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Andrée-Anne Clément, Michelle S. Scott, et al.

Maternal Body Mass Index Is Associated with Profile Variation in Circulating MicroRNAs at
First Trimester of Pregnancy
Reprinted from: Biomedicines 2022, 10, 1726, doi:10.3390/biomedicines10071726 . . . . . . . . . . 6

Dominic Robles, De-Huang Guo, Noah Watson, Diana Asante

and Sangeetha Sukumari-Ramesh

Dysregulation of Serum MicroRNA after Intracerebral Hemorrhage in Aged Mice
Reprinted from: Biomedicines 2023, 11, 822, doi:10.3390/biomedicines11030822 . . . . . . . . . . . 17

Marzia Robotti, Francesca Scebba and Debora Angeloni

Circulating Biomarkers for Cancer Detection: Could Salivary microRNAs Be an Opportunity
for Ovarian Cancer Diagnostics?
Reprinted from: Biomedicines 2023, 11, 652, doi:10.3390/biomedicines11030652 . . . . . . . . . . . 34

Adrianna Kondracka, Paulina Gil-Kulik, Bartosz Kondracki, Karolina Fr szczak,

Anna Oniszczuk, Magda Rybak-Krzyszkowska, et al.

Occurrence, Role, and Challenges of MicroRNA in Human Breast Milk: A Scoping Review
Reprinted from: Biomedicines 2023, 11, 248, doi:10.3390/biomedicines11020248 . . . . . . . . . . . 55

Catalina A. Pomar, Pedro Castillo, Andreu Palou, Mariona Palou and Catalina Picó
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miRNAs: From Master Regulators of Gene Expression to
Biomarkers Involved in Intercellular Communication

Elena Levantini 1 and Milena Rizzo 2,*

1 Institute of Biomedical Technologies, CNR, Via Moruzzi 1, 56124 Pisa, Italy; elena.levantini@itb.cnr.it
2 Institute of Clinical Physiology, CNR, Via Moruzzi 1, 56124 Pisa, Italy
* Correspondence: milena.rizzo@cnr.it

1. Introduction

MicroRNAs (miRNAs) are non-coding RNAs that act as master regulators of gene
expression, fine-tuning the activity of thousands of genes in our cells, by modulating gene
expression at the post-transcriptional level. They play a fundamental role in the regulation
of almost all physiological processes, and their alteration can contribute to the development
of several diseases.

This Special Issue collects some of the latest advances in the field, focusing on three
main aspects: (i) the involvement of miRNAs in human disease, (ii) the role of extracellular
miRNAs (ex-miRNAs) in intercellular communication and (iii) the use of ex-miRNAs as
biomarkers to diagnose and monitor diseases in different body fluids. Moreover, this
Special Issue also covers some of the “less conventional” aspects of miRNA research, such
as the discovery of both small nucleolar (sno)-derived RNAs and transposable elements as
novel players in the miRNA regulatory network. These findings reveal the diversity and
complexity of the miRNA regulatory network, which is constantly evolving and expanding.

2. Extracellular miRNAs

In 2008, it was discovered that miRNAs are also present in the extracellular space
(ex-miRNAs), creating a new dimension of gene regulation that crosses the boundaries of
cells and tissues, thus opening up a new field of research with great potential for biomedical
applications. Ex-miRNAs are released from cells and circulate in various biological fluids
(blood, saliva, urine, milk, cerebrospinal fluid, etc.). For this reason, they are also called
circulating miRNAs (c-miRNAs). They carry information about our health status and can
be used as biomarkers for different diseases and disorders, thanks to their high stability and
abundance in these fluids. Furthermore, the analysis of c-miRNAs has the clear advantage
of being minimally invasive compared to tissue biopsy (e.g., [1,2]).

In this Special Issue, several papers explore the potential of c-miRNAs as biomarkers in
different scenarios, such as pregnancy, brain damage, ovarian cancer, and breast milk. For
instance, Thibeault et al. [3] identified some plasma miRNAs associated with the maternal
body mass index in the first trimester of pregnancy, many of which were related to fatty
acid and lipid metabolism according to an in silico analysis. Robles et al. [4] identified
a set of c-miRNAs whose level changed in the serum of a mouse model of intracerebral
hemorrhage (ICH), which could be evaluated as potential biomarkers of brain injury.
Robotti et al. [5] reviewed how salivary miRNAs can act as potential biomarkers of ovarian
cancer, emphasizing why saliva is a reliable and easy-to-manage source of biomarkers in
tumor diagnosis. Kondracka et al. [6] reviewed the recent findings on human breast milk
miRNAs. The authors highlighted their possible role in shaping the development of the
infant’s immune systems and how they are associated with some diseases in both infants
and mothers, including breast neoplasms and neonatal jaundice. Related to this aspect,
Pomar et al. [7] showed that changing the diet of diet-induced obese mice during lactation
can reduce the abnormal level of miRNAs in their mammary glands, but not in their milk.

Biomedicines 2024, 12, 721. https://doi.org/10.3390/biomedicines12040721 https://www.mdpi.com/journal/biomedicines
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However, despite more than a decade of research, using c-miRNAs as biomarkers is
not an easy task. There are still technical hurdles to overcome, such as the accuracy and
reproducibility of their quantification [8,9]. Luckily, some technical advances have been
made, especially with digital PCR (dPCR), which offers high sensitivity and specificity
in detecting low-level miRNAs in human plasma. D’Alessandra et al. [10] confirmed the
accuracy of dPCR in this context and also proposed a faster and simpler way to quantify
circulating miRNAs with dPCR, without the need to extract them first.

Another aspect of ex-miRNAs, which is still debated, is their role in intercellular
communication, either as free molecules or as encapsulated vesicles (such as exosomes or
other types of extracellular vesicles). There are many indications that ex-miRNAs can act as
signaling molecules in both an autocrine/paracrine and an endocrine manner, influencing
physiological and pathological processes (e.g., [11–13]), including drug resistance (e.g., [14]).
Zeng et al. [15] reviewed some examples of exosomal miRNAs that play a role in cell–cell
communication in pathological states, highlighting their therapeutic potential. The authors
focused on miRNAs secreted by mesenchymal stem cells and their potential application
in bone regeneration and various diseases (such as cancer, Alzheimer’s disease, spinal
cord injury, ischemia) treatment. Barbosa et al. [16] showed that the secretome isolated
from miR-124-silenced amyotrophic lateral sclerosis (ALS) motoneurons, if injected into the
spine of ALS mice (at the early stage), was able to hamper the progression of the disease,
improving locomotor behaviors and preventing motoneuronal dysfunction by reducing
neurodegeneration.

3. miRNAs in Human Disease

Many pieces of evidence support the hypothesis that miRNAs are deregulated in
all hallmarks of cancers. In this Special Issue, you can find some papers that show how
miRNAs can act as both villains and heroes in different types of cancer. For example,
Panella et al. [17] demonstrated how miR-22 can make triple-negative breast cancer cells
more aggressive by promoting epithelial–mesenchymal transition (EMT). The authors also
demonstrated how pharmacologically inhibiting miR-22 improved the survival of mice
with breast tumors, highlighting the possible use of miRNAs as targets for therapeutic
development [18]. In their review, Nguyen et al. [19] summarized how miR-29s can have
opposite roles in different human cancers, acting as either oncogene or tumor suppressors.
Chiantore et al. [20] defined a miRNA signature in actinic keratosis, a skin condition
that can lead to cancer, that may affect the pathways involved in tumor development.
De Almeida et al. [21] reported the most relevant findings on the epigenetic features
of uterine leiomyosarcomas and endometrial stromal sarcoma, two rare and aggressive
cancers. Among them, several miRNAs were found to be altered in these tumors. Finally,
Galardi et al. [22] reviewed the most recent data on the role of circular RNAs (circRNAs)
in pediatric cancer. CircRNAs are long (>200 bp) non-coding RNAs that regulate gene
expression at various levels (by affecting the transcription efficiency, by interacting with
proteins and modifying their activity, etc.) [23]. One of the most commonly reported
functions of circRNAs, even for pediatric cancer, is trapping miRNAs (miRNA sponging).
Recently, this function has been questioned, and the most likely conclusion is that for
circRNAs to have a significant biological effect, they should either contain many miRNA
binding sites or be highly expressed [23].

miRNAs are also involved in many other diseases and disorders. In this Special
Issue, some papers show how miRNAs can affect the development and function in dif-
ferent organs and systems. For instance, Leavy et al. [24] reported that the impairment
of normal brain maturation caused by early life brain injury (such as hypoxia) is accom-
panied by modification of miRNA expression, possibly driven by cMYC. In their review,
Piquer-Gil et al. [25] focused on the importance of the balance between two key pathways
(Wnt/β-catenin and Hippo pathways) in the progression of the pathological arrhythmo-
genic cardiomyopathy (ACM) phenotype, a form of heart disease that can cause sudden
death. The authors, by using data from cancer research, hypothesized that non-coding
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RNA (including miRNAs) could play a role in regulating these pathways in ACM. Fi-
nally, An et al. [26] investigated the association of specific miRNA polymorphisms with
pregnancy loss.

4. “Non-Canonical” miRNAs and miRNA Regulation

In this Special Issue, authors discuss i) a neglected class of non-coding RNA with
miRNA-like functions and ii) a new function of transposons in miRNA sponging.

The review by Coley et al. [27] focused on sno-derived RNAs (sdRNAs), small RNAs
that originate from small nuclear RNAs (snoRNAs), which can act as miRNA-like molecules.
This review summarized the recent literature on the role of sdRNAs in cancer gene regula-
tion, including miRNAs derived from snoRNA transcripts. The authors highlighted the
relevant role of this small non-coding RNA category, especially in cancer pathology, and
urged the boosting of research in this novel field.

The paper by Esposito et al. [28] studied a possible new function of transposons (TEs),
which are mobile genetic elements that can move around the genome and sometimes
affect the expression of nearby genes. TEs, depending on where they jump, can insert
functional domains such as miRNA binding sites transforming transcripts in miRNA
sponges (see reference in the paper). This is part of a network of competitive endogenous
RNAs (ceRNAs), where different RNA molecules compete for the same miRNAs and
influence their availability and activity [29]. The authors investigated the role of TEs as
miRNA sponges by analyzing in silico transcriptomic data of different cellular conditions in
which a specific type of TE, called LINE L1, was more active. LINE L1, the most abundant
and active TE in humans, can copy and paste itself to new locations in the genome. The
authors found that, in a cellular condition where LINE L1 was overactive, genes that had
many miRNA binding sites in common with LINE L1 were more upregulated compared
to genes with fewer shared miRNA binding sites. This suggests that an increase in LINE
L1 could increase specific miRNAs’ sequestration, derepressing their targets. The authors
proposed that this could be a new miRNA regulation modality that could impact both
health and disease. However, they also acknowledged that this phenomenon needs to be
experimentally validated and further investigated.

5. Conclusions

In conclusion, this Special Issue covers the current state of the art on miRNA research,
providing novel insights on miRNA regulation and function that could advance our under-
standing and applications of these versatile biomolecules. We hope that this collection of
papers will inspire further research and innovation in this exciting and promising field.
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Abstract: Many women enter pregnancy with overweight and obesity, which are associated with
complications for both the expectant mother and her child. MicroRNAs (miRNAs) are short non-
coding RNAs that regulate many biological processes, including energy metabolism. Our study aimed
to identify first trimester plasmatic miRNAs associated with maternal body mass index (BMI) in early
pregnancy. We sequenced a total of 658 plasma samples collected between the 4th and 16th week
of pregnancy from two independent prospective birth cohorts (Gen3G and 3D). In each cohort, we
assessed associations between early pregnancy maternal BMI and plasmatic miRNAs using DESeq2
R package, adjusting for sequencing run and lane, gestational age, maternal age at the first trimester
of pregnancy and parity. A total of 38 miRNAs were associated (FDR q < 0.05) with BMI in the Gen3G
cohort and were replicated (direction and magnitude of the fold change) in the 3D cohort, including 22
with a nominal p-value < 0.05. Some of these miRNAs were enriched in fatty acid metabolism-related
pathways. We identified first trimester plasmatic miRNAs associated with maternal BMI. These
miRNAs potentially regulate fatty acid metabolism-related pathways, supporting the hypothesis of
their potential contribution to energy metabolism regulation in early pregnancy.

Keywords: microRNA; obesity; pregnancy; next-generation sequencing

1. Introduction

Overweight and obesity (OW/O) are worldwide health issues [1] increasingly af-
fecting women of reproductive age [2,3] and are considered the most common health
conditions in pregnancy [4]. The prevalence of obesity among women of reproductive
age is 17.8% in Canada [5] and 39.7% in the United States [6]. Maternal OW/O can have
serious short- and long-term consequences on the health of the mother and her child.
OW/O in pregnancy are associated with an increased risk of gestational diabetes mellitus
(GDM), gestational hypertension, preeclampsia (PE) and cesarean delivery [4]. Offspring
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exposed to maternal OW/O are more likely to suffer from macrosomia and neonatal hy-
perinsulinemic hypoglycemia [7]. Possibly through fetal metabolic programming (based
on the Developmental Origin of Health and Disease-DOHaD), these offspring are also at
increased risk of childhood obesity, type 2 diabetes, cardiovascular disease, asthma and
neurodevelopmental disorders [8,9]. A better understanding of the pathophysiological
mechanisms leading to pregnancy complications associated with maternal OW/O could
lead to strategies to prevent to maternal morbidity and possibly lower their consequences
on the exposed offspring.

