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Abstract 

Circular RNAs (circRNAs) are small, non-coding RNAs in which the 5’ and 3’ ends are linked 
covalently by back-splicing of exons from a single pre-mRNA. More and more scientific evidence is 
gathered for their wide distribution in the animal world, playing the role of regulators for biological 
processes, being cell and tissue-specific. They can influence cellular physiology by various molecular 
mechanisms, finally modulating gene expression. CircRNAs are believed nowadays to be expressed 
in both receptive and cancerous endometrium. Due to their abundant expression in the endometrial 
tissue and their small size and stability, they have been considered potential diagnostic markers and 
treatment targets for endometrial-related diseases. The regulation of proliferation and differentiation 
is important for the formation of receptive endometrium and for endometrial cancer emergence and 
progression. It may be worth investigating whether there are universal circRNAs-miRNAs-mRNAs 
regulatory networks that can promote or suppress the proliferation and differentiation of 
endometrial cells by activating specific signaling pathways in both receptive and cancerous 
endometrium. 

Keywords: circRNAs; miRNAs; endometrial receptivity; endometrial cancer; epigenetic regulation; 
target therapy; molecular diagnostics 
 

1. Introduction 

Circular RNAs (circRNAs) are closed non-coding RNAs in which the 5’and 3’ ends are linked 
covalently by back-splicing of exons from a single pre-mRNA. Increasing evidence has been gathered 
for the wide expression of circRNAs in mammalian cells, cell-type and tissue-specific. Obviously 
circRNAs are participating in cellular physiology through various molecular mechanisms, 
modulating gene expression or translation of gene regulators. The biogenesis of circRNAs is 
regulated by cis-elements and trans-factors. They exert control of gene expression, both cell- and 
tissue-dependent [1]. 

Most eukaryotic genes are interrupted by non-informational introns, which are removed by 
splicing in the process of RNA formation, resulting in the fusion of exons in linear transcripts (Figure 
1). By splicing, several isoforms can also be generated from a given gene that can exert different 
functions, be located in different cell types, and play different roles. More than 90% of human genes 
have isoforms [2]. 
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Figure 1. Biogenesis of circular RNAs(Created with BioRender.com). 

Circular RNAs are formed by a back-splicing mechanism, in which the 5’end of the upstream 
exon is non-collinearly spliced with the 3’ end of the downstream exon; thus, the formed circular 
molecules have no 5’cap and 3’tail, which makes them resistant to RNases in the cytoplasm compared 
to the linear species [3]. 

With the advance of next-generation sequencing data gathering, there is evidence that the 
circRNA expression profiles can be higher than the linear ones and that many of them are conserved 
across species[4]. This growing data of more and more newly discovered circRNA molecules has 
been imported into several databases: circBase, exoRBase, circNet, etc., in order to curate different 
species circRNAs, circRNAs in different cell types, circRNAs in health and disease [5,6]. The 
generation of such databases creates opportunities for better exploration, understanding, and 
comparison of the multiple functions of the circRNAs. 

Circular RNAs are spliced from coding pre-mRNAs but are considered long non-coding RNAs 
and regulators of gene expression. In their interaction with miRNAs, they play a role of a “sponge,” 
harboring several miRNA binding sites. On the other hand, they can form complexes with proteins 
and participate in the cell cycle, in translation, or act as intercellular signaling molecules, included in 
exosomes[7]. 

Still, there are many uncertainties about the biogenesis of circRNAs, their functions in cells, the 
regulatory networks they participate in, and the control of regulatory networks. 

2. Biogenesis of CircRNAs 

Circular RNAs are formed by back-splicing, as a result of which the 5’end of the upstream exon 
is non-collinearly spliced with the 3’ end of the downstream exon. The back-splicing is regulated by 
cis-( DNA sequences ) and trans-(RNA binding proteins) factors. Most circular RNAs contain more 
than one exon with flanking introns, but in cases when the exon is only one, it is a much longer exon 
(when a circular RNA is formed exclusively of exons, it is called: ecircRNA); besides, a circRNA can 
consist of both exons and introns (EIcircRNA) or of introns only (ciRNA) (Figure 1) [8]. There are two 
major proposed models of circRNa biogenesis: direct back-splicing and lariat-driven circulization. 
During direct back-splicing, the splicing sites are brought close to each other by complementary base 
pairing of inverted repeats in introns flanking the exons to be circularised. After circularisation, the 
introns are removed, and ecircRNA is formed, or in case they remain- EIcircRNA is formed. As an 
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alternative, circRNAs can be achieved through lariat-driven circulisation. EcircRNAs, EIcircRNAs 
and ciRNAs can be generated by this mechanism, and ciRNAs can occur from introns removed 
during pre-mRNA splicing. Usually, these introns are removed and degraded, but the ones 
containing 7nt GU-rich element, close to the 5’ end, and 11nt C–rich element, close to the branching 
point, are retained, and thus ciRNas are formed. Most of the circRNAs are ecircRNAs and are found 
in the cytoplasm, whereas EIcircRNas and ciRNAs are located in the nucleus. 

All the cumulated data by now suggests that there is no specific exon sequence responsible for 
circRNA formation[9]. 

