investigations in a 

bi-directional setting. We highlighted at least four miR-
NAs and their targeted TFs differentially expressed in the 
first 24  h of dog infection. These master regulatory ele-
ments control some of the most important metabolic and 
signaling pathways in the development and life cycle of 
the parasite (Fig. 5). Based on the current findings, future 
efforts toward designing targeted drugs and vaccines 
against canine echinococcosis specifically in the early 
hours of infection and disrupting the parasite life cycle. 
Also, it is essential to proceed with further studies to 
enrich our knowledge of the current E. granulosus omics 
databases to provide more precise predictions.

Methods
Parasite material
Hepatic hydatid cysts from naturally infected sheep were 
collected from local municipal abattoir. All specimens 
were transferred to the research center for hydatid dis-
ease in Iran and the viability and motility of protoscoleces 
in each cyst was determined by eosin exclusion test and 

Fig. 5 Schematic diagram of the hypothetical role of transcription factors, miRNAs and their related cell pathways/functions to the survival and devel-
opment of Echinococcus granulosus in early hours of dog infection. The set of four differentially expressed miRNAs (egr-miR-124a-3p, egr-miR-124b-3p, 
egr-miR-745-3p and egr-miR-87-3p), were mapped into different cell signaling pathways and assigned to different functional processes in early cestode 
housing and strobilation. These miRNAs target some transcription factors that plays a key role in cellular differentiation and the formation of body organs 
in the parasite life cycle
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light microscopy. Genotyping of the isolates were per-
formed using PCR-sequencing based on J. Bowles cyto-
chrome c oxidase primers [43] and E. granulosus sensu 
stricto G1 genotype was used in the study. Protoscoleces 
with more that 90% viability were used for further in vivo 
and in vitro experiments.

In vivo development
Two mix-breed, 3 to 6 months old, female dogs were 
provided by a local vendor. After adapting to the new 
environment, the animals were treated with 10  mg/
kg GUADREKS, Vilsan Veterinary Pharmaceuticals 
(Each tablet contains 250 mg Praziquantel). All the fecal 
materials were collected and disposed according to safe 
disposal instructions. To create the least difference com-
pared to the natural cycle of infection in the final host, 
both dogs were experimentally infected by feeding cysts 
in one piece. A portion of the protoscoleces was kept as 
non-treated control for gene expression comparisons. 
Twenty-four hours after infection, the animals were 
euthanized according to the reference manual guideline 
[44]. After dissection, the small intestine was divided into 
20-cm long segments and each segment was scraped and 
examined under a stereomicroscope. Each segment was 
explored in the individual 30-cm transparent dishes and 
four researches work individually on each segment. The 
surface of the intestine was first scraped and its content 
was precipitated in less than 10 min. Then, the sediment 
was transferred to a 10-cm Petri dish by using a pipette, 
and the evaginated protoscoleces were isolated with a 
micropipette tip. It is realized from the findings of our 
previous study that a higher density of the worms can be 
expected in the proximal segments of the jejunum [45]. 
Therefore, in this study, more focus was made to find 
protoscoleces faster in these areas. In less than an hour, 
evaginated protoscoleces moving in intestinal microvilli, 
were collected using a micropipette and washed with 
normal saline. The protoscoleces were preserved in liquid 
nitrogen until use.

In vitro development
In vitro culture of protoscoleces was carried out as 
previously described for investigating early strobilar 
development of E. granulosus in triplicates with minor 
modifications [4, 5, 14]. Briefly protoscoleces from sheep 
liver hydatid cyst were washed three times in phosphate-
buffered saline (PBS), and incubated for 15  min with 
pepsin (2  mg/mL, pH 2.0) at 37  °C and subsequently 
the PSCs were cultivated in biphasic medium contain-
ing fetal bovine serum (FBS) and RPMI 1640. The solid 
base of the medium was made by heating newborn calf 
serum at 76◦C for 45 min and the liquid phase was RPMI 
1640 medium with 20% (v/v) fetal calf serum, 0.45% (w/v) 
yeast extract and 0.4% (w/v) glucose. The protoscoleces 

were cultured at 37◦C and 5% CO2 in the above medium 
containing 0.02% (w/v) dog bile. At 0, 3, 6, 9, 12 and 24 h 
after incubation protoscoleces were harvested. Pepsin-
free treated protoscoleces were used as controls. Cul-
tured flasks were placed in an upright position in the 
incubator at 37 °C with 5% CO2.