MicroRNAs (miRNAs) are short non-coding, single-stranded, RNA molecules of
19 to 25 nucleotides. They regulate many biological processes by targeting messenger
RNAs (mRNAs), leading to a decrease in protein synthesis [10]. Three miRNA clusters are
predominantly expressed in the placenta: chromosome 19 miRNA (C19MC), chromosome
14 miRNA (C14MC) and miR-371-3 miRNA clusters. The abundance of miRNAs from
C19MC gradually increases in maternity from conception until the end of pregnancy,
whereas miRNAs from the C14MC cluster are more abundant at the beginning of pregnancy
and their blood levels decrease throughout pregnancy [11,12]. These placental miRNAs may
participate in the regulation of maternal physiology by intercellular communication through
placental extracellular vesicle secretion in maternal circulation [13]. Indeed, miRNAs are
suspected of having an important role in pregnancy, its maintenance as well as adaptation
to its very specific physiologic needs [10,11]. Accordingly, dysregulation of the C19MC
and C14MC has been associated with pregnancy complications, including PE, intrauterine
growth restriction and insulin sensitivity regulation [13–17].

Until now, only a few studies have investigated miRNAs in pregnancy complicated by
OW/O [18–21]. However, none of these studies were done by next-generation sequencing
or in plasma in the first trimester of pregnancy. We hypothesized that maternal BMI at the
first trimester of pregnancy is associated with variations in circulating levels of miRNAs.
Therefore, our objectives were to identify plasmatic miRNAs associated with maternal BMI
and the metabolic pathways they potentially regulate.

2. Materials and Methods

2.1. Discovery Cohort: Genetics of Glucose Regulation in Gestation and Growth (Gen3G) Cohort

We selected participants for the discovery step of the study from the Gen3G prospective
pregnancy and birth cohort [22]. Briefly, we recruited women in the first trimester of
pregnancy (between the 4th and the 16th week), and we followed them until delivery. An
oral glucose tolerance test (OGTT—75 g) was performed between the 24th and 28th week of
pregnancy for 854 women. For this study, our selection criteria were: women of European
descent, 18 years old and older, not taking any medication that influences glycemia, free
from pre-gestational diabetes, having singleton pregnancy as well as the availability of
a plasma sample at the first trimester of pregnancy (500 μL), anthropometric measures
(e.g., maternal BMI), follow-ups of the offspring at 3 and 5 years old, and genetics (Mother:
Infinium MEGAEX Array, Illumina; Offspring: whole genome sequencing) and epigenetics
(EPIC array) data. A total of 444 women fulfilled these criteria. Before the study began,
consent was obtained from all participating women, and all protocols were approved by
the Centre Hospitalier Universitaire de Sherbrooke (CHUS) ethics committee.

2.2. Anthropometric Measurements in Gen3G

BMI is used to classify individuals by dividing their weight (kg) by their height (m)
squared. This measurement was taken in the first trimester of pregnancy (between the 4th
and 16th week) [23], and a description of the BMI measurement has been published [22].
Briefly, weight was measured in kg on a calibrated electronic scale, and height was mea-
sured in meters with a wall stadiometer (without shoes). The BMI value was calculated
from these data.
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2.3. Replication Cohort: Design, Develop, Discover (3D) Cohort Study

A replication analysis was run on 226 participants selected from the 3D prospective
birth cohort [24]. Briefly, the participants were recruited during their first trimester of preg-
nancy in nine different sites across the province of Québec, Canada. For this study, women
of European descent with plasma samples (500 μL) at the 1st trimester of pregnancy and
at least fasting and the 2 h post-OGTT glucose levels measured between the 24th and 28th
week of pregnancy were included. Exclusion criteria included pre-existing diabetes, GDM
diagnosed at the first trimester of pregnancy, chronic hypertension, or gestational hyper-
tension diagnosed at the first trimester of pregnancy (Supplementary Figure S1). Biological
specimens (e.g., plasma) and anthropometric measurements were collected (measured by
research staff). BMI was measured between the 8th and 14th week of pregnancy during
the first trimester of pregnancy. Women without BMI data were also excluded. All women
gave their informed consent before the beginning of the study according to the Helsinki
declaration, and the protocols have been accepted by the ethical committees.

2.4. RNA Extraction

We extracted total RNA with the MirVana PARIS kit (ThermoFisher Scientific, Waltham,
United States, catalog #AM1556) from 500 μL of plasma collected between the 4th and
16th week of pregnancy following the standard protocol and eluted in 75 μL of nuclease-
free water, in random order. We concentrated our RNA samples following the protocol
established by Burgos et al. [25]. In brief, RNA was mixed with 35 μL of cold (4 ◦C) 7 M
ammonium acetate solution (ThermoFisher Scientific, Waltham, United States, catalog
#02002268) and mixed with 420 μL of chilled (−20 ◦C) absolute ethanol (Commercial
Alcohols, ON, Canada; catalog #P006EAAN). RNA was precipitated overnight at −20 ◦C
and centrifuged at 16,000× g at 4 ◦C for 30 min. The RNA pellet was washed twice with
200 μL of 80% ethanol and then centrifuged at 16,000× g, 4 ◦C for 5 min. The RNA pellet
was dried for 30 min at room temperature and resuspended in 5 μL of nuclease-free water.

2.5. Library Preparation

We used the Truseq Small RNA Sample Prep kit (Illumina, BC, Canada, catalog
#RS-200-0012) for library preparation. Concentrated RNA samples (5 μL) were randomly
treated following the standard protocol adapted by Burgos et al. [25]. Briefly, half of the
reagents were used for ligation of RNA at the 3′ and 5′ ends, reverse transcription, indexing
(1–48, one index per sample) and PCR amplification (15 cycles), to maintain an optimal
ratio between RNA and reagents. The libraries were purified by migration on a Novex
polyacrylamide TBE Gel, 6% (ThermoFisher Scientific, Waltham, United States, catalog
#EC265BOX) by selecting bands between 145–160 bp, eluted in 300 μL of nuclease-free water,
and incubated overnight at room temperature and 500 RPM on an incubating microplate
shaker (VWR, ON, Canada, catalog #12620-930). Then, the libraries were concentrated
by precipitation following a standardized procedure (including a 30 min incubation of
the precipitation mix at −80 ◦C), and the cDNA pellet was suspended in 25 μL of 10 mM
Tris-HCI pH 8.5 buffer.

2.6. Library Quality Control and Sequencing

The libraries were sequenced at the McGill University and Génome Québec Innovation
Centre (Montréal, Canada), either on a HiSeq 2500 or HiSeq 4000 platform (50 cycles, with
7 cycles indexing read) for the Gen3G samples. Twelve samples were extracted twice and
sequenced on both the HiSeq 2500 and HiSeq 4000 platforms that we leveraged during our
QC and normalization process to take into account potential technical and batch effects
from the different sequencing platforms. Overall, Pearson correlation coefficients between
miRNA levels measured on the 2 platforms for these 12 samples were ≥0.94. The data from
both platforms were then combined for processing and statistical analysis but adjusted
for run and lane as normally recommended [12]. Libraries were quantified by qPCR,
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equimolarly pooled (HiSeq 2500: 12 libraries with different indexes per lane at a molarity
of 7 pM; HiSeq 4000: 20 libraries with different indexes per lane at a molarity of 10 pM),
denatured and clustered on single-read Illumina flowcells (catalog # GD-401-3001 and
catalog GD-410-1001) according to the manufacturer’s standard protocol.

The 3D replication study samples were sequenced on the NovaSeq 6000 platform at the
McGill University and Génome Québec Innovation Centre (Montréal, Canada). Libraries
were prepared following the procedure applied to Gen3G samples and quantified using
the Kapa Illumina GA with Revised Primers-SYBR Fast Universal kit (Kapa Biosystems,
Wilmington, United States), normalized, equimolarly pooled (48 libraries with different
indexes per lane at a molarity of 225 pM), denatured and clustered on an Illumina NovaSeq
S1 flowcell following the Xp protocol from the manufacturer’s recommendations. The run
was performed for 100 cycles in single-end mode.

2.7. Bioinformatics Analysis

We first applied the extracellular RNA processing toolkit (exceRpt) pipeline (version 4.6) [26].
Briefly, exceRpt uses FASTX-Toolkit and FastQC to assess sequencing data quality after
removing the adapters and poor quality (Phred score < 20 for 80% or more of the read)
sequences. The remaining reads were then aligned to the human genome (GRCh37) and
miRbase [27] (version 21) using STAR [28] (version 2.4.2a) alignment algorithm. After
performing data visualization of the raw read counts, 9 outliers were excluded from the
Gen3G cohort, and 3 outliers were excluded from the 3D cohort.

2.8. Statistical Analysis

Since all the participant characteristics (Gen3G and 3D cohorts) were not normally
distributed based on a Shapiro-Wilk test, non-parametric Mann-Whitney U tests were
applied to compare the two cohorts. Association between plasmatic miRNA levels and
maternal BMI at the first trimester of pregnancy was assessed using the default parameters
in DESeq2 R package [29]. The duplicate samples (n = 12) were combined using the
collapseReplicates function from DESeq2 package. The statistical model was adjusted for
sequencing run and lane, gestational age, maternal age at the first trimester of pregnancy,
and parity. A sensitivity analysis was also performed by adding the fetal sex as a covariate
to the analysis model. The results remain overall unchanged. MiRNAs were considered
significantly associated with maternal BMI with a false discovery rate (FDR) adjusted
q-value < 0.05, where the fold change represents the change in the miRNAs normalized
read counts per unit of BMI. The EnhancedVolcano [30] package was used for the creation
of the volcano plot. For replication, criteria were first the direction of the associations, the
fold changes, and finally the nominal p-values (one-tailed). The statistical analyses were all
done with R version 4.0.3 in R studio version 1.4.1103.

2.9. Biological Pathway Analysis

The potential biological function of the maternal BMI-associated miRNAs was eval-
uated using miRPath v.3 software from DIANA tools [31]. In brief, Kyoto Encyclopedia
of Genes and Genomes (KEGG) metabolic pathway analysis was done on all the miRNAs
that were significantly (q-values < 0.05) associated with maternal BMI at the first trimester
of pregnancy and replicated for their fold change value in the 3D cohort. Tarbase 7.0 was
selected for miRNA-mRNA interactions as it considers those validated experimentally.
The pathway union parameter was used to merge the results with the Fisher exact test
enrichment analysis method. The default settings in miRPath v.3 and FDR correction were
applied, and the q-value threshold was set to 0.05.

3. Results

3.1. Participant’s Characteristics

Table 1 presents the characteristic of the selected Gen3G and 3D cohorts’ partici-
pants. Women from Gen3G were on average 28.48 ± 4.26 years old, had a mean BMI of

9



Biomedicines 2022, 10, 1726

25.95 ± 5.98 kg/m2 at the first trimester of pregnancy (mean gestational age: 9.63 ± 2.26 weeks),
and had a mean parity of 0.69 ± 0.91 (53.56% nulliparous). On average, women from the 3D
cohort were slightly older (30.60 ± 3.90 years old, p < 0.001) and had a greater gestational
age in the 1st trimester visit (11.89 ± 1.52 weeks, p < 0.001) and a lower parity (0.47 ± 0.66,
p = 0.01; 60.99% nulliparous), whereas their mean BMI (25.39 ± 5.91 kg/m2, p = 0.22) was
similar to that of the women from the Gen3G cohort.

Table 1. Maternal characteristics at the first trimester of pregnancy in Gen3G (n = 435) and 3D
(n = 223) cohorts.

Characteristics
Gen3G Cohort 3D Cohort

Comparison
between Cohorts

(p-Value) *Mean ± SD Range Mean ± SD Range

BMI (kg/m2) 25.95 ± 5.98 16.10–54.10 25.39 ± 5.91 16.80–48.50 0.22
Age (years) 28.48 ± 4.26 18–47 30.60 ± 3.90 20–42 <0.001

Gestational age (weeks) 9.63 ± 2.26 4.09–16.30 11.89 ± 1.52 7.71–16.43 <0.001

Parity(% nulliparous)
0.69 ± 0.91

(53.56) 0–6 0.47 ± 0.66
(60.99) 0–3 0.01

* Comparisons between Gen3G and 3D cohorts were performed using a Mann-Whitney U test. Abbreviations:
3D: Design, Develop, Discover birth cohort; BMI: body mass index; Gen3G: Genetics of Glucose regulation in
Gestation and Growth birth cohort; SD: standard deviation.

3.2. Association between miRNA Levels and Maternal BMI at the First Trimester of Pregnancy

In Gen3G, 2170 miRNAs were expressed in the plasma of pregnant women. A miRNA
was considered detected when it has >1 read per participant. A total of 61 miRNAs
(FDR-adjusted q-values < 0.05) were associated with maternal BMI in the first trimester
of pregnancy (Figure 1). The list of significant miRNAs with their mean normalized read
counts, fold changes (FC), unadjusted p-values, and FDR-adjusted q-values are shown in
Supplementary Table S1. Among these 61 miRNAs, higher BMI was associated with lower
circulating levels for 48 miRNAs and with higher circulating levels for 13 miRNAs. Inter-
estingly, 28 of these miRNAs (46%) are encoded by the C19MC, 1 miRNA by the C14MC,
and 3 miRNAs by the miR-371-3 miRNAs cluster. Table 2 shows the top 10 miRNAs with
the most significant associations with maternal BMI; for these 10 miRNAs, higher BMI was
associated with lower circulating levels.