It is interesting to mention that the flanking introns of the circRNAs are longer than the average 
and contain a lot of complementary sequence repeats [10]. These complimentary flanking sequences 
were described first in mice – the circular SRY gene, suggesting that the complementary intronic 
sequences (CIS) have an impact on the formation of the circular RNAs[11]. It was observed that the 
deletion of CIS leads to the abolishment of some circRNAs [12]. Some Alu repetitive elements were 
demonstrated to be enriched in flanking introns of human circRNAs [13] and the complementary 
pairing between Alu elements with reverse orientation can lead to an alternative expression of linear 
or circular isoforms[14,15]. 

Trans factors in circRNA formation have also been studied. Mbl binding sites on flanking introns 
are necessary for circMbl formation, and the increased expression of Mbl binding sites enhances 
circMbl expression; hence, the splicing factor is suspected to be important for the biogenesis of 
circRNA [9]. Some authors have demonstrated that the disruption of splicing factor QKI or its binding 
sites on flanking introns decreases the generation of circRNA during EMT(epithelial-mesenchymal 
transformation) [16]. Splicing factors can both up and down-regulate circRNA formation[12]. For 
example, the splicing factor ESRP1 can promote the expression of circBIRC6 [17], while the disruption 
of splicing of Hrb27C increases the expression of circular laccase2 in Drosophila. Some binding 
proteins can also regulate circRNA formation – ILF3 downregulates circRNA expression ILF3, while 
DHX9 has been shown to upregulate the expression of circRNAs in humans[18]. 

3. Mode of Action of CircRNAs 

CircRNAs’ majorly act by inhibiting miRNA activity. They serve as a sponge for miRNAs, and 
finally regulate target gene expression(Figure 2A) There are several sites in the circular sequence that 
can bind one or multiple miRNAs. Thus the first identified circRNA - the human CDR1as, has several 
binding sites for miRNA-7, 63 of which are genetically conserved in other species. The knocking out 
of CDR1as in zebrafish and mice alters the expression of miRNA-7 and leads to midbrain impairment, 
whereas in humans- it affects cell proliferation, insulin secretion, and pathobiology of the myocardial 
infarction [19,20,21]. This genetic conservatism has been used in studies to create a transgenic sponge 
model[22]. CircRNAs regulate the expression of miRNAs and thus regulate different downstream 
genes. It has been found that circITCH sequesters miR-214 and miR-22-3p and thus upregulates ITCH 
and CBL expression, which participate in the regulation of the WNT/β-catenin pathway[23,24]. 

Besides interacting with miRNAs, circRNAs can serve as protein baits and alter cellular function. 
CircFOXO3 is shown to trap CDK2/p21 and HIF-a/ID1 in the cytoplasm, blocking cell cycle 
progression and inducing cell aging, respectively [25]. In breast cancer cells, circDNMT1 activates 
autophagy by causing P53 and AUF1 nuclear translocation [26](Figure 2B). 

Circular RNAs are considered with low coding potential, but circRNAs have been found as well 
in the ribosome entry site. It has been proven that N6-methyladenosine modification can be translated 
into peptides both in vitro and in vivo [27] as it contains the start codon of cognate mRNAs and 
associates with ribosomes [28]. CircZNF609 regulates myogenesis and can be translated into peptides, 
suggesting that circZNF609 may exert its function through protein expression [29]. LncRNA-PINT is 
translated into a small peptide that can suppress glioblastoma cell proliferation, which is mediated 
by the hintering of PAF1c and halting translational elongation of oncogenes [30](Figure 2C). 

CirRNA can directly bind its parent mRNA and regulate its translation as well, and the interaction 
between them depends on primary sequence and the tertiary structures[30](Figure 2D). 
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Figure 2. Mode of action of circRNAs. (Created with BioRender.com). 

4. Regulatory Networks and the Control of Regulatory Networks 

4.1. Regulation of Cell Proliferation by CircRNAs 

More and more circRNAs have been cited to regulate proliferation by affecting signaling 
pathways and transcription factors [31]. Several pathways regulate proliferation, but WNT/β -catenin 
pathway has been described by many authors to regulate endothelial and endometrial proliferation 
[32,33]. There is evidence that circHIPK3 can promote proliferation in human cell lines, probably by 
upregulation of IL6R expression [34]. Transcription factors can also be targets of circRNA regulation. 
For example, disruption of circTCF25 in cancer cells downregulates CDK6 expression, promoting the 
proliferation of bladder cancer [35]. Circular RNAs may act as proliferation inhibitors. Increased 
expression of circITCH and circZFR upregulates PTEN expression and thus inhibits the proliferation 
of bladder cancer and HCC(hepatocellular carcinoma) cells [36]. In addition, circITCH promotes 
ITCH and CBL expression, that inhibits cell proliferation by downregulating the WNT/β-catenin 
pathway [23]. In a similar manner, hsa_circ_0002052 induces APC2 expression, which causes β-
catenin degradation and inhibits osteosarcoma cell proliferation [37]. Obviously, circRNAs can 
regulate cell proliferation through different mechanisms. 