Data resources
Transcriptomic data were collected from two recently 
published studies on the early strobilar developmental 
stages of protoscoleces. All differentially expressed genes 
(DEGs) at the first 24 h were retrieved from Debarba et 
al. 2020 (Additional file 1. Table S7)[6]. Likewise, differ-
entially expressed miRNA data at the first 24 h of proto-
scoleces development were collected from Bai et al. 2020 
(Additional file 1. Table S8)[5].

Exploring potential transcription factors
For identifying potential TFs we used AnimalTFDB [46], 
as a well-known comprehensive database for prediction 
and classification of genome-wide TFs. In this regard, the 
peptide sequences of E. granulosus of genome project 
PRJEB121 were collected from the WormBase ParaSite 
using the Biomart tool, and subsequently submitted to 
the online database AnimalTFDB 3.0 (http://bioinfo.life.
hust.edu.cn) to identify all possible TFs in the genome. 
Transcription factor family classification was performed 
by the default settings in AnimalTFDB algorithm (Addi-
tional file 1. Table S9). To identify TFs with differential 
expression, the predicted TFs of Echinococcus was com-
pared to DEGs and the final list was used for future anal-
yses (Additional file 1 Table S1).

Exploring miRNA-mediated gene/ transcription factor 
regulation
MiRanda [47], RNA22 [48] and PITA [49], three popu-
lar miRNA interactions predictor algorithms, were used 
for exploring putative miRNA targets. The sequences of 
selected miRNAs of E. granulosus differentially expressed 
at the first 24 h of developmental stage (Additional file 1. 
Table S8) were collected from miRbase (http://www.mir-
base.org/). Also, 300 nucleotides were extracted down-
stream from the stop codon of each E. granulosus coding 
gene (genome project PRJEB121) using BioMart tool. The 
miRanda parameters used were: (i) strict seed pairing; 
(ii) score threshold: 140; (iii) energy threshold: -20 kcal/
mol, (iv) gap open penalty: -9; (v) gap extend penalty: -4; 
(vi) scaling parameter: 4 according to previous study [45]. 
The PITA settings were applied to the default computa-
tion workflow with few modifications and targets with 
ΔΔG less than or equal to -10  kcal/mol were selected. 
The preset parameters were utilized to apply RNA22. 
The consensus targeted genes predicted by the three 
algorithms were compared with lists of DEGs in early 

http://bioinfo.life.hust.edu.cn
http://bioinfo.life.hust.edu.cn
http://www.mirbase.org/
http://www.mirbase.org/
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strobilar developmental stage and the related miRNA-
target genes including TFs with differential expression 
were recognized.

Network and subnetwork analyses and functional 
evaluation
The miRNA–mRNA network of targeted genes were 
visualized by using Cytoscape (version 3.8.2) [50] for 
selected miRNAs. We also visualized and analyzed the 
topological properties of the regulatory networks and 
identified hubs using the Cytoscape plugin, yFiles Lay-
out. The subnetwork of miRNA-TFs was constructed 
by comparing target genes with lists of DEGs in early 
strobilar developmental stage. Based on Degree central-
ity, Closeness centrality and Betweenness centrality, the 
cytoHubba (version 0.1) [51] was used to find the key 
functional modules and the top ranked miRNAs/Genes 
in the network. The clusters of each group of miRNA tar-
get genes were compared individually for gene ontology 
and pathway enrichment analysis.

GO function and KEGG pathway enrichment analysis
Functional annotations and gene ontology (GO) of each 
cluster of miRNA target genes were performed by using 
BLAST searches against the NCBI non-redundant pro-
tein and InterPro scan databases by using OmicsBox 
software [52]. The online analysis toolkit WEGO 2.0 [53] 
and gProfiler web server [54] were used to identify the 
overrepresented GO terms within each clustered miRNA 
target genes of E. granulosus. The Benjamini-Hochberg 
procedure was applied to adjust the false discovery rate 
(adjusted p-value threshold < 0.05). KEGG Automatic 
Annotation Server (KAAS) was used for comparing the 
transcripts of each clustered miRNA target genes for 
ortholog assignment and pathway mapping [55].