Table 2. Top 10 miRNAs most significantly associated with maternal BMI at first trimester of
pregnancy in the Gen3G cohort.

miRNA
DESeq2 Normalized Read

Count (Mean ± SD)
Fold Change * Unadjusted p-Value FDR-Adjusted q-Value

hsa-miR-1323 a 146.39 ± 230.60 0.957 2.79 × 10−10 9.60 × 10−8

hsa-miR-516b-5p a 101.50 ± 150.35 0.958 1.79 × 10−10 9.60 × 10−8

hsa-miR-371a-5p b 11.02 ± 17.09 0.941 2.13 × 10−10 9.60 × 10−8

hsa-miR-525-5p a 9.07 ± 15.31 0.952 1.63 × 10−9 4.21 × 10−7

hsa-miR-516a-5p a 31.25 ± 53.81 0.959 4.55 × 10−9 7.83 × 10−7

hsa-miR-524-5p a 8.64 ± 14.48 0.952 3.90 × 10−9 7.83 × 10−7

hsa-miR-518e-5p a 43.96 ± 62.52 0.962 8.92 × 10−9 1.22 × 10−6

hsa-miR-520a-3p a 86.75 ± 132.37 0.960 9.41 × 10−9 1.22 × 10−6

hsa-miR-518e-3p a 7.99 ± 14.22 0.956 2.02 × 10−8 2.09 × 10−6

hsa-miR-520d-5p a 5.92 ± 10.35 0.955 1.98 × 10−8 2.09 × 10−6

Model adjusted for sequencing run and lane, gestational age, maternal age at the first trimester of pregnancy, and
parity. * Fold changes represent the change in miRNA abundance for each increase of one unit of maternal BMI at
1st trimester of pregnancy. a miRNAs from C19MC. b miRNAs from miR-371-3 miRNAs cluster. Abbreviations:
FDR: false discovery rate; SD: standard deviation.
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Figure 1. Plasmatic miRNAs associated with maternal BMI at 1st trimester of pregnancy. This volcano
plot shows the miRNAs associated with maternal BMI. Each point represents a single miRNA. The
vertical dotted line represents a log2 fold change of 0, and the horizontal dotted line represents the
FDR-adjusted q-value threshold of <0.05. The model was adjusted for sequencing lane and run,
maternal and gestational age at 1st trimester, and parity. The fold change represents the change
in miRNA abundance for an increase of one unit of maternal BMI in 1st trimester of pregnancy.
Abbreviations: FDR: false discovery rate; NS: not significant.

3.3. Replication of miRNAs Associated with Maternal BMI at the First Trimester of Pregnancy in
the 3D Cohort

We conducted replication analyses for the 61 identified miRNAs (with q < 0.05) in
3D cohort (see Supplementary Table S1). Interestingly, we achieved full replication based
on the strength of the associations (one tailed p-value < 0.05) as well as the direction and
magnitude of the fold changes between Gen3G and 3D cohorts for 22 (36%) miRNAs
(Table 3). Moreover, 8 (80%) out of the 10 most strongly associated miRNAs in Gen3G
cohort were replicated in 3D (p < 0.05). Sixteen (16) additional miRNAs (total 38) had a
similar fold change (direction and magnitude) between the Gen3G and 3D cohort without
reaching our a priori selected statistical significance threshold (Supplementary Table S1).
These miRNAs were included in the pathway analysis below.

Table 3. miRNAs significantly associated with maternal BMI at 1st trimester of pregnancy in Gen3G
cohort and fully replicated in 3D cohort.

Gen3G 3D

miRNA
DESeq2 Normalized

Read Count
(Mean ± SD)

Fold
Change *

Unadjusted
p-Value

FDR-Adjusted
q-Value

DESeq2 Normalized
Read Count

(Mean ± SD)
Fold Change *

Unadjusted
p-Value

hsa-miR-1323 a 146.39 ± 230.60 0.957 2.79 × 10−10 9.60 × 10−8 676.45 ± 581.88 0.966 2.56 × 10−5

hsa-miR-516b-5p a 101.50 ± 150.35 0.958 1.79 × 10−10 9.60 × 10−8 327.56 ± 247.26 0.966 2.92 × 10−5

hsa-miR-525-5p a 9.07 ± 15.31 0.952 1.63 × 10−9 4.21 × 10−7 79.89 ± 71.16 0.982 0.04471
hsa-miR-516a-5p a 31.25 ± 53.81 0.959 4.55 × 10−9 7.83 × 10−7 150.92 ± 135.76 0.974 0.00141
hsa-miR-518e-5p a 43.96 ± 62.52 0.962 8.92 × 10−9 1.22 × 10−6 99.07 ± 88.52 0.981 0.02118
hsa-miR-520a-3p a 86.75 ± 132.37 0.960 9.41 × 10−9 1.22 × 10−6 220.91 ± 243.90 0.982 0.04009
hsa-miR-518e-3p a 7.99 ± 14.22 0.956 2.02 × 10−8 2.09 × 10−6 29.60 ± 25.75 0.971 0.00189
hsa-miR-512-3p a 287.04 ± 575.48 0.963 3.63 × 10−8 3.41 × 10−6 771.74 ± 982.11 0.982 0.02747
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Table 3. Cont.

Gen3G 3D

miRNA
DESeq2 Normalized

Read Count
(Mean ± SD)

Fold
Change *

Unadjusted
p-Value

FDR-Adjusted
q-Value

DESeq2 Normalized
Read Count

(Mean ± SD)
Fold Change *

Unadjusted
p-Value

hsa-miR-1283 a 57.10 ± 87.82 0.962 4.17 × 10−8 3.59 × 10−6 203.52 ± 173.84 0.977 0.00635
hsa-miR-517a-3p a 20.19 ± 37.78 0.960 5.17 × 10−8 4.11 × 10−6 76.56 ± 73.88 0.980 0.01599
hsa-miR-526b-5p a 17.12 ± 25.90 0.962 2.19 × 10−7 1.62 × 10−5 39.62 ± 34.83 0.977 0.01056
hsa-miR-517-5p a 16.90 ± 29.75 0.962 9.56 × 10−7 6.17 × 10−5 70.67 ± 67.45 0.981 0.02191
hsa-miR-519c-3p a 11.08 ± 20.08 0.965 5.11 × 10−6 0.00026 36.44 ± 32.83 0.966 0.00034
hsa-miR-519d-5p a 6.12 ± 9.51 0.961 1.53 × 10−5 0.00063 10.75 ± 11.77 0.969 0.01205
hsa-miR-515-5p a 10.50 ± 19.12 0.967 1.50 × 10−5 0.00063 26.70 ± 26.08 0.968 0.00076
hsa-miR-27b-3p 29,699.76 ± 20,347.78 1.008 4.98 × 10−5 0.00172 55,214.27 ± 41,098.16 1.011 0.00110
hsa-miR-885-5p 13.50 ± 17.92 1.036 4.98 × 10−5 0.00172 40.63 ± 78.98 1.034 0.00588

hsa-miR-520a-5p a 3.06 ± 5.66 0.963 0.00032 0.00830 27.63 ± 27.09 0.965 0.00136
hsa-miR-375 1938.28 ± 3939.32 0.975 0.00040 0.00986 2900.08 ± 2878.58 0.982 0.03889

hsa-miR-520d-3p a 9.80 ± 15.84 0.972 0.00091 0.01877 10.77 ± 13.37 0.966 0.00638
hsa-miR-592 1.64 ± 3.00 1.042 0.00162 0.03103 2.43 ± 4.89 1.058 0.00400

hsa-miR-21-5p 85,256.17 ± 61,108.55 1.005 0.00224 0.03811 82,095.57 ± 63,195.51 1.008 0.02738

Models adjusted for sequencing run and lane, gestational age, maternal age at the first trimester of pregnancy,
and parity. * Fold changes represent the change in miRNA abundance for each increase of one unit of maternal
BMI at 1st trimester of pregnancy. a miRNAs from C19MC. Abbreviations: 3D: Design, Develop, Discover birth
cohort; FDR: false discovery rate; Gen3G: Genetics of Glucose regulation in Gestation and Growth birth cohort;
SD: standard deviation.

3.4. Metabolic Pathway Analysis of miRNAs Associated with Maternal BMI at the First Trimester
of Pregnancy

To assess the potential biological role of the 38 miRNAs associated with maternal BMI
at the first trimester of pregnancy, we did a metabolic pathway analysis using miRPath
v3 [32]. Seven KEGG pathways from the union pathway analysis were enriched with
targets of these miRNAs. Figure 2 shows these targeted metabolic pathways and their FDR-
adjusted q-value. Interestingly, the top 2 pathways were related to fatty acid metabolism
(p = 1 × 10−325, 6 miRNAs) and fatty acids biosynthesis (p < 1 × 10−325, 4 miRNAs).

Figure 2. KEGG pathways targeted by miRNAs associated with maternal BMI at the first trimester
of pregnancy. This bar graph is showing the KEGG pathways enriched with targets of miRNAs
associated with maternal BMI. Each bar represents one pathway, ranked according to its level of
significance (FDR adjusted q-value). The number of miRNAs involved in the pathway is shown
directly in the bar. Abbreviations: ECM: extracellular matrix; FDR: false discovery rate; KEGG: Kyoto
Encyclopedia of Genes and Genomes.
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4. Discussion

Many women enter pregnancy with OW/O, which are associated with complications,
such as GDM and pre-eclampsia. In the current study, we sequenced 658 plasma samples
from two independent birth cohorts and identified over 20 miRNAs circulating in maternal
plasma at first trimester that are associated with maternal BMI in early pregnancy. To the
best of our knowledge, this is the largest study using next generation sequencing to identify
miRNAs at the first trimester of pregnancy associated with maternal BMI.

Only a few studies have associated maternal OW/O in pregnancy with plasmatic
miRNA profile dysregulation [15,16,18,19]. Interestingly, four of our top 10 miRNAs, all
replicated in 3D, were previously associated with maternal obesity in cord blood [18]. Jing
et al. reported that cord blood hsa-miR-1323, hsa-miR-516b-5p, hsa-miR-516a-5p, and
hsa-miR-520a-3p levels were positively associated with maternal OW/O [18], which is
contrary to what we have observed in the current study. This apparent discrepancy could
be explained by the difference in sample origin (fetal whole cord blood vs. maternal plasma)
and the timing during pregnancy (1st trimester vs. at delivery). These four miRNAs are all
encoded in the C19MC, the expression of which is known to increase throughout pregnancy.
Overall, our results suggest that the impact of OW/O might be dependent on the timing of
collection and the tissue tested (maternal plasma vs. cord blood). In addition to these four
miRNAs, our study also identified novel miRNAs associated with maternal BMI, of which
many are also encoded by the C19MC. None of our miRNAs were reported in the other
three studies [15,16,19].

One fascinating hypothesis is that the placenta secretes miRNAs into maternal blood
contributing to feto-maternal communication and metabolic adaptation throughout preg-
nancy [32]. Indeed, more than 600 miRNAs dynamically expressed in the human placenta
have been reported so far [10]. From these, 127 miRNAs are encoded into the C14MC,
C19MC and miR-371-3 clusters. [10,11] Interestingly, 17 of the 22 (77%) replicated miRNAs
are encoded by the C19MC. More broadly, 21 out of the 38 replicated miRNAs (55%) are
from the C19MC, 1 from the C14MC, and 2 from the miR-371-3. C19MC is a large miRNA
cluster specific to primates that encodes 46 miRNAs genes, 58 mature miRNAs and is mater-
nally imprinted (paternally expressed) [10]. These miRNAs are also strongly expressed in
trophoblasts, suggesting an important role in pregnancy and embryonic and fetal develop-
ment [10]. In a previous study, we also identified miRNAs specific to pregnancy (pregnant
vs. non-pregnant women) and varying between the 4th and the 16th week of pregnancy,
using the same Gen3G microtranscriptomic dataset [12]. Accordingly, 5 more miRNAs
(in addition to the 8 from the C19MC) of our replicated miRNAs were found upregulated
in pregnancy in that previous study. This provides novel support of the roles of plasma
miRNAs in pregnancy. Specifically, maternal BMI levels in pregnancy may influence the
expression of miRNAs that are more abundant in pregnancy and may thus have a possible
role in metabolic adaptation and development.

Maternal OW/O are also risk factors for GDM and PE and consequently the miRNAs
we have identified could also contribute to the development of these complications. In
another previous study from our group and using the same Gen3G microtranscriptomic
dataset, we identified miRNAs in the first trimester of pregnancy associated with and
predictive of insulin sensitivity in the second trimester of pregnancy. Among our replicated
miRNAs, 15 were also associated with insulin sensitivity [17]. Similar analyses were
also conducted to identify miRNAs associated and predictive of GDM still using this
microtranscriptomics and Gen3G datasets. Among the replicated miRNAs, 16 were also
associated with GDM [33]. Overall, 13 were associated with maternal obesity, insulin
sensitivity and GDM. Moreover, higher circulating levels of serum hsa-miR-1323 has
been associated with GDM [34], hsa-miR-517-5p and hsa-miR-520a-5p were reported to
be downregulated in PE, which is consistent with our results with maternal BMI [16,35].
Finally, lower circulating levels of hsa-miR-526b-5p were detected in patients with metabolic
syndrome – characterized by central excess adiposity—a direction of association that
is concordant with our results [36]. Through their mechanism of action, the miRNAs
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that we found associated with maternal BMI might potentially have a role to play in
the pathophysiology of how excess weight in early gestation may lead to pregnancy
complications. However, further studies are needed to disentangle their specific roles and
the causal relationship.