4.2. Regulation of Epithelial-Mesenchymal Transition(EMT) and Cancer Progression by CircRNAs 

EMT is observed in early development, wound healing, and stem cell reparative cycle. EMT is 
subjected to precise regulation so that the proper differentiated cells can find their proper place at the 
proper time. It is observed in the early stages of cancer and in cancer progression and invasion[38]. 
There is scientific evidence that TGF-β family ligands induce EMT. They stimulate the 
phosphorylation and nuclear translocation of R-SMADs and co-SMADs and activate SNAI, bHLH, 
and ZEB transcription factors [38]. The accumulated data suggests that circRNAs regulate the EMT 
process and thus contribute to cancer progression. circMYLK was found to act on the TGF-β signaling 
pathway by increasing TRAF4 expression in prostatic carcinoma cells to decrease degradation of the 
TGF-β receptor and activate EMT [39]. It has been shown as well that circRNAs can inhibit EMT. An 
example of this is the upregulation of TRIM33 caused by the action of circSMAD2 and the following 
decreased expression of SMAD4, which blocks the TGF-β signaling pathway in HCC(hepatocellular 
carcinoma) cells [40]. 
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4.3. Regulation of Pluripotency and Early Lineage Differentiation by CircRNAs 

Pluripotent stem cells can be embryonic or induced, and can differentiate into many cell types. 
CircRNAs play roles in the maintenance of pluripotency and in differentiation of cells. Disruption of 
circBIRC6 and circCOROC1 negatively affects the maintenance of pluripotency; on the other hand, 
the expression of circBIRC6 and circCORO1C activates pluripotency reprogramming of induced 
pluripotent stem cells. There is evidence that circBIRC6 inhibits the activity of miR-34a and miR-145, 
thus ceasing the downregulation of pluripotency transcription factors NANOG, OCT4, and SOX2 
[41]. Furthermore, circRNAs are involved in somatic stem cell differentiation as well. CDR1as has 
been shown to regulate neural development in zebrafish and osteoblastic differentiation of 
periodontal ligament stem cells, while abnormal expression of circFGFR4, circSVIL, and circZNF609 
induce myoblast differentiation [42, 43, 44]. 

5. Endometrium – Cytology, Histology, Signaling Pathways 

The endometrium is the thick mucous membrane that covers the inner surface of the uterus, 
surrounded by a fibromuscular layer - myometrium, and an outer layer - serosa. Depending on its 
location in the uterus, the mucous membrane can be defined as the isthmic mucosa (or the mucosa of 
the lower uterine segment) and the corpus mucosa (the mucosa of the uterine body). The isthmic 
mucosa is a transitional zone between the endocervix and the corpus endometrium and represents a 
significantly thinner and poorly responsive to hormonal stimuli endometrium [45]. In the 
reproductive age, the endometrium of the body of the uterus undergoes cyclical changes under the 
influence of estradiol and progesterone. The endometrial cycle goes through several phases: 
menstruation, proliferative phase, and secretory phase, the latter subdivided into: early secretory, 
mid-secretory, and late-secretory. The mid-secretory phase is considered the best time for 
implantation or WOI(window of implantation) and has been referred to as the receptive phase, while 
the early secretory is referred to as the perceptive phase[46](Figure 3). 

The endometrium consists of a columnar epithelium forming numerous tubular glands that are 
supported by a vascularized stroma and could be divided into two layers– functional and basal [48]. 

The functional layer is a thick surface layer that exfoliates during menstruation and regenerates 
cyclically. It consists of three types of cylindrical epithelial cells– ciliary, lumenal, and secretory [48]. 
With each successive cycle, long, multifold, tubular glands are formed that open to the uterine cavity 
[46]. During the proliferative phase, when the functional layer grows, the endometrial glands have a 
relatively smooth outline, and numerous mitotic figures are present [46]. In the secretory phase, the 
endometrial glands are mature, with a folded contour and large vacuolar inclusions. A secretion is 
observed in the lumen of the glands. Nidation of the embryo takes place in the lumenal epithelium 
[48]. 

Hypotheses exist that at the transcriptional level, endometrial epithelial cells owe their 
differentiation to transcriptional factors (TFs), which regulate epithelial cell differentiation 
throughout the endometrial cycle. 

Differentiation of endometrial epithelial cells is associated with two signaling pathways - Wnt 
and NOTCH  (Figure 3). 

 The Wnt signaling pathway is conserved in evolution pathway similar in many animal world 
representatives [49]. The discovery of the Wnt signaling pathway was linked to research on oncogenic 
retroviruses. Infection of mice with murine mammary tumor virus led to the identification of a novel 
murine proto-oncogene, Int1 (integration 1) [49]. Later, it was reported that Int1 is highly conserved 
across multiple species, including humans and Drosophila, and that the Int1 gene is actually the 
already known and characterized Drosophila melanogaster Wingless (Wg) gene [49]. The Wnt 
signaling pathway regulates cell development, cell migration, cell polarity, neuronal differentiation, 
and organogenesis during embryonic development [50]. 

The NOTCH signaling pathway is also an ancient, evolutionarily conserved pathway. In 1914, 
Dexter [51] noticed the appearance of a notch in the wings of D. melanogaster - this historically 
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became the reason for the name of the signaling pathway. In mammals, four NOTCH receptors are 
available - NOTCH1, NOTCH2, NOTCH3, and NOTCH4 [52]. This signaling pathway is activated in 
the process of ciliated cell differentiation in embryonic skin development [53] in neoangiogenesis [54] 
in the differentiation of neurons in the brain, maintaining neuronal progenitor cells in a proliferative 
active state [55]. The Notch signaling pathway has an impact on determining the polarity of the 
embryo - it determines anterior-posterior polarity as well as left-right. 

Ciliary epithelial cells show high Wnt targeting activity, whereas secretory epithelial cells show 
high expression of TFs induced by Wnt inhibition or by NOTCH activation. From here comes the 
assumption about the role of NOTCH and Wnt in determining the type and function (differentiation 
into ciliary or secretory) of epithelial cells. Also, NOTCH expression is increased in secretory cells, 
while Wnt expression is more pronounced in lumenal and ciliary cells (Figure 2) [48]. 