Functional enrichment analysis of protein-protein 
interaction networks
Protein-protein interaction networks for each selected 
TF were visualized using the Search Tool for Recurring 
Instances of Neighboring Genes (STRING) [56]. The 
active interaction sources for search criteria was limited 
to Experiments, Databases, Co-expression, Neighbor-
hood, Gene Fusion and Co-occurrence and minimum 
required interaction score was set on the medium confi-
dence 0.400.

Validation of TF expression in the protoscoleces from in 
vitro and in vivo settings
Total RNA was extracted from in vivo and each replicate 
of in vitro samples at different time points using YTzol 
Pure RNA (Yekta Tajhiz Azma, Iran), according to the 
manufacturer’s instructions. RNA concentration and 
purity were measured using 260/280 and 260/230 ratios 

with a spectrophotometer (NanoDrop ND-2000; Thermo 
Fisher Scientific, Inc., Wilmington, DE, USA).

An equal amount of all isolated RNAs were used to 
synthesize cDNA by using Transcriptor First Strand 
cDNA Synthesis Kit (Roche, Germany) with appropri-
ate random hexamer primer in a final volume of 20 µL 
according to the manufacturer’s instructions. The ampli-
fied cDNA for each treatment were diluted five times 
with nuclease-free water before quantitative polymerase 
chain reaction (qPCR).

According to the miRNAs-TF network analysis, eight 
differentially expressed TFs were selected to validate 
their expression levels. Coding DNA sequences (CDS) 
obtained from WormBase ParaSite using the Biomart 
tool were used to design specific primers using Prim-
erQuest™ Tool (Integrated DNA Technologies, https://
www.idtdna.com › pages › tools › primerquest). The 
details of each selected TF and the characteristics of each 
primer are summarized in Additional file 1. Table S10.

The qPCR reactions were performed using Rotor-Gene 
Q (Qiagen, Germany) with the following reaction mix-
ture: 3 µL of diluted cDNA (1:5) as template, 0.5 µL of 
each primer (10 µM), 10 µL of SYBR Green qPCR Master 
Mix (Yekta Tajhiz Azma, Iran), and DNase free water in 
a final reaction volume of 20 µL. A non-template control 
(NTC) was included for each run. All qPCR reactions for 
each sample and each gene were performed in triplicate. 
The amplification conditions were as follows: initial acti-
vation 95 °C for 5 min, 40 cycles of 95 °C for 15 s, 60 °C 
for 30 s, and 72 °C for 30 s. Melt curve of each amplified 
product was analyzed to assess the amplification speci-
ficity for each gene following amplification cycles with 
ramping increments of 0.1  °C/s from 60 to 99  °C., the 
specificity of the amplicons was also analyzed by agarose 
gel electrophoresis. The LinRegPCR [57] software was 
used to calculate the PCR efficiency of all primer pairs 
and the NormFinder [58] was used to find the most sta-
ble reference genes for qPCR analysis. The comparative 
2−∆∆CT method was used to estimate relative gene expres-
sion levels, and the mean of fold changes was utilized to 
compare groups [59].

Abbreviations
PEP  Pepsin- treated group
12 h  Pepsin-treated group after 12 h
24 h  Pepsin-treated group after 24 h
TFs  Transcription factors
DEGs  Differentially expressed genes
DETFs  TFs with differential expression
DEmiRNAs  Differentially expressed miRNAs.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-023-09199-3.

Additional file 1: Table S1. List of Echinococcus granulosus Transcription 
factors with differentially expressed genes in early stages of strobilar de-

https://www.idtdna.com
https://www.idtdna.com
http://dx.doi.org/10.1186/s12864-023-09199-3
http://dx.doi.org/10.1186/s12864-023-09199-3


Page 12 of 13Mohammadi et al. BMC Genomics          (2023) 24:114 

velopment. Table S2. List of predicted targets derived from miRanda, PITA, 
and RNA22 and their comparison with 818 differentially expresssed genes 
and 41 differentially expressed transcription factors. Table S3. The summa-
ry of gene enrichment data obtained from KEGG database for predicted 
targets of selected differentially expressed miRNAs. Table S4. Prediction 
of protein?protein interaction network for six differentially expressed TFs 
by using the Search Tool for Recurring Instances of Neighboring Genes 
(STRING). Table S5. Comparison of the in vivo, in vitro and the RNA-seq 
data of the selected differentially expressed TFs and their related miRNAs. 
Table S6. Calculation of the Betweenness, Degree and Closeness central-
ity of the predicted network by using the cytoHubba (version 0.1). Table 
S7. List of Echinococcus granulosus differentially expressed genes in early 
stages of strobilar development according to Debarba et. al 2020. Table 
S8. List of Echinococcus granulosus miRNAs with differentially expressed 
genes in early stages of strobilar development according to Bai et. al 2020. 
Table S9. List of 396 Echinococcus granulosus Transcription factors and 
related DNA-binding domains/transcription factors families according 
to AnimalTFDB 3.0 database (394 unique TFs). Table S10. Sequences of 
forward and reverse primers of eight differentially expressed transcription 
factors and references genes used in qPCR validation.