Our pathway analysis showed that the miRNAs associated with maternal BMI regulate
a few metabolic pathways, of which lipid metabolism is of high interest for its biologic
relevance. Overall, 10 miRNAs were linked to fatty acid biosynthesis (5 miRNAs), fatty
acid metabolism (10 miRNAs), or fatty acid elongation (5 miRNAs) pathways. They were
either up—(n = 5) or down—(n = 5) regulated in relation to maternal BMI. Obesity, inside
and outside of pregnancy, is associated with dyslipidemia, among several other metabolic
complications [37]. Early pregnancy is characterized by a lipogenic profile which is believed
to favor energy storage that will be later used to meet the metabolic demand of both the
mother and her growing fetus during pregnancy [38]. By targeting fatty acid biosynthesis
and metabolism, our BMI-associated miRNAs could play an early role in the regulation
of the lipid metabolism pathways in pregnancy or dysregulation in response to maternal
OW/O. Further studies are also needed to understand the roles of plasma miRNAs in
metabolic adaptation to pregnancy and their links with maternal OW/O.

Strengths and Limitations

To the best of our knowledge, this is the largest study investigating circulating miRNAs
associated with maternal BMI in the first trimester of pregnancy using next-generation se-
quencing. Among the strengths, our study was conducted in two large, well-characterized
prospective pregnancy and birth cohorts and on plasma samples collected early in preg-
nancy, from the 4th to 16th weeks. This allowed us to assess obesity-related miRNA dys-
regulation months before pregnancy complications, such as GDM and PE, develop. Finally,
we applied next generation sequencing technology, which allowed us to fully profile and
quantify plasma miRNAs. This technology is a robust and sensitive approach for miRNA
quantification [39]. Finally, although our study was by design associative, the independent
replication significantly improves the robustness of the results we are reporting.

Our study also has some limitations. First, BMI is an easy and convenient assessment
of OW/O but remains a surrogate measure of fat mass. Nevertheless, BMI remains recom-
mended by the WHO to assess OW/O. Also, our BMIs were measured at the time plasma
samples were collected. Overall, BMI in the first trimester of pregnancy is considered an
acceptable assessment of that before pregnancy as weight is relatively stable in the first
weeks. Also, it seems clear that functional studies are needed to confirm the role of these
miRNAs associated during pregnancy (metabolic adaptation, fetal development and in
pregnancy complications.)

5. Conclusions

We have identified 22 plasma miRNAs associated with maternal BMI in the first
trimester of pregnancy. Identified miRNAs were enriched in biological pathways related
to fatty acids and lipids that are implicated in the pathophysiology of OW/O and mostly
encoded by the C19MC, which is mainly expressed by the placenta. These results could
provide new insights into the understanding of the effect of OW/O on the development of
different complications in pregnancy such as GDM and PE.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10071726/s1, Figure S1: Selection of participants for
the 3D cohort. This diagram is showing the different inclusion and exclusion criteria of our selected
participants in the 3D cohort. Abbreviations: OGTT: oral glucose tolerance test, GDM: gestational
diabetes mellitus, BMI: body mass index. Table S1: List of miRNAs significantly associated with
maternal BMI at the first trimester of pregnancy in the Gen3G cohort and replication results obtained
in the 3D cohort for miRNAs significantly associated with maternal BMI at 1st trimester of pregnancy
in the Gen3G cohort.
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Abstract: Stroke is one of the most common diseases that leads to brain injury and mortality in
patients, and intracerebral hemorrhage (ICH) is the most devastating subtype of stroke. Though
the prevalence of ICH increases with aging, the effect of aging on the pathophysiology of ICH
remains largely understudied. Moreover, there is no effective treatment for ICH. Recent studies have
demonstrated the potential of circulating microRNAs as non-invasive diagnostic and prognostic
biomarkers in various pathological conditions. While many studies have identified microRNAs
that play roles in the pathophysiology of brain injury, few demonstrated their functions and roles
after ICH. Given this significant knowledge gap, the present study aims to identify microRNAs that
could serve as potential biomarkers of ICH in the elderly. To this end, sham or ICH was induced
in aged C57BL/6 mice (18–24 months), and 24 h post-ICH, serum microRNAs were isolated, and
expressions were analyzed. We identified 28 significantly dysregulated microRNAs between ICH
and sham groups, suggesting their potential to serve as blood biomarkers of acute ICH. Among
those microRNAs, based on the current literature, miR-124-3p, miR-137-5p, miR-138-5p, miR-219a-2-
3p, miR-135a-5p, miR-541-5p, and miR-770-3p may serve as the most promising blood biomarker
candidates of ICH, warranting further investigation.

Keywords: intracerebral hemorrhage; aging; microRNA

1. Introduction

Stroke is one of the most severe health issues that plagues the healthcare system.
Intracerebral hemorrhage (ICH) is the second most common type of stroke and has a higher
risk of mortality and morbidity rates than other stroke types [1]. Notably, there is no
effective treatment for ICH [2–5]. Therefore, preclinical and clinical research on this disease
is essential. ICH arises in the form of blood vessel rupture in the brain, resulting in the
accumulation of blood in the brain parenchyma and the development of hematoma [6].
ICH often causes severe brain damage that is categorized into primary and secondary
brain injuries. The mass effect of the hematoma mostly contributes to primary brain
damage, whereas the oxidative and inflammatory signaling pathways [7,8], induced by
blood components such as thrombin, hemoglobin, hemin, and iron, are responsible for
secondary brain damage [9,10]. In contrast to primary brain damage, secondary brain
damage persists for a longer period of time, which could contribute to both acute and
long-term neurological outcomes [11]. Hence, the molecular regulators of secondary brain
damage are considered potential targets for therapeutic intervention [12]. However, a
detailed mechanistic understanding of the molecular events underlying secondary brain
injury after ICH is lacking [13]. This represents a significant gap in the literature and reflects
on the lack of defined therapeutic targets.

MicroRNAs (miRNAs), short non-coding RNAs, comprise a group of regulatory
molecules that modulate the expression of genes, which play critical roles in cellular
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processes such as inflammation and apoptosis [14,15]. Many studies have identified the
changes in miRNA expression in ischemic stroke [16], while there remains a significant
gap in our knowledge of their dysregulation in ICH, particularly in the elderly. Notably,
circulating miRNAs undergo dysregulation in response to pathological conditions [17] and
can be found in a remarkably stable form in serum or plasma [18]. Therefore, miRNAs could
serve as non-invasive diagnostic and prognostic blood biomarkers. Specifically, diagnostic
blood biomarkers may help distinguish ICH from ischemic stroke, while prognostic blood
biomarkers may be able to predict mortality or poor outcomes after ICH.

Aging is characterized by the accumulation of degenerative processes. MiRNAs con-
tribute to aging [19] and have regulatory roles in neurodegeneration [20,21]. Moreover,
aging is listed as the most profound risk factor for cardiovascular and neurological dis-
eases [22]. Notably, ICH incidence and mortality rates increase with aging [23–25], but the
precise role of aging in the pathophysiology of ICH remains largely unknown. Therefore,
it is highly required to characterize the molecular level changes that occur after ICH in
aged subjects, as it may help develop novel strategies for the diagnosis and management of
ICH. Though preclinical animal models of ICH are invaluable tools for studying disease
pathophysiology, miRNA dysregulation post-ICH was mostly studied in young animal sub-
jects [17]. Moreover, aging is associated with miRNA expression level changes in mice and
humans [26–29]. Hence, the objective of this study is to identify circulating miRNAs that
are dysregulated after ICH in aged mice, as it may help characterize the pathophysiology
of ICH in the elderly.

2. Methods

2.1. ICH Induction

All animal studies were performed according to the protocols approved by the Institu-
tional Animal Care and Use Committee, in accordance with the NIH and USDA guidelines.
Intracerebral hemorrhage was induced in aged male C57BL/6 mice (18–24 months), (Jack-
son Laboratories, Bar Harbor, ME, USA), as previously reported by our laboratory [2,30–33].
Briefly, mice were anesthetized with isoflurane and positioned prone on a stereotaxic head
frame (Stoelting, Wood Dale, IL, USA). Using a high-speed drill (Dremel, Racine, WI, USA),
a burr hole (0.5 mm) was made 2.2 mm lateral to the bregma, and a small animal tempera-
ture controller (David Kopf Instruments, Los Angeles, CA, USA) was used to keep the body
temperature at 37 ± 0.5 ◦C. Employing a Hamilton syringe (26-G), 0.04 U of bacterial type
IV collagenase (Sigma, St. Louis, MO, USA) in 0.5 μL phosphate-buffered saline (phosphate
buffered saline; pH 7.4 (PBS) was injected with the stereotaxic guidance 3.0 mm into the
left striatum to induce ICH [2]. After removing the needle, bone wax was used to seal the
burr hole and the incision was stapled. Sham mice underwent the same surgical procedure,
but only PBS (0.5 μL) was injected, which served as the experimental control.

2.2. Neurobehavioral Analysis

Mice were analyzed for neurobehavioral deficits, as previously reported, using a
24-point scale [33–35], which estimates sensorimotor deficits. The neurobehavioral analysis
consisted of six different tests: circling, climbing, beam walking, compulsory circling,
bilateral grasp, and whisker response. Each test was graded from 0 (no impairment) to
4 (severe impairment) and the sum of the scores on all six tests established a composite
neurological deficit score.

2.3. Serum Collection

Blood was collected from deeply anesthetized mice and allowed to clot, undisturbed,
at room temperature. Then, the clot was removed by centrifugation at 1500× g for 10 min
in a refrigerated centrifuge. The supernatant or serum was collected and stored at −80 ◦C.
Before miRNA isolation, the serum was thawed and centrifuged, and the supernatant was
used for miRNA isolation.
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2.4. miRNA Isolation

miRNA isolation procedure was performed using the miRNeasy Mini Kit (Qiagen,
Hilden, Germany, catalogue. No: 217004), according to the manufacturer’s instructions,
with some modifications. Briefly, the TRIzol LS reagent was added to mouse serum
(0.75 mL TRIzol per 0.25 mL serum). This was followed by the addition of chloroform
(0.2 mL chloroform per 0.75 mL of TRIzol), and centrifugation at 12,000× g at 4 ◦C for
phase separation. The aqueous phase was transferred to a new tube and 100% ethanol
(1.5 volumes of the sample) was added and mixed thoroughly and transferred to the
RNeasy Mini spin column to elute the miRNA, according to the manufacturer’s instructions.

2.5. miRNA Sequencing

RNA quality and quantity were assessed by the Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Purified small RNA samples were processed for
cDNA library preparations using the QIAseq miRNA Library kit (Qiagen, catalogue. No:
331502). Briefly, 15 ng of purified small RNA was ligated with a 3′ adaptor and 5′ adaptor,
and converted to cDNA using RT primer with integrated unique molecular indices (UMI),
to enable the quantification of individual miRNA molecules. The cDNA products were
purified, enriched with PCR, and purified using QMN Beads (Qiagen, catalog. No: 331502)
to create the final cDNA library. The prepared library was examined by a bioanalyzer
and Qubit (Thermo Fisher, Waltham, MA, USA), to test the quality and quantity of the
sequencing library, respectively. The libraries were pooled with the correspondingly
identified bar codes for each sample and run on the NextSeq500 sequencing system using a
75-cycle paired-end protocol. BCL files generated by the NextSeq500 were converted to
FASTQ files for downstream analysis. Reads that passed quality control with individual
UMI counts were aligned to the murine reference miRNA sequences using a web-based tool,
GeneGlobe Data Analysis Center of QIAGEN, which also performed differential expression
analysis and generated a volcano plot, and a hierarchical clustering heatmap.

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software and the student’s
t-test was used for two-group comparisons. p < 0.05 was taken as statistically significant.

3. Results

3.1. Serum microRNA Isolation and Analysis after ICH

ICH was induced in the striatum of aged, male C57BL/6 (18–24 months) mice, using
the collagenase injection method. For miRNA analysis, we collected whole blood from mice
on day 1 post-ICH, an acute time point, which exhibited profound neurodegeneration [36]
and had significant predictive values in the patient prognosis [37]. Serum microRNA
was then isolated, as described in the methods, and subjected to RNA sequencing using
the Agilent 2100 bioanalyzer (Agilent Technologies). The serum miRNAs from sham
animals served as the experimental controls and the schematic representation of the overall
experimental design is depicted (Figure 1). The analysis of RNA sequencing data, using
QIAGEN GeneGlobe Data Analysis Center, identified 1960 miRNAs, out of which 28
miRNAs exhibited a significant difference (p < 0.05) in their expression between ICH and
sham (Table 1, Figures 2 and 3). Among those, the serum levels of 20 miRNAs were found
to be significantly increased (p < 0.05) and the serum levels of 8 miRNAs were significantly
decreased (p < 0.05) after ICH in comparison to sham (Table 1). Soon before collecting the
blood samples for miRNA analysis, the animals were subjected to neurobehavioral analysis
to confirm the ICH induction. Notably, ICH animals exhibited profound neurobehavioral
deficits in comparison to sham (p < 0.01; Figure 4).
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Figure 1. Schematic representation of the overall experimental design. Sham or ICH was induced in
aged, male mice. Blood was collected at 24 h post-sham/ICH and serum miRNAs were extracted and
subjected to microRNA sequencing.