 
Figure 3. Temporal map of Wnt and NOTCH pathways in the endometrial cycle. (Created with 
BioRender.com). 

5.1. Endometrium and Endometrial Receptivity 

The endometrial lumenal epithelial cells are the first point of contact with the also polarized 
embryonic trophectoderm, and they would repel each other if the endometrial epithelium continued 
to maintain its polarity, rendering the endometrium unreceptive to the blastocyst attempting to 
implant. 

The endometrial lumenal epithelium loses its polarity during the mid-secretory phase of 
MC(menstrual cycle) [56]. This makes the endometrium receptive. The loss of polarity is due to 
morphological and molecular changes occurring in the epithelial cells. Changes occur in microvilli, 
cell-membrane surface markers, intercellular junctions, and cytoskeletal molecules. To provide 
opportunities for invasion, the lumenal epithelium weakens the lateral connections between cells by 
reducing surface epithelial adhesion proteins and focal adhesion to the basal membrane [56]. All 
these changes can be summarized in the concept of plasma membrane transformation (PMT) [57], an 
important event for implantation to occur. 

Abnormal endometrial receptivity is one of the main causes of embryo implantation failures and 
infertility. Any disturbance in the PMT affects endometrial receptivity and implantation. Parallels 
have been drawn between PMT and epithelial-mesenchymal transformation (EMT) in 
cancerogenesis[58]. Plasma membrane transformation (PMT) and epithelial-mesenchymal 
transformation (EMT) resemble each other in remodeling the actin cytoskeleton, integrin expression, 
and epithelial-stromal communication. Both processes are still being studied [58]. 

5.2. Repeated Implantation Failure and CircRNAs 

One of the key functions of the endometrium is to implant and nourish the embryo to ensure 
pregnancy. Paradoxically, the endometrium cannot accept (implant) the embryo during most time of 
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the menstrual cycle, except for a narrow window of time called the Window of Implantation (WOI). 
Successful embryo implantation depends on synchronizing a viable embryo and a receptive 
endometrium. 

In fact, insufficient uterine receptivity has been estimated to be the cause of two-thirds of failed 
implantations, while the embryo itself is responsible for one-third of them [59]. In patients with 
recurrent implantation failure (RIF), one out of four patients has been described with a temporal shift 
of the implantation window [60]. RIF has recently been found to be not only a matter of an 
asynchronous (shifted) implantation window but also a pathological (impaired) implantation 
window [61], suggesting the possibility that these women may be suffering from RIF of endometrial 
origin. 

Impaired endometrial receptivity is considered to underlie infertility, infertility treatment 
failure, and recurrent pregnancy loss. In assisted reproductive technologies, where the best quality 
embryos are transferred to the uterus as standard, implantation failure remains an unsolved obstacle 
[62]. Therefore, a better understanding of endometrial receptivity and the importance of mechanisms 
involved in the functions of the mid-secretory endometrium is needed. Today, many studies have 
been conducted to identify genetic markers of receptive endometrium, few of which have real clinical 
use, and RIF therapeutic solutions are sought[63]. 

           Circular RNAs (circRNAs) are important for various biological processes. The 
accumulated high throughput data reveals that circRNAs are present in both normal and 
pathologically changed endometrium. They are abundant in expression and stability and small in 
size, which makes them potential diagnostic markers and treatment targets for endometrial-related 
diseases(like endometrial cancer) and dysfunctions(like endometrium-dependent repeated 
implantation failure). CircRNAs’ impact on the endometrium suggests further investigation in the 
future[47]. 

It has been shown that circRNAs regulate gene expression by sequestering miRNAs as miRNA 
sponges. CircRNA-miRNA-mRNA regulatory networks are formed[66]. Studies have been carried 
out to understand better endometrial receptivity by comparing DE circRNAs in PE(pre-receptive 
endometrium) and RE(receptive endometrium). A mechanism in which a circular RNA participates 
and sponges a miRNA, leading to alteration in receptivity, is cited. CiR8073 was found to target three 
miRNAs (miR-181a, miR-449, and miR-34a) in caprine endometrial cells in vitro. This ciR8073 
sponges miR-449a, which leads to increased expression of CEP55(centrosomal protein55), and the 
axis ciR8073/miR449a/CEP55 contributes to endometrial receptor formation and proliferation is 
activated in both receptive and cancerous endometrium in vitro [71]. 