Additional file 2: The Gene Ontology enrichment of the clusters of 
related genes to each differentially expressed miRNA in early strobilar 
development of Echinococcus granulosus protoscoleces.

Acknowledgements
The authors wish to extend their deep gratitude to Professor Arnaldo Zaha 
and his research team for their kind help, providing the data and improving 
data presentation in the manuscript. The authors pay special tribute to Vale 
Professor Donald McManus, who passed away during the preparation of 
this article, for his lifetime dedication to training and research in molecular 
helminthology. The authors sincerely appreciate Parasite Genomics, Wellcome 
Sanger Institute, and all other institutions and researchers for their works on 
echinococcosis and hydatid disease.
Special thanks to Hossein Kamyabi, Hossein Aghassi and Mr. Saeed 
Hasanzadeh for their technical assistance, collecting hydatid cyst materials 
from the municipal abattoir and in the experimental infection. The authors 
wish to thank Alireza Keyhani and Ehsan Salarkia for their kind help on 
graphical design and statistical data analysis. This work was supported by the 
Vice-chancellor for Research and Technology, Kerman University of Medical 
Sciences, grant number 99000081.

Author Contribution
Conceptualization and study design: MAM, MM, MFH. Data curation: MAM, 
MM, MR, AA, NM, MCR. Data analysis: MAM, MM, MR, AA, NM, MCR, MFH. 
Funding acquisition: MFH. Laboratory experiments: MAM, AD, MB, SN, SMM, 
MFH. Data validation: MAM, MM, AA, NM, MCR, MFH.
Writing – original draft preparation: MAM, MM, MFH. Revising and final 
approval of the manuscript: MAM, MM, AD, MR, MB, SN, SMM, AA, NM, MCR, 
MFH.

Funding
This work was supported by the Vice-chancellor for Research and Technology, 
Kerman University of Medical Sciences, grant number 99000081. The funding 
bodies had no role in the design of the study, the collection, analysis and 
interpretation of the data, or in writing the manuscript.

Data Availability
The datasets analyzed during the current study are publicly available on 
GenBank under the accession number SRP131874 and Bai et al. article [5]. All 
generated or analyzed datasets are available from the corresponding author 
on reasonable request.

Declarations

Ethics approval and consent to participate
All experiments were approved by Kerman University of Medical Sciences 
(KMU) Research Ethics Review Committee, ethical approval code IR.KMU.
REC.1399.376. All experimental protocols were performed in accordance with 
KMU guidelines and regulations, and reported in accordance with ARRIVE 
guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 25 November 2022 / Accepted: 21 February 2023

References
1. Deplazes P, Rinaldi L, Alvarez Rojas CA, Torgerson PR, Harandi MF, Romig T, 

et al. Global distribution of alveolar and cystic echinococcosis. Adv Parasitol. 
2017;95:315–493.

2. Craig PSS, Hegglin D, Lightowlers MWW, Torgerson PR, Wang Q. Chapter two 
- echinococcosis: control and Prevention. Adv Parasitol. 2017;96:55–158.

3. Thompson RCA. Biology and Systematics of Echinococcus. Academic Press; 
2017.

4. Debarba JA, Monteiro KM, Moura H, Barr JR, Ferreira HB, Zaha A. Identifica-
tion of newly synthesized proteins by Echinococcus granulosus Protoscoleces 
upon induction of Strobilation. PLoS Negl Trop Dis. 2015;9:1–18.

5. Bai Y, Zhang Z, Jin L, Zhu Y, Zhao L, Shi B, et al. Dynamic changes in the global 
transcriptome and MicroRNAome Reveal Complex miRNA-mRNA regulation 
in early stages of the Bi-Directional Development of Echinococcus granulo-
sus Protoscoleces. Front Microbiol. 2020;11:1–15.