Table 1. Serum microRNAs that exhibited differential expression between sham and ICH (p < 0.05).

MicroRNA Fold-Change p-Value

mmu-miR-122-5p 13.10 0.00000083

mmu-miR-122-3p 20.88 0.0000155

mmu-miR-9-3p 7.49 0.000124

mmu-miR-9-5p 10.83 0.000215

mmu-miR-137-3p 7.49 0.000884

mmu-miR-1298-5p −6.62 0.00346

mmu-miR-219a-2-3p 19.81 0.00508

mmu-miR-384-5p 8.93 0.00520

mmu-miR-34b-3p −4.03 0.00653

mmu-miR-124-3p 5.59 0.00803

mmu-miR-34c-5p −5.7 0.01290

mmu-miR-34b-5p −5.9 0.01691

mmu-miR-200b-3p −2.88 0.01801

mmu-miR-135a-5p 4.83 0.01994

mmu-miR-148a-5p 7.5 0.02179

mmu-miR-133b-3p 2.23 0.02347
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Table 1. Cont.

MicroRNA Fold-Change p-Value

mmu-miR-1199-5p −3.87 0.02520

mmu-miR-133a-5p 2.51 0.02609

mmu-miR-451a 2.33 0.02788

mmu-miR-138-5p 3.06 0.02806

mmu-let-7g-5p 2.07 0.03187

mmu-miR-301a-3p 2.31 0.03210

mmu-miR-200c-5p −8.98 0.03236

mmu-miR-770-3p 5.52 0.03542

mmu-miR-541-5p 2.85 0.03935

mmu-miR-194-5p 2.04 0.04143

mmu-miR-200c-3p −2.44 0.04401

mmu-miR-216a-5p 4.09 0.04500

Figure 2. Heatmap representation of the differentially expressed serum miRNAs between sham and
ICH. A total of 28 miRNAs exhibited a difference (p < 0.05) in their expression between ICH and
sham. The serum levels of 20 miRNAs were found to be significantly increased and serum levels
of 8 miRNAs were significantly decreased after ICH in comparison to sham (n = 3 mice per group;
p < 0.05).
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Figure 3. A volcano plot demonstrating dysregulated miRNAs after ICH, compared to sham. A total
of 28 miRNAs exhibited a difference (p < 0.05) in their expression between ICH and sham. The serum
levels of 20 miRNAs were found to be significantly increased (green dots) and serum levels of 8 miRNAs
were significantly decreased (yellow dots) after ICH, in comparison to sham (p < 0.05; fold-change ≥ 2).

Figure 4. Induction of ICH in aged, male C57BL/6 (18–24 months) mice resulted in significant
neurological deficits in comparison to sham. This was estimated using a 24-point scale, as described
in methods, on day 1 post-surgery (n = 3 animals per group ** p < 0.01 vs. sham).
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3.2. Functional Annotation of Differentially Expressed microRNAs

Many of the dysregulated miRNAs identified in this study play roles in various
pathological conditions, as shown in Table 2. Notably, miR-122-5p, miR-9-3p, miR-9-5p,
miR-137-3p, miR-1298-5p, miR-219a-2-3p, miR-384-5p, miR-124-3p, miR-34b-5p, miR-200b-
3p, miR-135a-5p, miR-133b-3p, miR-1199-5p, miR-451a, miR-138-5p, miR-146a-5p, miR-
200b-5p, and miR-483-5p have roles in neuroinflammation, oxidative stress, and apoptosis,
which are critical processes associated with secondary brain damage after ICH.

Table 2. Pathological processes and disease states associated with dysregulated miRNAs after ICH.

MicroRNA Cellular/Pathological Process Disease State

miR-122-5p Cell growth and proliferation, inflammation, oxidative
stress, apoptosis

Gastric cancer [38], renal cell carcinoma [39], liver cancer [40], pancreatic ductal
adenocarcinoma [41], transient ischemic attack [42]

miR-122-3p Cell proliferation, apoptosis, cellular stress response Chronic atrophic gastritis [43], hepatotoxicity [44]

miR-9-3p Apoptosis, cell proliferation, oxidative stress Traumatic brain injury [45], ischemic stroke [46], hypoxia [47]

miR-9-5p Apoptosis, inflammation, cell growth and
proliferation, autophagy

Traumatic brain injury [45], ischemic stroke [46,48], Alzheimer’s disease [49],
glioblastoma [50]

miR-137-3p Oxidative stress, neuron necrosis, apoptosis Lung cancer [51], ICH [52], traumatic brain injury [45], brachial plexus root
avulsion [53]

miR-1298-5p Proliferation, cell migration and adhesion, apoptosis,
neuroinflammation

Breast cancer [54], non-small cell lung cancer [55], ischemic stroke[56],
glioma [57]

miR-219a-2-3p Oxidative stress, cell growth, apoptosis, neuroinflammation Traumatic brain injury [58], lung cancer [59], spinal cord injury [60]

miR-384-5p Autophagy, inflammation Neurotoxicity [61], lung injury [62], spinal cord injury [63], diabetic
encephalopathy [64]

miR-34b-3p Metastasis, oxidative stress, cell growth Concussion [65], leptomeningeal metastasis [66], colorectal cancer [67], renal cell
carcinoma [68], breast invasive ductal carcinoma [69]

miR-124-3p Inflammation, neuronal autophagy, apoptosis Traumatic brain injury [70,71], ischemic stroke [72], gastric cancer [73],
ICH [74–77]

miR-34c-5p Neuroinflammation, growth, metabolism Drug-resistant epilepsy [78], COPD [79], papillary thyroid carcinoma [80]

miR-34b-5p Oxidative stress, apoptosis, inflammation, migration,
proliferation, invasion

Parkinson’s disease [81], white matter ischemic injury [82], kidney injury [83],
retinoblastoma [84], B- cell acute lymphoblastic leukemia [85]

miR-200b-3p Cell growth, proliferation, metastasis Prion disease [86], transient ischemic attack [87], colorectal cancer [88], traumatic
brain injury [89]

miR-135a-5p Apoptosis, inflammation, metastasis,
proliferation, migration

Atherosclerosis [90], temporal lobe epilepsy [91], ischemic brain injury [92],
colorectal cancer [93,94], diabetic nephropathy [95]

miR-148a-5p Inflammation, cell growth, proliferation, metabolism Irritable bowel syndrome [96], Crohn’s disease [97]

miR-133b-3p Inflammation, neurodegeneration
Parkinson’s disease [98],

Central post stroke pain[99],
myotonic dystrophy [100]

miR-1199-5p Migration, metastasis Tumor metastasis [101]

miR-133a-5p Apoptosis Hepatic ischemia [102]

miR-451a Blood brain barrier permeability, cell differentiation,
metastasis, inflammation, apoptosis

Cerebral ischemia [103], ICH [104], blood brain barrier dysfunction [105],
glioblastoma [106], prostate cancer [107], pancreatic cancer [108], Alzheimer’s

disease [109], multiple sclerosis [110]

miR-138-5p Neuroinflammation, metastasis Breast cancer [111], cognitive impairment [112], glioblastoma [113], Parkinson’s
disease [114]

let-7g-5p Cell growth and differentiation, proliferation, metastasis Alzheimer’s disease [115], gastric cancer [116], liver disease [117],
glioblastoma [118]

miR-301a-3p Inflammation, apoptosis, cell differentiation Multiple sclerosis [119], endometriosis [120], macular degeneration [121],
esophageal squamous cell carcinoma [122], heart failure [123]

miR-200c-5p Proliferation, migration Human hepatocellular carcinoma [124], renal cell carcinoma [125]

miR-770-3p Metabolism Aging [126]

miR-541-5p Apoptosis Carcinogenesis [127]

miR-194-5p Proliferation, apoptosis
Epilepsy [128,129], pancreatic cancer [130], breast cancer [131], esophageal

adenocarcinoma [132], mitochondrial neuro-gastrointestinal
encephalomyopathy [133],

miR-200c-3p Metastasis, inflammation, cell growth Bladder cancer [134,135], colorectal cancer [136–138], ovarian cancer [139], knee
osteoarthritis [140]

miR-216a-5p Inflammation, cell growth, metastasis, autophagy Alzheimer’s disease [141], acute pancreatitis [142], pancreas injury [143],
pituitary tumors [144]
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3.3. The Comparative Analysis of miRNAs

To determine the clinical significance of our observations, we compared our results
to the study reported by Wang et al. [75], which enabled the comparison of dysregulated
serum miRNAs after ICH in aged mice with human-brain-enriched miRNAs and plasma
miRNAs after ICH in young rodents, as demonstrated in Figure 5. We found that miR-
124-3p, miR-138-5p, and miR-137-5p, which are differentially expressed in the aged mouse
serum after ICH, are also enriched in the human brain tissue, implicating their potential
role in ICH-associated brain injury or recovery. Also, the miR-135a-5p level was increased
in the blood of both aged mice and young rats after ICH, while miR-219a-2-3p, miR-770-3p,
and miR-541-5p were differentially dysregulated in aged mice and young rats after ICH.
This discrepancy could be due to differences in the age of the animal models or species
that were used in preclinical studies. Therefore, further research is needed to validate these
findings as these microRNAs could serve as invaluable molecular targets for the diagnosis
and management of ICH that occurs in the elderly.

Figure 5. Comparative analysis of dysregulated serum miRNAs after ICH in aged mice (blue square)
with human-brain-enriched miRNAs (red square) and dysregulated plasma miRNAs after ICH in
young rats (green square). The serum microRNAs, which are human-brain-specific and differentially
regulated in the plasma of young mice after ICH, are indicated.

4. Discussion

We identified 28 significantly dysregulated miRNAs in the serum of aged mice after
ICH. In comparison to a previous study by Wang et al., [75], miR-124-3p, miR-137-5p,
miR-138-5p, miR-219a-2-3p, miR-135a-5p, miR-541-5p, and miR-770-3p could be the most
potential candidates to be tested for their roles post-ICH in the elderly. Wang et al. [75]
demonstrated the dysregulation of plasma miRNAs in a young rat model of ICH. They
focused primarily on miR-124 as a biomarker for ICH, but we also found increased serum
levels of miR-138-5p and miR-137-5p in aged mice after ICH. A recent study documented
an increased serum level of miR-137 after traumatic brain injury in patients [45]. Moreover,
miR-124-3p, miR-137-5p, and miR-138-5p are human-brain-specific miRNAs [75], further
demonstrating their potential to serve as serum biomarkers or therapeutic targets for
intracerebral hemorrhage, warranting further investigation. Overall, the functional roles
of miR-124-3p, miR-137-5p, miR-138-5p, miR-219a-2-3p, miR-135a-5p, miR-541-5p, and
miR-770-3p in various pathological processes/states and their possible functions in the
pathophysiology of ICH are discussed.
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4.1. miR-124-3p

We found a significant increase in the level of miR-124-3p in the serum of aged mice
after ICH compared to sham. This observation is consistent with a previous study, where
the miR-124 level was found to be significantly increased in the plasma of ICH patients
in the acute phases of injury, suggesting that miR-124 may serve as a biomarker for the
diagnosis of ICH [75]. Functionally, miR-124 plays a key role in iron metabolism and
neuronal cell death after ICH, and its inhibition reduced brain injury after ICH in aged
mice [76], implicating the detrimental role of miR-124 after ICH. Consistently, high serum
miR-124 levels were correlated with poor neurological scores in aged ICH patients [76].
Since miR-124-3p is one of the most abundant brain-specific microRNAs, studies are
required to elucidate whether brain injury leads to its release into the blood plasma or
serum after ICH.

In young rats, miR-124 was significantly elevated in the plasma and brain tissue, in a
collagenase-injection mouse model of ICH, during the acute phase of the injury [75]. By
contrast, in a blood-injection mouse model of ICH in young mice, miR-124 expression
was found to be decreased in the perihematomal region of the brain [77]. Moreover, miR-
124 attenuated ICH-induced inflammatory brain damage in young mice by modulating
microglia polarization, implicating the neuroprotective role of miR-124 after ICH [77]. The
underlying cause of this discrepancy in its expression after ICH and its function could be
the difference in the ICH model and the age of animal subjects. Hence, further investigation
is highly needed.

Altered serum expression of miR-124 is associated with various brain injuries. To
this end, miR-124-3p was not detectable in healthy volunteers, but its increased level
was observed in the serum of patients with severe traumatic brain injury [70]. Moreover,
serum miR-124 is significantly enhanced in patients with acute ischemic stroke, where
its expression positively correlated with infarct volume and degree of brain damage, as
assessed by the National Institutes of Health Stroke Scale [145]. Overall, apart from
considering miR-124-3p as a potential biomarker candidate for ICH, its precise functional
role in the pathophysiology of ICH requires further validation.