Recent studies have revealed that abnormal blood flow influences endometrial receptivity and 
is considered a risk factor for RIF [64]. The vascularization flow index(VFI) on the day of ET(embryo 
transfer) is a factor affecting the implantation rate and ongoing of pregnancy [65]. Some circRNAs, 
acting as miRNA sponges, can affect endometrial angiogenesis [67]. Researchers have selected 
circRNA, miRNA, and mRNA datasets from GEO (https://www.ncbi.nlm.nih.gov/geo/) database to 
screen out DEcircRNAs, DEmiRNAs and DEmRNAs between RIF patients and thereof predict 
angiogenesis-related DEmRNAs, angiogenesis-related circRNA-miRNA pairs and construct 
circRNA-miRNA-mRNA networks related to angiogenesis, incorporating Gene Ontology (GO) 
analysis and Kyoto Encyclopedia of Genes and Genomes(KEGG) pathway enrichment analysis. An 
experiment was carried out with a mouse model of RIF, based on the genetic conservativeness, and 
transcription levels of circRNAs, miRNAs, and mRNAs were detected to validate the achieved data 
[68]. This study obtained a circRNA-miRNA-mRNA regulatory network covering 45DEmRNAs, 10 
DEmiRNAs, and 8 DEcircRNAs, coexpressed with angiogenesis. Six genes with an impact on 
angiogenesis were identified, among which - vascular endothelial growth factor A (VEGFA) and 
hypoxia-inducible factor 1subunit alpha (HIF1A)(tabl.1). Progesterone administration enhances 
endometrial angiogenesis through VEGF protein upregulation[69]. HIF-1 induces upregulation of 
miR-20a, which causes downregulation of dual specific phosphatase-2(DSP-2), leading to the 
expression of several angiogenic genes[70]. A number of angiogenic genes were reported to be 
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dysregulated in endometrial cancer and also play a key role in regulating embryo implantation. Some 
authors report that estrogen induces epithelial-mesenchymal transition via circ 0004712/miR-148a-3 
sponge regulation [72,73]. Through this attempt to generate a circRNA-miRNA-mRNA regulatory 
network, the most promising factors for influence on the pathogenesis of angiogenesis related to 
endometrial RIF were found to be: circRNA_0001721/miR-17-5p/HIF1A and circRNA_0000714/miR-
29b-3p/VEGA axes[68]. 

Table 1. KEGG pathway analysis of six DEmRNAs,(p-value ranged between 1.58-6.83) and enrichment ranged 
between 56.80-341.04) modification [68]. 

KEGG Pathway HitGenes 

HIF-1 signaling pathway HIF1A, IGF1R, PIK3R1,MAP2K1,VEGFA 

Focal adhesion CDC42,IGF1R, PIK3R1,MAP2K1,VEGFA 

VEGF signaling pathway CDC42,PIK3R1,MAP2K1,VEGFA 

Autophagy - animal HIF1A, IGF1R, PIK3R1,MAP2K1 

PI3K-Akt signaling pathway IGF1R, PIK3R1,MAP2K1,VEGFA 

mTOR signaling pathway IGF1R, PIK3R1,MAP2K1 

6. Endometrial Cancer 

Endometrial cancer (EC) is cited to be the most common gynecologic cancer and among the six 
most common malignancies in women, together with breast, lung, colorectal, cervix, and thyroid 
cancers [74]. It occurs in endometrial tissue, most often in perimenopausal and postmenopausal 
women, and a trend has emerged of the manifestation of EC in younger women. It is believed that 
obesity, lack of physical activity, stress, and arterial hypertension, are factors for this increase in 
incidence and appearance in younger age. However, risk factors like metabolic syndrome, exposure 
to estrogens, genetic predisposition, and longer life expectancy were also considered [75,76]. 
Postmenopausal bleeding is most often the first symptom to occur. Intermenstrual bleeding in 
younger women can be a suspicious sign. Endometrial biopsy and histological examination of the 
biopsy material are performed for the diagnosis. Although, in recent years, minimally invasive 
procedures have been used, still the D&C (dilatation and curettage) is a diagnostic standard, and it 
should be taken in mind that in these situations, anesthesia and hospitalization are a must. New, non-
invasive biomarkers for diagnosis and follow-up could benefit patients using a more easily accessible 
and reliable method [77]. 

FIGO (International Federation of Gynecology and Obstetrics) published in 2009 a classification 
of endometrial cancer. It was updated in 2023 with new, non-anatomical parameters for stage 
assessment [78], which makes EC staging more accurate and personalized and creates opportunities 
for more precise therapies [79]. 

The Cancer Genome Atlas was published in 2013 and provides information on the biological 
molecular features of EC. In accordance with it, there are four categories: ultra mutated POLE, 
hypermutation /high microsatellite instability, high copy number, and low copy number of somatic 
varieties [80]. 

Mutations in the POLE gene occur in around 10% of all ECs. They are morphologically 
heterogeneous and affect young patients with normal BMI. This EC variant is said to have a more 
favorable prognosis and sensitivity to adjuvant therapy [81]. 
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DNA polymerase-ε is believed to participate in the synthesis of the leading strand during DNA 
replication and also plays a role in repairing and correcting newly synthesized DNA strands[81]. 
Mutations in the epsilon polymerase lead to impaired 3′ to 5′ correction function, resulting in loss of 
replication fidelity and a high mutation frequency that leads to genome instability [82]. 

According to published data, EC’s high microsatellite instability genetic subtype, also known as 
dMMR/MSI-H EC, accounts for 30% of cases and results from a mutation in mutator genes(dMMR). 
They are observed in an age-heterogenic group of women with normal BMI, have an intermediate 
prognosis, and lymphatic vascular space infiltration is often observed. Microsatellite sequences are 
short-tandem repeats in both coding and non-coding regions of the genome and play a promoter role 
in the DNA replication process. Accumulations of errors in them lead to malfunction of the post-
replication DNA repair system and microsatellite instability (MSI) [83]. 

The high copy number subtype is connected with the older age and lower BMI and constitutes 15% 
of all EC. It has a worse prognosis with around a 60% mortality rate. Genetically it is characterized 
by high somatic copy number changes and is associated with a mutation in the TP53 gene, which 
encodes the p53 protein. This protein is responsible for the genetic material’s stability, the correct 
gene transcription, and DNA repair. EC with p53 abn mutation is characterized by the synthesis of 
p53 protein with oncogenic functions, promoting proliferation and resistance to treatment[83]. 