6. Debarba JA, Sehabiague MPC, Monteiro KM, Gerber AL, Vasconcelos ATR, 
Ferreira HB, et al. Transcriptomic analysis of the early strobilar development of 
Echinococcus granulosus. Pathogens. 2020;9:465.

7. Zhang HM, Kuang S, Xiong X, Gao T, Liu C, Guo AY. Transcription factor and 
microRNA co-regulatory loops: important regulatory motifs in biological 
processes and diseases. Brief Bioinform. 2013;16:45–58.

8. Ancarola ME, Marcilla A, Herz M, Macchiaroli N, Pérez M, Asurmendi S, et al. 
Cestode parasites release extracellular vesicles with microRNAs and immuno-
diagnostic protein cargo. Int J Parasitol. 2017;47:675–86.

9. Yu A, Wang Y, Yin J, Zhang J, Cao S, Cao J, et al. Microarray analysis of long 
non-coding RNA expression profiles in monocytic myeloid-derived sup-
pressor cells in Echinococcus granulosus-infected mice. Parasit Vectors. 
2018;11:327.

10. Guo X, Zheng Y. Expression profiling of circulating miRNAs in mouse 
serum in response to Echinococcus multilocularis infection. Parasitology. 
2017;144:1079–87.

11. Zhou X, Wang W, Cui F, Shi C, Ma Y, Yu Y, et al. Extracellular vesicles derived 
from Echinococcus granulosus hydatid cyst fluid from patients: isolation, 
characterization and evaluation of immunomodulatory functions on T cells. 
Int J Parasitol. 2019;49:1029–37.

12. He Z, Yan T, Yuan Y, Yang D, Yang G. miRNAs and lncRNAs in Echinococcus and 
Echinococcosis. Int J Mol Sci. 2020;21:730.

13. Gill G. Regulation of the initiation of eukaryotic transcription. Essays Biochem. 
2001;37:33–43.

14. Mohammadi MA, Harandi MF, McManus DP, Mansouri M. Genome-wide 
transcriptome analysis of the early developmental stages of Echinococcus 
granulosus protoscoleces reveals extensive alternative splicing events in the 
spliceosome pathway. Parasit Vectors. 2021;14:1–14.

15. Paludo GP, Thompson CE, Miyamoto KN, Guedes RLM, Zaha A, De Vasconce-
los ATR, et al. Cestode strobilation: prediction of developmental genes and 
pathways. BMC Genomics. 2020;21:1–16.

16. Li A, Qin G, Suzuki A, Gajera M, Iwata J, Jia P, et al. Network-based identifica-
tion of critical regulators as putative drivers of human cleft lip. BMC Med 
Genomics. 2019;12:120–89.

17. Wang H, Luo J, Liu C, Niu H, Wang J, Liu Q, et al. Investigating MicroRNA and 
transcription factor co-regulatory networks in colorectal cancer. BMC Bioin-
formatics. 2017;18:1–11.

18. Qin G, Mallik S, Mitra R, Li A, Jia P, Eischen CM, et al. MicroRNA and transcrip-
tion factor co-regulatory networks and subtype classification of seminoma 
and non-seminoma in testicular germ cell tumors. Sci Rep. 2020;10:1–14.

19. Ye H, Liu X, Lv M, Wu Y, Kuang S, Gong J, et al. MicroRNA and transcription 
factor co-regulatory network analysis reveals miR-19 inhibits CYLD in T-cell 
acute lymphoblastic leukemia. Nucleic Acids Res. 2012;40:5201–14.



Page 13 of 13Mohammadi et al. BMC Genomics          (2023) 24:114 

20. Mohamed RH, Abu-Shahba N, Mahmoud M, Abdelfattah AMH, Zakaria W, 
ElHefnawi M. Co-regulatory Network of Oncosuppressor miRNAs and tran-
scription factors for Pathology of human hepatic Cancer stem cells (HCSC). 
Sci Rep. 2019;9:5564.

21. Lin Y, Duan Z, Xu F, Zhang J, Shulgina MV, Li F. Construction and analysis of 
the transcription factor-microRNA co-regulatory network response to Myco-
bacterium tuberculosis: a view from the blood. Am J Transl Res. 2017;9:1962.

22. Sardar R, Satish D, Gupta D. Identification of Novel SARS-CoV-2 drug targets 
by host MicroRNAs and transcription factors co-regulatory Interaction Net-
work Analysis. Front Genet. 2020;11:1105.