4.2. miR-137-3p

Our findings show the increased level of miR-137-3p in the serum of aged mice
after ICH in comparison to sham. Upregulation of miR-137-3p inhibited neuronal death,
parthanatos, a type of programmed cell necrosis associated with ICH [52,146–149]. In
addition, upregulation of miR-137-3p resulted in neuroprotective effects by decreasing
neuronal nitric oxide synthase-positive cells and the death of motor neurons after avulsion
injury to the spinal cord in rats [53]. Furthermore, an increased level of miR-137 is observed
in the serum after traumatic brain injury [45]. Given the role of miR-137-3p in neuronal
death and oxidative damage, further studies are warranted to explore its potential as a
therapeutic target for ICH.

4.3. miR-138-5p

As per the current study, miR-138-5p levels were found to be significantly increased in
the serum of aged mice after ICH compared to sham. Notably, breast cancer cell-derived
miR-138-5p has been shown to inhibit M1 polarization and promote M2 polarization of
macrophages [111]. It has also been proposed as a potential blood biomarker of Parkinson’s
disease [114]. Furthermore, miR-138-5p downregulated NLRP3 inflammasome and its
downstream gene targets in lipopolysaccharide-treated rat microglia [112]. Overall, given
the role of miR-138-5p in macrophage polarization and inflammation, further studies are
required to elucidate its functional role after ICH.

In line with dysregulated plasma miRNAs after ICH in rats [75], levels of miR-135a-5p
were increased in the serum of aged mice after ICH, but miR-219a-2-3p, miR-541-5p, and
miR-770-3p were differentially dysregulated in aged mice and young rats after ICH. Based
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on their potential roles in ICH pathology in association with their altered expression, their
functions in various pathological conditions are discussed.

4.4. miR-135a-5p

M2 microglia-derived extracellular vesicles contained elevated levels of miR-135a-
5p, which reduced neuronal autophagy and ischemic brain injury in mice by inhibiting
inflammasome signaling [92], suggesting its role in neuroprotection. In contrast, exer-
cise decreased miR-135 levels in adult neural precursor cells and miR-135a-5p inhibition
stimulated neurogenesis in the dentate gyrus of aged mice [150]. As well, miR-135a-5p
expression in the hippocampus is increased in temporal lobe epilepsy in children [91].
miR-135a-5p mediated proapoptotic effect by inducing cellular apoptosis and reduced
cell survival in temporal-lobe epilepsy [91]. Furthermore, its inhibition protected glial
cells against epilepsy-induced apoptosis [151]. The miR-135a-5p expression level was
significantly decreased in the serum samples of atherosclerosis patients and a mouse model
of atherosclerosis [90]. Moreover, overexpression of miR-135a-5p induced a cell cycle arrest
and apoptosis, and inhibited the proliferation and migration of vascular smooth muscle
cells [90]. Additionally, miR-135 is a tumor suppressor and has been shown as a diagnostic
biomarker of colorectal cancer [93]. Overall, given its conflicting roles, further studies are
highly needed to establish its function after ICH.

4.5. miR-219a-2-3p

Upregulation of miR-219a-2-3p in tissue samples has been linked to anti-inflammatory
responses, possibly by modulating NK-kB singling and promoting neuroprotection after
spinal cord injury [60]. Serum-derived miR-219a-2-3p has also been shown to be a potential
biomarker for traumatic brain injury in mice [58], as well as a peripheral blood biomarker
for lung cancer in patients [59]. Given its potential as a biomarker in traumatic brain injury
and its roles in neuroprotection and anti-inflammatory responses after a neural injury,
miR-219a-2-3p needs to be explored further for its possible roles after ICH.

4.6. miR-541-5p

Upregulation of miR-541-5p has been linked to hepatocellular carcinoma [127]. miR-
541 also contributes to the modulation of telomerase activity [152] and tumor suppression in
non-small cell lung cancer [153]. Apart from that, its functional role after a brain pathology
remains enigmatic, requiring investigation.

4.7. miR-770-3p

miR-770-3p is a biomarker for aging, as its expression was found to be increased in
the serum of aged mice in comparison to young mice [126]. Apart from that, the role of
miR-770-3p remains largely understudied. Therefore, further research is vital to determine
its functions after ICH.

Though the study reveals several novel candidate miRNAs, some of the identified
candidates could be related to ICH irrespective of age, and some could be related to
ICH in the context of aging. Therefore, further studies are warranted to identify the age-
dependency of those candidates. Moreover, owing to the complexity of aging, the identified
candidates, whether related to ICH in an age-dependent or -independent manner, require
characterization in aged animal subjects to elucidate their possible roles in apoptosis,
neuroinflammation, oxidative stress and secondary brain damage after ICH.

5. Conclusions

Herein, we identified seven candidate serum miRNAs, miR-124-3p, miR-138-5p, miR-
137-3p, miR-219a-2-3p, miR-135a-5p, miR541-5p, and miR-770-3p, which may have roles
in the pathophysiology of ICH in the elderly, warranting further investigation. Among
those, miR-124-3p, miR-138-5p, and miR-137-3p may have the greatest potential, as they
are human-brain-specific miRNAs and are also implicated in neuronal apoptosis and
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neuroinflammation. Given the increasing prevalence of the aging population and age-
related diseases, such as stroke, the miRNAs identified in this study may serve as invaluable
molecular targets for future investigation post-ICH, a neurological disorder without an
effective treatment option.
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Abstract: MicroRNAs (miRNAs) are small non-coding RNAs with the crucial regulatory functions of
gene expression at post-transcriptional level, detectable in cell and tissue extracts, and body fluids.
For their stability in body fluids and accessibility to sampling, circulating miRNAs and changes
of their concentration may represent suitable disease biomarkers, with diagnostic and prognostic
relevance. A solid literature now describes the profiling of circulating miRNA signatures for several
tumor types. Among body fluids, saliva accurately reflects systemic pathophysiological conditions,
representing a promising diagnostic resource for the future of low-cost screening procedures for
systemic diseases, including cancer. Here, we provide a review of literature about miRNAs as potential
disease biomarkers with regard to ovarian cancer (OC), with an excursus about liquid biopsies, and
saliva in particular. We also report on salivary miRNAs as biomarkers in oncological conditions other
than OC, as well as on OC biomarkers other than miRNAs. While the clinical need for an effective tool
for OC screening remains unmet, it would be advisable to combine within a single diagnostic platform,
the tools for detecting patterns of both protein and miRNA biomarkers to provide the screening
robustness that single molecular species separately were not able to provide so far.

Keywords: ovarian cancer; biomarker; saliva; urine; ascites; blood; microRNA; biofluids; early
diagnosis; screening

1. Introduction

We reviewed the current literature to understand what opportunities exist in terms of
circulating microRNA (miRNA), specifically salivary miRNAs, as biomarkers (BMs) for
diagnostic/prognostic approaches to oncological diseases in general, and to ovarian cancer
(OC) in particular. We realized that currently there are not miRNA BMs in clinical use for
OC screening.

First, we provide a general introduction on the subject of OC and the state of the art
in terms of screening opportunities. Section 2 introduces the subject of miRNAs, showing
their recognized potential as disease biomarkers (BM). In Section 3, we analyze relevant
literature on the potential of liquid biopsies for the detection of miRNAs in OC, with a
specific focus on saliva (Section 4) to discuss the pros and cons of this biofluid, whose
molecular profile resembles blood, with possible advantageous simplifications. For the sake
of completeness, and to support the hypothesis that the search for salivary miRNAs could
be useful in OC, we also reviewed the state of the art of salivary miRNAs in oncological
conditions other than OC (Section 5), and, to support the validity of saliva as a useful
biofluid for BMs search, we provide an excursus (Section 6) on OC candidate salivary BMs
other than miRNAs. Finally, to compare saliva with other possible biofluids as a source
of miRNA BMs, we reviewed the literature on this type of candidate BMs of OC in other
biofluids (Section 7).

Biomedicines 2023, 11, 652. https://doi.org/10.3390/biomedicines11030652 https://www.mdpi.com/journal/biomedicines
34



Biomedicines 2023, 11, 652

Overall, this review aims to provide an informed understanding of the need for more
research on the subject of reliable BMs for OC screening, because presently, the clinical
need for an early, reliable, relatively inexpensive diagnostic tool for OC screening in the
population remains unmet. Specifically, we propose saliva as a convenient bioanalyte,
possibly for the combined search of candidate BMs of different nature, such as miRNA
and proteins.

OC, although rare, is the first cause of death for gynecological cancers and the fifth most
common cause of cancer-related death for women of industrialized countries [1]. The poor
outcome is mostly associated with the lack of specific symptoms and of effective screening
strategies. Despite increasingly radical surgical approaches and huge efforts put into new,
targeted, therapeutic agents, the prognosis for patients with OC has hardly improved in the
past three decades and two thirds of women still die within ten years from diagnosis [2].
Five-year survival is less than 20% in women diagnosed with advanced-stage (stage III
or IV) invasive epithelial OC, but exceeds 90% in those detected at stage I [3], suggesting
that success in curing OC relies on early diagnosis. Efforts have therefore focused on
diagnosing early-stage or low-volume disease through risk prediction, prevention, and
screening. Worldwide, there is inconsistency in availability of and access to treatment for
OC, and the outcomes are complicated because of the complexities of the disease in terms
of epidemiology, genetic features, and histopathology, all contributing to the still poor
understanding of OC, especially in comparison with other oncological diseases [4].

In fact, OC is heterogeneous, comprising several disease types and subtypes [5,6].
The extra-ovarian originations of epithelial OCs contribute to the intricacies of the disease.
Over the past decade, a dualistic pathway of epithelial ovarian carcinogenesis has emerged:
Type I and Type II, that differ in epidemiology, etiology, and treatment. Therapeutic
strategies may not be equally effective for all. Therefore, success in treating OC also
requires to identify new BMs, not only to detect OC early, at a time when outcomes could
be improved, but also to allow a better stratification of patients with full blown disease for
more efficacious, personalized therapy [7–9].

Years ago, the first biomarker (BM) identified and proposed as a blood test for women
with OC was the carcinoembryonic antigen (CEA) [10]. However, the current literature
agrees that multi-BM panels might perform better than a single BM for a personalized
treatment in the context of precision medicine in general [9,11] and for early detection of
OC in particular [12].

At present time, despite decades of international efforts to identify panels of blood-
borne BMs suitable for screening, no one superior to serum cancer antigen 125 (CA125)
has reached clinical practice, except for human epididymis protein 4 (HE4), which is still
second best to CA125 [13]. Their combined analysis within the risk of ovarian malignancy
(ROMA) algorithm has improved the diagnostic accuracy for OC. However, ROMA is not
applicable in screening procedures for early detection [9,13,14]. In addition to ROMA, the
OVA1 test, a multivariate in vitro assay for five proteomic BMs, is used as an aid to the
pre-chirurgical definition of a pelvic mass, but, again, it does not possess the characteristics
to be applied on large-scale, prevention screening [15].

Currently, the combination of CA125 serum analysis and transvaginal ultrasonography
(TVS) is the most utilized tool for the initial evaluation of suspect cases, even though
CA125 lacks specificity (as it rises due to several physiological and pathological conditions
in addition to cancer [16]), and TVS can identify adnexal masses, but is less reliable in
differentiating benign from malignant tumors [17].

Over time, other serum BMs have been evaluated in OC together with CA125 [18], and
several strategies have been developed by combining the analysis of multiple circulating
proteins [19,20].

The literature shows that proteins expressed in OC cells can be retrieved in serum and
urine [11,21]. However, only a few of several reported candidate BMs were validated for
clinical practice [22], this discrepancy being ascribed to different reasons [11,23].
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Therefore, regardless of the enormous progress in analytical techniques, the insights
on the biochemical and molecular mechanisms of OC and the description in the literature of
several candidate BMs, up to now, the clinical need for an effective test able to perform early,
reproducible, noninvasive, and possibly inexpensive diagnosis of OC remains completely
unanswered [24].

Moreover, despite recent encouraging data on sensitivity and cost-effectiveness of
multimodal analysis, screening for OC in the general population is not recommended
due to the lack of a definitive mortality benefit. This has been reinforced in the latest
recommendation from the U.S. Preventative Task Force (USPSTF) [25] and the U.K. National
Screening Committee (UK NSC) [4].

Several recent studies aim at exploring other possible sources of BMs in addition to
blood as analyte, and to proteins as BMs. For example, there are studies dealing with tumor
DNA detection, also for methylation profiling, in liquid cytology samples from vagina and
endocervix, including routinely collected cervical screening specimens, vaginal self-swab
and tampons, and uterine lavage samples. Moreover, improvements in imaging methods
are pursued to include refinements of TVS, Doppler flow, microbubble contrast-enhanced
TVS, and photo-acoustic imaging, all of which allow high-resolution detection of angiogen-
esis with the potential to detect neovascularization in early cancers [26–28]. In addition,
multi-omics technologies (genomics, transcriptomics, proteomics, and metabolomics) hold
the possibility of discovering new informative BMs [29,30] in signature panels. Currently,
important questions in this field are concerned with the type of sample source selected, the
analytical technique that leads to the most valuable results, whether it is advisable to look
for one specific BM type (e.g., proteins or nucleic acids) or whether to combine the results
of different analytical procedures (e.g., proteins and nucleic acids in parallel).

In summary, while on one hand the state of the art in OC screening recommends
against screening for fear of adverse complication in false-positive women undergoing
surgery, on the other hand, personalized medicine requires an individualized approach
and reliable tools for screening procedures to detect the disease at an early, curable stage,
to improve patient stratification and therapeutic regimes, and to spare unnecessary, even
possibly hazardous treatments and save lives and costs, as invoked by authoritative edito-
rials [31,32].