The low copy number EC is the variant without POLE, dMMR, and TP53 mutations and occurs in 
50% of EC cases[81]. It is characterized by low somatic gene mutations, histologically with a low 
degree of malignancy and an intermediate prognosis. The patients are with the highest BMI. A high 
expression of estrogen receptors (ERs) and progesterone receptors (PRs). The most common mutation 
in this subtype is CTNNB1, but other mutations are also observed, as in the mTOR signaling pathway, 
that is associated with ER+ and PR+ variants[85]. 

6.1. CircRNAs and EC 

In the process of formation of an organism, large numbers of cells are generated, and they obtain 
functional and morphological characteristics at a proper place and a proper time. Thus tissues and 
organs are formed. The final stage is a differentiated cell in a post-mitotic state. These temporal 
successive processes of proliferation, cell cycle withdrawal and differentiation are important for 
normal development and tissue homeostasis throughout the whole life. The failure to arrest 
proliferation and lack of differentiation, mark cancer cells’ major characteristics. This uncontrollable 
proliferation is accepted to be the major mechanism for carcinogenesis. We focus on the molecular 
mechanisms, in particular circRNAs, and their potential impact on the development and progression 
of endometrial cancer [87]. 

There are few research studies concerning the role of circRNAs in EC. Their potential 
contribution to underlying molecular mechanisms in EC could be compared with other small non-
coding RNAs like miRNAs and piRNAs (PIWI-interacting RNAs). It is interesting to compare their 
expression with other endometrial states – in health, transition to disease (like in endometrial 
hyperplasia) and disease. More and more data has been gathered with the help of high-throughput 
technologies, and the number of newly discovered circRNAs is increasing. Researchers have shown 
that over 70,000 cirRNAs have altered expression in EC tissues[86]. Ye et al. have found a correlation 
between hsa_circ_0039569 and two miRNAs. Hsa_circ_0039569 has MREs(miRNA response 
elements) for hsa-miR-542-3p and hsa-let-let-7c-5p and leads to their downregulation as well(Figure 
4A). Significant downregulation of this circular RNA expression was detected in stage 3 of EC 
compared to stage 1. The correlation of some RNA-binding proteins with circRNAs was studied [88]. 
An interesting positive correlation was found between QKI’s (kH domain RNA binding protein) 
expression level and 35 circRNAs. QKI is known to induce EMT(epithelial-mesenchymal transition). 
MiRNA-binding sites have been predicted in the circRNAs. A set of known and predicted miRNAs 
subject to circRNAs’ regulation were downregulated: miR200c, miR221, miR130a, miR130b, and 183. 
This correlation of circRNA-QKI-miRNAs, in which the upregulation of QKI leads to the 
upregulation of circRNAs and downregulation of certain miRNAs, is believed to be a possible 
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molecular mechanism for EMT in EC[88]. Circ_PUM1(circ_0000043) high expression promotes 
proliferation, metastasis, and invasion of EC cells; on the contrary, the knockdown of circ_PUM1 is 
followed by a reduction of tumor growth. It is known that circ_PUM1 regulates miR-136, which 
targets NOTCH3, a proven oncogene of EC; thus, the sponging of miR-136 by the circular RNA leads 
to the activation of NOTCH3 and activates the development of EC(Figure 4B)[89]. 

 

Figure 4. A . CircRNA-miRNA-genes that influence four EC characteristics ( EC cells proliferation, EC cells 
progression, EC cells invasion, and EC cells migration) in endometrial cancer (EC). 

The Wnt/β-Catenin pathway has been proven as a signaling pathway connected with 
circ_0002577, which is thought to be involved in the proliferation and migration of EC cells[90]. It has 
been shown in a study that hsa_circ_001860 sponges miR-520h and thus leads to higher expression 
of Smad7, which is a suspected target of EC resistance to MPA(Medroxyprogesterone acetate). 
Resistance to MPA is negatively correlated with EC stage progress and lymph node metastasis [91]. 
Evidence has been gathered that the low expression of circ_0005667 makes EC cells more sensitive to 
cisplatin and leads to decreased proliferation, migration, and invasion of cancer cells[92]( Table 2). 

CircRNAs have the potential to be used as biomarkers from liquid biopsies, as in blood or urine, 
but further studies about the correlation between circRNAs and EC are necessary [93]. This small 
RNA species have diagnostic, therapeutic, and prognostic potential for EC investigation, progression, 
and prognosis. 
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Table 2. CircRNA-mirNA-gene expressions that exert functions in endometrial cancer (EC) [93]. 

 

 

Figure 4. B. CircRNA-mirNA-genes that influence three EC characteristics ( EC cells proliferation, EC cells 
invasion and EC cells migration) in endometrial cancer (EC) [93]. (Created with BioRender.com). 
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7. Discussion 

CircRNAs are small regulatory molecules that participate in the epigenetic regulation of several 
processes in the organism, both in physiology and pathology. Their small size, stability, and impact 
on biological processes are characteristics that make them identifiable and reliable potential 
biomarkers and therapeutic targets. They are tissue-specific and pathologically-changed- tissue-
specific, cannot be degraded by endonucleases, and are stable in formalin-fixed paraffin-embedded 
tissue, which widens the opportunities for investigation and comparison of results. 