23. Thompson RCA. Chapter Two - Biology and Systematics of Echinococcus. In: 
Thompson RCA, Deplazes P, Lymbery AJBT-A in P, editors, editors. Echinococ-
cus and Echinococcosis, Part A. Academic Press; 2017. pp. 65–109.

24. Thompson RCA, McManus D. Aetiology: parasites and life-cycles. 2001;:1–19.
25. Zhang W, Zhang Z, Shi B, Li J, You H, Tulson G, et al. Vaccination of dogs 

against Echinococcus granulosus, the cause of cystic hydatid disease in 
humans. J Infect Dis. 2006;194:966–74.

26. Thompson RCA, Jenkins DJ. Echinococcus as a model system: biology and 
epidemiology. Int J Parasitol. 2014;44:865–77.

27. Meyer BJ. Sex in the worm - counting and compensating X-chromosome 
dose. Trends Genet. 2000;16:247–53.

28. Esteves A, Alvite G. Parasitic Platyhelminthes Nuclear Receptors as Molecular 
Crossroads. Parasitic Helminths and Zoonoses - From Basic to Applied 
Research.IntechOpen; 2022.

29. Reinke V, Krause M, Okkema P. Transcriptional regulation of gene expression 
in C. elegans. NIH Public Access; 2013.

30. Nicolao MC, Cumino AC. Biochemical and molecular characterization 
of the calcineurin in Echinococcus granulosus larval stages. Acta Trop. 
2015;146:141–51.

31. Kwon DY, Dimitriadi M, Terzic B, Cable C, Hart AC, Chitnis A, et al. The E3 
ubiquitin ligase mind bomb 1 ubiquitinates and promotes the degradation 
of survival of motor neuron protein. Mol Biol Cell. 2013;24:1863–71.

32. Miyamoto A, Weinmaster G. Notch Signal Transduction: Molecular and Cel-
lular Mechanisms. Squire LRBT-E of N, editor. Oxford:Academic Press; 2009.
pp. 1259–68.

33. Park J-S, Kopan R. Chapter 8 - Notch Signaling in Nephron Segmentation. Lit-
tle Disease, Repair and Regeneration MHBT-KD, editor. San Diego:Academic 
Press; 2016.pp. 87–93.

34. Dupnik KM, Reust MJ, Vick KM, Yao B, Miyaye D, Lyimo E, Mukerebe C, Mngara 
J, Kalluvya SE, de Dood CJCP. Gene expression differences in host response to 
Schistosoma haematobium infection. Infect Immun. 2018;87:e00291–18.

35. Smyth JD, Miller HJ, Howkins AB. Further analysis of the factors controlling 
strobilization, differentiation, and maturation of Echinococcus granulosus in 
vitro. Exp Parasitol. 1967;21:31–41.

36. Ricafrente A, Cwiklinski K, Nguyen H, Dalton JP, Tran N, Donnelly S. Stage-spe-
cific miRNAs regulate gene expression associated with growth, development 
and parasite-host interaction during the intra-mammalian migration of the 
zoonotic helminth parasite Fasciola hepatica. BMC Genomics. 2022;23:1–19.

37. Faridi A, Mansouri M, Macchiaroli N, Afgar A, Mousavi SM, Rosenzvit MC, 
et al. MicroRNA profile of the strobilated worms of Echinococcus granulo-
sus derived from in vivo and in vitro systems by using high-throughput 
approach. Parasitol Res. 2021;120:3203–14.

38. Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines — a new era in 
vaccinology. Nat Rev Drug Discov. 2018;17:261–79.

39. Alkureishi LA, Hageman JR. mRNA Vaccine Technology—Are we at the door-
step to a Medical Revolution? Pediatr Ann. 2022;51:e47–8.

40. Borah P, Deb PK, Al-Shar’i NA, Dahabiyeh LA, Venugopala KN, Singh V, et al. 
Perspectives on RNA vaccine candidates for COVID-19. Front Mol Biosci. 
2021;8:30.

41. Nie P, Li Z, Wang Y, Zhang Y, Zhao M, Luo J, et al. Gut microbiome interven-
tions in human health and diseases. Med Res Rev. 2019;39:2286–313.

42. Xing J, Liao Y, Zhang H, Zhang W, Zhang Z, Zhang J, et al. Impacts of MicroR-
NAs Induced by the gut microbiome on regulating the development of 
Colorectal Cancer. Front Cell Infect Microbiol. 2022;12:424.