2. MicroRNAs as Potential Disease Biomarkers

Among molecules with potential BM characteristics, miRNAs have recently emerged
as powerful keys to a better understanding of molecular mechanisms controlling cancer
cells and their niche. MiRNAs are small molecules (18–25 nucleotides) of single-strand,
non-coding RNA (ncRNA) that are found in the transcriptome of all living beings and
regulate gene expression at the transcriptional and post-transcriptional level [33] (Figure 1,
lower part).

The first evidence that miRNAs may have diagnostic and therapeutic potential was
presented soon after the identification of the first miRNAs in humans [34]. The study
showed correlation between the loss of miR-15 and miR-16 and the occurrence of B-cell
leukemia [35]. Three years later, the homozygous deletion of the gene coding for Dicer, an
enzyme essential for miRNA biogenesis, showed that miRNA loss of function disrupted
prenatal development of the murine embryo [36], providing the first genetic evidence of
miRNAs’ vital role in development. The first indication that miRNAs may become easily
accessible BMs for cancer diagnosis and prognosis came three years later when miRNAs
were isolated from patient serum [37,38] and their profiling revealed specific patterns across
different groups of diseases [39]. Following studies confirmed specific miRNA signatures
in many types of human diseases, including different cancers [40–42]. MiRNA signature in
blood is comparable to that of the tumor of origin [43] and specific miRNAs were associated
with prostate cancer (PrC) [38], lung cancer (LC), colorectal (CRC) [44–46], breast cancer
(BC), gastric cancer (GC) and OC [47–49]. Indeed, miRNA profiling revealed different
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patterns in different histological tumor subtypes of OC, a highly heterogeneous disease, as
already mentioned [23,49–54].

Several clinical trials were initiated, based on the suggested applicability of miRNAs
for cancer diagnostics and prognostics [55]. In fact, miRNAs meet most of the criteria for
being ideal BMs, i.e., accessibility, specificity, and sensitivity.

Despite the lack of standardized protocols and use in current clinical practice, miRNAs
hold the potential to become a routine approach in the development of personalized
medicine in the future.

Figure 1. Anatomical and molecular visualization of miRNAs trafficking between OC tissue to
bloodstream and saliva. Direction of molecular trafficking between ovarian tissue and bloodstream
(upper left), and between blood and salivary glands (upper right) is indicated by arrows. There is an
intense exchange of molecules from the bloodstream to the ovary and vice versa: the ovary is highly
vascularized so that it is supplied with hormones and nutrients needed for its high metabolism. At
the same time, small molecules, such as microRNAs, are released from the tissue, also under tumor
conditions. The composition of blood therefore influences salivary composition. The salivary fluid is
produced by the local vascular bed in the acinar region and through the duct system released into
the oral cavity. At cell level (lower left), miRNAs generated in the cell are released within exosomes
or associated with miRNA binding proteins (such AGO2) or high-density lipoprotein (HDL). They
are stable and protected by RNase degradation. Intra- and extracellular mechanisms allow these
molecules to be transported from blood to saliva (lower right), so they can be found in the oral cavity
reflecting a distant physiological or pathological condition.
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3. Liquid Biopsies for Detection of miRNAs in Ovarian Cancer

Tissue biopsy is the gold standard to evaluate molecular features of tumors. However,
in the case of OC, tissue biopsies should be avoided because puncture can cause cancer
cells dissemination into the peritoneal cavity, promoting peritoneal metastasis. On the
contrary, liquid biopsy represents a safe choice, also enabling serial sampling over time [29].
Body fluids contain several types of molecules: circulating tumor cells, circulating nucleic
acids, and extracellular vesicles. As miRNAs pass from tissues to blood and are stable in
body fluids [56], circulating miRNAs are suitable BMs for OC detection and staging [57–60],
(Figure 1, lower part).

Circulating miRNAs can be contained within extracellular vesicles (EVs), which are
released by normal and tumor cells and, depending on their size, divided into three main
groups: exosomes, microvesicles, and apoptotic bodies [61]. Cancer-derived exosomal
miRNAs have captured the interest of many researchers for their role in promoting cancer
through angiogenesis and metastasis. Cancer cells may produce more exosomes than
normal cells; for this reason, exosomes could be informative regarding patients’ health [62].

However, miRNAs can also be found in the EV-free fraction, where they are complexed
to RNA-binding proteins, lipids, or lipoproteins, in extracellular fluids [63].

Both types of miRNAs are resistant to RNase degradation, temperature, and pH
changes [38].

4. Saliva: An Informative Analyte for miRNA Detection, with Practical Advantages

Among body fluid analytes, saliva offers some yet unexplored advantages. Saliva
collection can be carried out without medical intervention and does not present risks
associated with even minimally invasive procedures; the sample, properly stabilized,
can be stored and shipped from even remote collection sites to high-tech testing sites
with minimal costs. Saliva released by the major salivary glands consists of 99% water
containing inorganic and organic species including secretion and putrefaction products,
lipids, over 2400 proteins, metabolites, components of the microbiome and abundant,
stable extracellular coding- and non-coding RNA species, among which are a wide variety
of miRNAs [64]. Saliva represents blood very faithfully, even with possible advantages.
For example, storage is simpler; saliva does not coagulate, it is stable for 24 h at room
temperature and for a week at 4 ◦C. In addition, it may be collected at no risk several
times a day to monitor therapy with repeated sampling [65]. All the above makes saliva a
relatively simple, accurate, easy, safe, and economical material to be tested for clinically
significant molecules.

Some of the molecules characterized in saliva are candidate BMs for cancer diagnosis,
prognosis, drug monitoring, and pharmacogenetic studies, although just a few of such
candidates were validated in multicenter studies, with large sample size and standardized
protocols [66].

The salivary transcriptome has been entirely characterized in 2012 [67]. It includes
long and small RNA species. Salivary miRNAs are more stable and discriminatory than
mRNAs. They are abundant, and fit the profile of other body fluids [68,69], which makes
them good BM candidates for systemic diseases. In fact, MiRNAs associated with CRC,
esophageal, and pancreatic cancer (PC) were isolated from saliva [70,71], showing that
profiling miRNA expression could allow for the detection of a distant neoplasia while
discriminating between different cancer types [23,72]. For all these reasons, several current
research efforts are focused on the detection of salivary miRNAs, although we need to
better understand their biogenesis and how to recognize their tissue of origin [73].

Kits for Salivary Diagnostics

Indeed, several diagnostic kits that use saliva as the biofluid test have already been
developed and are commercially available. The kits encompass different uses; SARS-CoV-2
has received emergency use authorization from the U.S. Food and Drug Administration
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(FDA) in the last two years, and kits for the search in oral fluids of other viruses such
as HIV, HPV, HSV, or other infectious agents (e.g., Candida albicans) are also available
(The ADA Science & Research Institute, LLC (ADASRI) for Oral health). Lin-Zhi Inter-
national, Inc. (LZI) (https://www.lin-zhi.com/oral-fluid-eia, accessed on 20 February
2023) is a manufacturer of in vitro diagnostic reagents for oral fluid screening (in ad-
dition to urine) for the detection of drugs of abuse. Salivary miRNA diagnostic tests
for ASD (autism spectrum disease) have also been validated (NIH ClinicalTrials.gov,
https://www.clinicaltrials.gov/ct2/show/NCT05418023, accessed on 20 February 2023).
Salimetrics, LLC (https://salimetrics.com/assay-kits/, accessed on 20 February 2023)
produces salivary ELISA kits (hormones, COVID, cytochines) and Salignostics (https:
//www.salignostics.com/saliva-diagnostics/, accessed on 20 February 2023) produces
approved salivary tests for COVID and pregnancy and is developing tests for cardiac risk,
malaria, and Helicobacter pylori.

5. Salivary miRNAs in Oncological Conditions

To show the overall interest and potential of salivary miRNA in disease detection
well beyond pathologies of the oral cavity [74], in this section, we provide the state of
the art regarding microRNA dysregulation detected in saliva in association with systemic
oncological conditions. With this objective, we reviewed articles published in the last
ten years (2012 to January 2023), including case control or cohort studies for diagnostic
biomarkers, review article, and meta-analysis. We did not set, as a criterion, a minimum
number of patients recruited in the study. We considered only miRNAs associated to
cancer types with the primary site distant from the oral cavity; therefore, studies evaluating
deregulated miRNAs in patients with pharyngeal, esophageal, salivary glands, and oral
cavity diseases were excluded. Similarly, studies concerning neurodegenerative diseases,
microbial infections, and drug/hormone response therapy were excluded. Studies on
salivary miRNAs for forensic purposes were excluded as well.

Multiple papers highlight qualitative or quantitative differences in miRNA composi-
tion between different body fluids [75,76]. At the same time, specific miRNAs are found
in all body fluids analyzed. There are some inconsistencies among papers dealing with
salivary miRNAs in the same oncological condition, and this can be ascribed to different
reasons: the studies were performed on relatively small sample sizes, methods were often
different, and subject groups were not always overlapping. Nevertheless, some miRNAs
were pointed out by different authors as putative BMs for the same or for different oncolog-
ical conditions [75,77–79].Overall, literature agrees on the promising potential of salivary
miRNAs as BMs for cancer detection [80].

PC, the seventh leading cause of cancer-related deaths worldwide, is the most studied
in terms of salivary miRNAs. Similar to OC, early-stage PC rarely causes any symptoms,
and for this reason it remains one of the most undiagnosed and lethal malignant neo-
plasms [23]. Carbohydrate antigen 19-9 (CA19-9) is routinely used for prognosis and to
monitor the disease [81]; however, it often fails to detect precancerous or early-stage le-
sions because of inadequate sensitivity and specificity. Therefore, for better prevention
or treatment of PC, just as for OC, we have the urgent need to find new technologies for
earlier detection. The search for miRNA biomarkers is advancing, although, to date, none
has yet reached clinical applications [81]. Papers dealing with salivary miRNAs BMs for
PC [75–77,82,83], CRC [78,84], LiC [79,85], LC [86], BC [87], GC [88,89], and PrC [90,91] are
summarized in Table 1. MiRNAs were detected both as cell free or as exosomal miRNAs,
both in saliva alone as well as in other parallel biofluids. Different techniques have been
utilized for the discovery phase (microarrays or sequencing) and real-time quantitative PCR
(QRT-PCR) was used for validation. Panels of up- or down-regulated miRNAs have been
evaluated for their diagnostic ability; in some cases, sensitivity and sensibility have reached
high scores (Table 1). Xie et al., 2014, profiled with a miRNome microarray 2006 mature
miRNA sequences from saliva samples of 8 patients with resectable PC, and of 8 healthy
subjects; they validated significant candidates with QRT-PCR on the same discovery sample
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set, and finally analyzed the expression level of 10 selected miRNAs on an independent co-
hort of 40 patients with PC, 20 with benign pancreatic tumors (BPT), and 40 healthy controls.
They showed that miR-3679-5p is significantly downregulated and miR-940 significantly
upregulated, in PC versus BPT, and in PC versus BPT and controls. No significant differ-
ences were observed between BPT and healthy controls [82]. Humeau et al., 2015, reported
a salivary miRNA signature for PC, including miR-21, miR-23a, miR-23b, and miR-29c,
that was significantly overexpressed in PC patients compared to healthy subjects. MiR-210
and let-7c were up-regulated in pancreatitis patients compared to controls; miR-216 was
upregulated in PC compared to pancreatitis. The authors xenografted human-derived PC
cells in athymic mice and found that miR-21 was higher in saliva from tumor-bearing mice,
while the other three remained low [77]. Machida et al., 2016, analyzed the expression of
miR-1246, miR-3976, miR-4306, and miR-4644 (previously reported as PC BMs in serum
exosomes [83]) in salivary exosomes of pancreatobiliary tract cancer patients. MiR-1246
and miR-4644 were significantly over-expressed in salivary exosomes of pancreatobiliary
tract cancer patients compared to controls [92].

The last two publications regarding salivary miRNAs in PC highlight an important
discrepancy to take note of. The level of miR-1246, analyzed in serum, urine, and saliva, was
significantly higher in the serum and urine of cancer patients as opposed to healthy subjects,
but salivary levels did not differ significantly between the two groups [75]. Similarly, the
analysis of six miRNAs (miR-21, miR-155, miR-196a, miR-200b, miR-376a, and miR-34a) in
serum and saliva samples showed that, although miR-21 and miR-34a were differentially
expressed in serum samples of pancreatic ductal adenocarcinoma patients, and the same
miRNAs were detectable in saliva, their levels did not change significantly among cancer
patients and controls [76]. These studies were performed on relatively small sample sizes
and only one ethnic group was included. As already mentioned for OC studies, methods
are still not adequately standardized for miRNA research in PC.