Thanks to the efficiency of high-throughput technologies and bioinformatics advances, many 
circRNAs are being identified. Yet, there is a lack of a panoramic view of the circRNAs in human 
endometrium in the different phases of the endometrial cycle and pathologically changed 
endometrium. 

Some signaling pathways have been known to be significant for processes in the endometrium, 
allowing the realization of fine molecular mechanisms. 

The Wnt/β-Catenin pathway. The implantation of the embryo depends on the adhesion of 
trophoblast cells to the epithelial layer of the endometrium, and the cell-to-cell adhesion molecule 
interactions in which the expression of β-catenin and some cadherins were found to be significantly 
lower in patients with RIF compared to the receptive endometrium of fertile patients[94]. Wnt/β-
catenin signaling activation, occurring in the luminal epithelium at the potential site of implantation, 
requires the presence of the blastocyst. Furthermore, inhibition of Wnt/β-catenin signaling interferes 
with implantation, and the Wnt/β-catenin signaling pathway plays a central role in coordinating 
utero–embryo interactions necessary for implantation [95]. β-catenin and MYC1 have been identified 
as targets of let-7-a/g in mice[96]. Although the two microRNA families mmu-let-7-a and mmu-let-7-
g can influence mouse endometrial receptivity, only let-7-a is associated with human endometrial 
receptivity [97]. The Wnt signaling pathway impaired endometrial receptivity by let-7-a/g negative 
impact on β-catenin synthesis, and the suppression of the Wnt signaling pathway resulted in 
improved endometrial receptivity [97]. MiR-200c-3p was found to affect endometrial receptivity by 
indirectly targeting the Wnt signaling pathway [98]. Circ_0007331 was identified as a miRNA sponge 
for miR-200c-3p to indirectly regulate the function of HIF-1α, which plays a central role in the local 
angiogenesis and hypoxic mechanisms in the endometrium. A knock-down of circ_0007331 could 
suppress the development of endometrium through down-regulation of the expression of HIF-1α. 
The axis circ_0007331/miR-200c-3p/HIF-1α could affect the proliferation and invasion of endometrial 
cells [99]. The Wnt/β-Catenin pathway has been proven as a signaling pathway connected with the 
circ_0002577/miR-197/CTNND1 axis, which is related to the proliferation and migration of EC cells 
[90]. 

NOTCH and Wnt signaling pathways. In the context of endometrial remodeling, there is 
accumulating evidence of interactions between the NOTCH and Wnt signaling pathways. The 
NOTCH signaling pathway has impact on the determination of cell fate. In a clinical study compared 
with healthy fertile women, patients with endometriosis, recurrent failed implantations (RIF), and 
polycystic ovary syndrome (PCOS) showed dysregulated NOTCH signaling expression in the mid-
luteal phase [100]. Other evidence in agreement with that from the clinical study shows that the 
NOTCH and Wnt signaling pathways influence the proportion of ciliated and secretory cells. Maps 
of the temporal dynamics of the human endometrium have been created [101]. Based on these, the 
opposite roles of Wnt and NOTCH for the specific fate of differentiating cells are proven. Wnt 
dominates during the early secretory phase, thereby maintaining the ciliary epithelial lineage. In 
contrast, NOTCH dominates in the middle and late secretory phases to drive the differentiation of 
secretory epithelial cells. 

It is interesting to mention miR-449 which is part of the miR-34/449 superfamily, which includes 
six homologous miRs (miR-34a, miR-34b/c, and miR-449a/b/c). The isoforms associated with a 
receptive endometrium are 5′-isoforms of miR-449c, miR-34a/c, and miR-449a/b. MiR-449a/b has a far 
more pronounced effect on cell proliferation and migration in cancer compared to miR-449c [102]. 
Since the 5′-isoforms of miR-449c associated with endometrial receptivity share the same target genes 
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with miR-34a/c and miR-449a/b, we believe that these isoforms may be involved in the control of 
different proliferative activities of the cells in the endometrium. 

Among the differentially expressed genes in the receptive endometrium, MYCN was predicted 
as a target gene of the 5′-isoforms of miR-449c and let7g-5p. A regulatory network involving miR-
449c and MYCN can be hypothesized in the receptive endometrium [103]. 

A negative relationship was found between the expression levels of MYCN (decreased) and the 
isoforms of these microRNAs (increased) in the receptive phase, suggesting a functional relevance of 
the miR-449c isoform family as a negative regulator of MYCN. This gene is a member of the MYC 
family, and its function is to increase or decrease gene expression directly by binding to the promoter 
or indirectly through mediators [104]. 

There is now much evidence that MYC proteins play a role as transcription factors. The study of 
MYC-dependent RNA levels indicates that MYC proteins enhance the expression or repress specific 
target genes [105]. MYC genes also include the MYCN gene (N-myc proto-oncogene), which is also a 
transcription modulator and is found significantly more often in estrogen-dependent endometrial 
carcinoma than MYC. The higher its expression is, the poorer the prognosis for the development of 
endometrial carcinoma[105]. 