43. Bowles J, Blair D, McManus DP. A molecular phylogeny of the genus Echino-
coccus. Parasitology. 1995;110:317–28.

44. The Humane Society of the United State.Euthanasia Reference Manual. 2013.
45. Faridi A, Afgar A, Mousavi SM, Nasibi S, Mohammadi MA, Farajli Abbasi M, et 

al. Intestinal expression of miR-130b, miR-410b, and miR-98a in experimental 
canine echinococcosis by stem-loop RT-qPCR. Front Vet Sci. 2020;7:507.

46. Hu H, Miao YR, Jia LH, Yu QY, Zhang Q, Guo AY. AnimalTFDB 3.0: a comprehen-
sive resource for annotation and prediction of animal transcription factors. 
Nucleic Acids Res. 2019;47:D33–8.

47. Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS. MicroRNA targets in 
Drosophila. Genome biol. Genome Biol. 2003;4:P8.

48. Miranda KC, Huynh T, Tay Y, Ang Y-S, Tam W-L, Thomson AM, et al. A pattern-
based method for the identification of MicroRNA binding Sites and their 
corresponding heteroduplexes. Cell. 2006;126:1203–17.

49. Kertesz M, Iovino N, Unnerstall U, Gaul U, Segal E. The role of site accessibility 
in microRNA target recognition. Nat Genet. 2007;39:1278–84.

50. Otasek D, Morris JH, Bouças J, Pico AR, Demchak B. Cytoscape Automation: 
Empowering workflow-based network analysis.Genome Biol. 2019;20.

51. Chin C-H, Chen S-H, Wu H-H, Ho C-W, Ko M-T, Lin C-Y. cytoHubba: identifying 
hub objects and sub-networks from complex interactome. BMC Syst Biol. 
2014;8(Suppl 4 Suppl 4):11.

52. Götz S, García-Gómez JM, Terol J, Williams TD, Nagaraj SH, Nueda MJ, et al. 
High-throughput functional annotation and data mining with the Blast2GO 
suite. Nucleic Acids Res. 2008;36:3420–35.

53. Ye J, Zhang Y, Cui H, Liu J, Wu Y, Cheng Y, et al. WEGO 2.0: a web tool for 
analyzing and plotting GO annotations, 2018 update. Nucleic Acids Res. 
2018;46:W71–5.

54. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, et al. G:profiler: a 
web server for functional enrichment analysis and conversions of gene lists 
(2019 update). Nucleic Acids Res. 2019;47:W191–8.

55. Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M. KAAS: an automatic 
genome annotation and pathway reconstruction server.Nucleic Acids Res. 
2007;35 Web Server issue:W182-5.

56. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. 
STRING v11: protein-protein association networks with increased coverage, 
supporting functional discovery in genome-wide experimental datasets. 
Nucleic Acids Res. 2019;47:D607–13.

57. Ruijter JM, Ramakers C, Hoogaars WMH, Karlen Y, Bakker O, van den hoff MJB, 
et al. Amplification efficiency: linking baseline and bias in the analysis of 
quantitative PCR data. Nucleic Acids Res. 2009;37:45.

58. Andersen CL, Jensen JL, Ørntoft TF. Normalization of real-time quantitative 
reverse transcription-PCR data: a model-based variance estimation approach 
to identify genes suited for normalization, applied to bladder and colon 
cancer data sets. Cancer Res. 2004;64:5245–50.

59. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-∆∆CT method. Methods. 2001;25:402–8.

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


	MicroRNA-Transcription factor regulatory networks in the early strobilar development of Echinococcus granulosus protoscoleces
	Abstract
	Background
	Results
	Identification of differentially expressed transcription factors
	Target gene prediction and network analysis of miRNA-target genes
	GO function and KEGG pathway enrichment
	Functional enrichment analysis of transcription factors interaction networks
	Validation of transcription factor expression in the protoscoleces from in vitro and in vivo settings

	Discussion
	Conclusions and outlook
	Methods
	Parasite material
	In vivo development
	In vitro development
	Data resources
	Exploring potential transcription factors
	Exploring miRNA-mediated gene/ transcription factor regulation
	Network and subnetwork analyses and functional evaluation
	GO function and KEGG pathway enrichment analysis
	Functional enrichment analysis of protein-protein interaction networks
	Validation of TF expression in the protoscoleces from in vitro and in vivo settings

	References