Some studies showed that circ-8073 directly binds miR-449a and inhibits its activity in the 
caprine endometrial cells in vitro [106]. The centrosomal protein 55 (CEP55) was found to be a direct 
target of miR-449a. Circ-8073 improved the expression of CEP55, sponging miR-449a in endometrial 
epithelial cells in vitro. And the axis circ-8073/miR-449a/CEP55 promotes endometrial cancer 
proliferation via the PI3K/AKT/mTOR pathway. Additionally, CEP55 regulates the expression of 
VEGF and FOXM1 in endometrial epithelial cells and thus contributes to the formation of 
endometrial receptors. These findings suggest that circ-8073 regulates endometrial receptivity and 
endometrial cancer proliferation via miR-449a/CEP55 and PI3K/AKT/mTOR pathways. It has been 
speculated that circ-0032438 regulates both miR-449a and miR-449c-5p and represses proliferation 
and inflammation in the endometrium, and miR-449a is thought to activate local autophagy Figure 
5[107,108]. 

 

Figure 5. Interactions of ciRNAs, miRNAs with target transcripts in receptive and cancerous endometrium. The 
low expression profile of circ_0032438 leads to high expression profiles of miR-449c-5p and miR-449a which 
together with miR-449c 5’isoform downregulate the expression of MYCN which results in suppression of 
endometrial receptor formation and EC cells proliferation. The upregulated circ_8073 sponges miR-449a which 
leads to its low expression and the activation of CEP55 and VEGF which induce endometrial receptor formation 
and EC cells proliferation. (Created with BioRender.com). 

There is evidence that some circRNAs, e.g., circ_0067301, circ_103470, circ_101102, and 
circATRNL1, can promote EMT in endometriosis by sponging a common miRNA, miR-141. The 
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inhibitory effects of miR-141 on proliferation and/or migration and EMT have been proven in 
endometrial cells. Additionally, circ_0067301 and circ_0061140 can induce the expression of different 
members of the Notch family, Notch1 and Notch2 in endometriosis. Future studies could further 
investigate the hyperactivated action of the Notch family and the role of the circRNA-miRNA-Notch 
axis in EMT [109]. Circ_PUM1 high expression promotes proliferation, metastasis, and invasion of 
EC cells, and the knockdown of circ_PUM1 reduces tumor growth. Circ_PUM1 regulates miR-136, 
which targets NOTCH3, a proven oncogene of EC. Sponging of miR-136 by the circular RNA leads 
to the activation of NOTCH3 and activates the development of EC[89]. 

Lack of  Circ_0008433 represses proliferation, migration, and angiogenesis and promotes 
apoptosis in endometrial stromal cells[110]. MiRNAs, potential targets of this circular RNA, e.g., miR-
221-3p, miR-222-3p, miR-181-5p, miR-449a, miR-449b-5p, miR-483-3p were significantly changed 
with overexpression of  circ_0008433 in endometrial stromal cells. The up-regulation of circ_0008433 
can modulate EMT through the circRNA–miRNA–mRNA axis[110]. 

In Vitro Attempts to Target CircRNAs 

Several experimental strategies have been considered to target circular RNAs for therapeutic 
reasons. These strategies aim to achieve overexpression or knockdown/knockout. 

One potential strategy is RNA- interference-mediated circular RNA knockdown. Double-stranded 
short interfering RNAs (siRNAs) or short hairpin RNAs(shRNAs) bind complimentary to circRNAs, 
include them in the RNA-induced silencing complex and cleave them. Usually, the back-splicing 
junction is targeted to ensure specificity and not affect the linear cognates [111](Figure 6A) 

For the purposes of the achievement of overexpression of circRNAs, plasmids have been 
used(Figure 6B). 

Synthesis of circRNAs. Single-stranded linear RNA molecules can be synthesized and then 
circularised by splint ligation (Figure 6C) [112]. 

CRISPR/Cas 9-mediated knockout or knockdown (Clustered Regularly Interspaced Short 
Palindromic Repeats) is another strategy characterized by high specificity and efficiency. It uses small 
guide RNAs (gRNA), which direct Cas9 nuclease to pair and disrupt the introns that flank the 
circularising exons in biogenesis. Due to specificity, the linear transcripts are not affected [113](Figure 
6.D). 

 

Figure 6. In vitro therapeutic targeting strategies for circular RNA overexpression or 
knockdown/knockout(Created with BioRender). 

All these therapeutic approaches have been applied in preclinical studies, either in vitro or on 
animal models. There are many obstacles yet, and their clinical application is still a potential goal. 
Nanoparticles can be used to carry and deliver small molecules to targeted tissue as therapeutic 
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agents, and these carriers can be engineered in size and characteristics. They can be liposomes, 
polymers, or dendrimers [114]. 

Exosomes can be used as vehicles for the delivery of circRNA targeting agents. Exosomes are 
small extracellular vesicles of 30-100 nm diameter, produced and accepted by cells and thus 
intercellular communication is realized [115, 116]. There is an interesting observation that cancer cells 
secrete much more exosomes than healthy cells[116]. Exosomes can carry different molecules, 
including circRNAs, miRNAs, long noncoding RNAs, proteins, and lipids. [117, 118]. 

Both exosomes and nanoparticles can deliver the inclusive molecules, protecting them from 
degradation and allowing them to reach the targeted cells without triggering the immune system. 

8. Conclusion 

The increasing data gathered thanks to high-throughput technologies and bioinformatic 
analysis, will allow the construction of regulatory circRNA-miRNA-mRNA networks. This will 
facilitate the entry of a new level of epigenetic regulation and a better understanding of both receptive 
and cancerous endometrium. 

CircRNAs have the potential to be biomarkers and therapeutic targets for RIF and EC. 
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