Excluding the pathologies of the oral cavity and PC, other systemic conditions were
investigated for miRNA representation in saliva [74]. Sazanov et al., 2017, focused on the
expression miR-21 in blood and saliva samples of patients with distal colorectal cancer
(CRC) at different stages. It was found that miR-21 was higher in CRC patients than controls,
with diagnostic sensitivity and specificity in saliva higher than in blood [84]. Rapado-
González et al., 2019, analyzed only saliva samples of CRC and adenoma patients and of
healthy subjects. Through validation phases, the authors selected five miRNAs upregulated
in CRC compared to healthy controls (Table 1). Building a COX regression analysis with
the clinico-pathological parameters, they found that the high level of the five miRNAs,
and the concentration of CEA protein, correlated with a higher risk of progression [78]. In
liver cancer (LiC), Petkevich et al., 2021 compared the exosomal with the exosomal-free
fraction of blood or saliva. They included HCV-related liver cirrhosis, primary liver cancer
patients, and healthy volunteers and confirmed in saliva, as already found in plasma, the
differential expression of three miRNAs in liver cancer (LiC) patients compared to controls.
(Table 1). The saliva exosomal fraction was found to be the best performing [79]. Mariam
et al., 2022, with an RNA-seq study in saliva based on 20 hepatocellular cancer (HCC) and
19 cirrhosis patients, found that 283 salivary miRNAs were significantly downregulated in
HCC. Machine learning identified a combination of 10 miRNAs as good indicators of LiC.
Of interest here, mir-92b, mir-548i-2, and mir-548l were found differentially expressed both
in saliva and in HCC tissue samples compared to cirrhotic liver tissue samples [85].

LC, BC, PrC, and GC are the four other oncological conditions for which salivary
microRNAs have been investigated. Yang et al., 2020, profiled salivary miRNAs in four
groups of lung cancer patients: 57 patients with malignant pleural effusion (MPE); 33 pa-
tients with benign pleural effusion (BPE); 50 patients with a diagnosis of malignancy
without pleural effusion (MT), and 49 healthy controls (HCs). The discovery phase with
microarray was performed on six salivary samples from three MPE patients and three
HCs and showed 29 upregulated and 48 downregulated miRNAs in MPE compared to
controls. The validation phase performed with QRT-PCR highlighted two miRNAs to be
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up- and down-regulated in MPE patients respectively, (Table 1) [86]. Koopaie et al., 2021,
analyzed with QRT-PCR, 41 BC patients and 39 healthy subjects. MiR-21 was significantly
upregulated in BC samples relative to controls, but not among disease stages [87]. Li F. et al.,
2018, analyzed salivary samples of 10 early-stage GC patients and 10 non-GC controls, with
TaqMan Human miRNA array. Four miRNAs (Table 1) made the best BM panel [88].

Nanographene Oxide (nGO), a novel method to detect circulating oncomiRs, was
used by Hizir et al. in PrC. The authors analyzed exogenous miR-21 and miR-141 in
saliva and other body fluids using the two-dimensional surface of nGO. The two miRNAs
reflected the disease stage: miR-141 was higher in advanced PrC, while miR-21 was
higher in early-stage cancer. The copies of circulating miRNAs in patient specimens
are lower than the concentration used in this study, thus, the sensitivity of the assay
needs to be improved. However, the method is fast and easy, can be performed with a
spectrofluorometer, and potentially allows the reveal of PrC patients at different stages
with a non-invasive approach [90].

Table 1. Salivary miRNAs in oncological conditions. PC: pancreatic cancer, BPT: benign pancreatic
tumor, PBTC: pancreatobiliary tract cancer, HS: Healthy subjects, CRC: colorectal cancer, LiC: liver
cancer, HCC: epatocellular carcinoma, MPE: malignant pleural effusion, BC: breast cancer, GC: gastric
cancer. Each row provides information regarding the citation in parenthesis at the far left end of
the row.

Reference
Source

(Analytes)
miRNAs

Cancer
Type

N◦ of
Subjects

(Cancer vs
Control)

Status Sensitivity Specificity AUC

[82] cell free
miR-3679-5p

PC 40 vs 40
↓

72.5% 70.0% 0.750miR-940 ↑

[77] cell free

miR-21

PC 7 vs 4

↑ 71.4% 100% -
miR-23a ↑ 85.7% 100% -
miR-23b ↑ 85.7% 100% -
miR-29c ↑ 57.0% 100% -

[92] exosomes miR-1246
PBTC 14 vs 13

↑
83.3% 92.3% 0.833miR-4644 ↑

[75] cell free miR-1246 PC 41 vs 30 - 91.0% 26.7% 0.480

[84] cell free miR-21 CRC 34 vs 34 ↑ 97.0% 91.0% -

[78] cell free

miR-186-5p

CRC 51 vs 37

↑

72.0% 66.7% 0.754
miR-29a-3p ↑
miR-29c-3p ↑
miR-766-3p ↑
miR-491-5p ↑

[79]
exosomes
cell free

miR-21-5p
LiC 24 vs 21

↑
66.0% 78.0% 0.770miR-122-5p ↓

miR-221-3p ↑

[85] cell free

mir-1262
miR-1262
mir-216a
mir-484
mir-30d

miR-216a-5p
miR-30d-5p

miR-484
mir-10401

miR-454-3p

HCC 20 vs 19
Cirrhosis - 83.0% 68.0% 0.780
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Table 1. Cont.

Reference
Source

(Analytes)
miRNAs

Cancer
Type

N◦ of
Subjects

(Cancer vs
Control)

Status Sensitivity Specificity AUC

[86] cell free
miR-4484

MPE 57 vs 49
↑

82.2% 74.1% 0.802miR-3663-3p ↓
[87] cell free miR-21 BC 41 vs 39 ↑ 100% 100% 1.0

[88] cell free

miR-140-5p

GC 100 vs 100

↑ - - 0.700
miR-374a ↑ - - 0.650
miR-454 ↑ - - 0.630
miR-15b ↑ - - 0.650

6. Candidate Salivary Biomarkers of Ovarian Cancer Other Than miRNAs

The urgency of finding reliable BMs for early OC detection has prompted many
researchers to focus on saliva as an advantageous biofluid in terms of collection, procedure,
and cost-effectiveness [93]. Several studies compared saliva with other solid or liquid
biopsies for the sake of methodological cross validation, to evaluate the use of saliva as the
analyte of choice.

Lee et al., 2012, explored mRNAs expression in saliva of OC patients. The study design
was based on: (i) an initial profiling with microarray assay; (ii) validation with QRT-PCR of
the preliminary findings obtained on a discovery cohort and on an additional, independent
cohort; and (iii) logistic regression analysis of QRT-PCR results. AGPAT1, B2M, IER3,
IL1B, and BASP1 mRNAs were identified as those providing the highest discriminatory
power for OC diagnosis. The findings were hindered by the small sample size and the
lack of benign tumor control group [93]. Yang et al., 2021, evaluated the same salivary
mRNAs expression profile in a Chinese population of 140 OC patients and 140 control
individuals. Concomitantly, the CEA protein concentration was measured in blood. With
machine-learning methods, the authors identified a novel panel of disease predictors.
The validation phase on an independent cohort of 60 OC patients and 60 healthy subjects
resulted in 85.0% of sensitivity and 88.3% of specificity, while measuring CEA concentration
in blood, and BASP1 and IER3 levels in saliva. The mRNAs of interest were preselected
from Lee et al. [93] who collected samples from Korean rather than Chinese women [94].
Li et al., 2018, assessed the potential use of immediate early response gene X-1 (IEX-1)
transcript as OC BM. In OC, IEX-1 is down-regulated, thereby acting as a tumor suppressor.
Its expression was quantified in saliva and blood samples with RT-qPCR. Three groups
of patients were involved in the study: 26 patients of epithelial ovarian cancer (EOC),
37 women with benign ovarian tumors (BOT), and 55 controls. IEX-1 expression in blood
and saliva was lower in EOC compared to BOT and controls. No significant differences
were found in IEX-1 expression between BOT and controls. Diagnostic efficacy of IEX-1
was high in blood and medium in saliva but, of interest here, the results showed that both
biofluids are suitable for BM detection. Saliva might have a higher specificity but lower
sensitivity in discriminating EOC from BOT [95].

Mass spectrometry (MS) proved to be a powerful method to analyze fluids without
extensive chemical preparation of samples. Tajmul et al., 2018, applied it in search for an
OC signature in salivary proteins. On a proteome-wide scale, they analyzed quantitative
differences in saliva using two-dimensional difference gel electrophoresis (2D-DIGE) com-
bined with matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) MS.
They found 44 differentially expressed proteins, among which Lipocalin-2, indoleamine-2,
3-dioxygenase1 (IDO1), and S100A8 had the highest statistical scores. The three proteins,
known to be involved in pathways of cancer progression and metastasis, were validated
with Western blot and Elisa. Finally, salivary proteomics was combined with tissue-based

42



Biomedicines 2023, 11, 652

transcriptomics. Immunohistochemistry, microarray, and QRT-PCR confirmed the up-
regulation of these three candidate proteins in ovarian tissue. This signature holds a good
diagnostic potential even though it would require validation in a larger population set [96].

Zermeño-Nava et al., 2018, applied surface-enhanced Raman spectroscopy (SERS) to
measure levels of sialic acid (SA) in saliva samples collected from 37 women with benign
ovarian adnexal masses (observed by TVS), and from 15 OC patients. Salivary SA levels
were statistically different among the two groups, with a threshold corresponding to SA
concentration > 15.5 mg/dL. However, SA cannot be considered a specific BM for OC: it
is useful in the clinical scenario for diagnosing patients with adnexal mass, but not for
screening the general female population [97].

Bel’skaya et al., 2019, used infrared (IR) Fourier spectroscopy to assess changes of
the lipid profile in saliva in endometrial and OC patients. Three groups of women were
involved: 51 ovarian and endometrial cancer patients, 26 positive controls of non-ovarian or
endometrial cancer patients, and 30 healthy women. The authors identified a significantly
reduced intensity of the absorption bands 2923/2957 cm−1 in OC and endometrial cancer
patients [98].

Despite the methodological limitations due to the small size of patient groups, these
works suggest promising directions for developing new diagnostic methods. The idea
behind them all was to reduce unnecessary biopsies using non-invasive, saliva-based
protocols for the early detection of OC [93].

Currently, studies exploring saliva for detection, diagnosis, or stratification of OC are
quite heterogeneous. Transcriptomics and proteomics have been applied for an unbiased
approach; however, some degree of partiality was still present in the selection of study
participants. In addition, often the study design missed the positive control group (benign
tumor or other cancer types). Further, discrepancies exist in the methods for processing
samples (e.g., supernatant of saliva or whole saliva), all of which introduces some degree of
fragmentation that hampers our comprehension of results. Finally, combining the analysis
of saliva with other liquid or solid biopsies is certainly advantageous to better understand
the disease; however, they are not so relevant in the search for effective BMs, regardless of
their biological role.

7. Candidate miRNA Biomarkers of Ovarian Cancer in Other Biofluids

A multi-marker approach could improve the diagnosis of a heterogeneous disease
such as OC, and microRNA are particularly suitable to build a multi-marker model. By
improving methods and standardization procedures, miRNAs could become a routine tool
to profile patients and select therapeutic interventions [99].

MiRNAs were characterized in biofluids of OC patients including blood (serum or
plasma), urine, ascites, and utero-tubal lavage [100]. Currently, blood-derived biofluids
still remain the gold standard for liquid biopsies; they have been extensively investigated
in OC and in other oncological conditions as well. Here, we provide a comparison of the
most representative results from a blood-based analysis and refer to other recent review
articles for a more detailed knowledge of the literature [101–103].

7.1. Blood-Derived Biofluids

Several articles and systematic reviews have been written about OC and microRNAs
in blood-derived biofluids since the diagnostic relevance of microRNAs detected in serum,
plasma, and whole blood samples was reported by Resknick and colleagues for the first
time in 2008 [104]. They profiled CF circulating miRNAs from serum samples of OC
patients and healthy subjects. In the same year, Taylor and Taylor [43] focused on miRNAs
content in OC-derived exosomes compared to benign controls in order to validate their
potential as diagnostic BMs. Since then, several research groups have tried to find the most
representative miRNA signature for pathogenesis of OC [100].

Hulstaert et al. in 2021, in a meta-analysis of the literature to identify candidate RNA
BMs in body fluids for early diagnosis of OC, highlighted seventy-five RNAs candidates.
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Only ten of them were then considered good candidates because of their differential
expression in at least two studies. Five miRNAs were up-regulated in OC patients compared
to healthy subjects (miR-21, the miR-200 family, miR-205, miR-10a, and miR-346), and the
other five (miR-122, miR-193a, miR-223, miR-126, and miR-106b) were down-regulated.
Heterogeneity among all the reviewed publications was the main limitation for the authors’
work, especially concerning the methodologies [102].

Occasionally, some inconsistencies are found in the literature; they could result from
relatively small size of samples, different ethnic groups recruited, or from the type of con-
trol groups (healthy subjects or benign disease patients) [103]. Additionally, pre-analytical
parameters for sample preparation (blood volume, centrifugation speed, duration) can
deeply affect the recovery of miRNAs from blood samples [102]. For example, plasma
and serum undergo two distinct collection processes and they are differently affected by
hemolysis. In plasma samples, coagulation is prevented by adding EDTA and, through
centrifugation at high speeds for a long time, platelet-depleted plasma can be easily ob-
tained. In turn, in serum samples, clot-activation causes the release of different biological
molecules (also miRNAs) from platelets [105]. Even if, for the above reason, plasma should
be considered the sample of choice to detect circulating CF-miRNAs, hemolysis can in both
cases affect the accuracy of serum or plasma-based tests. Shah et al., 2016, evidenced the
need of quantifying hemolysis as an essential step before measuring circulating miRNAs as
potential diagnostic BMs [106].

Additionally, experimental approaches differ considerably among different studies:
exosomal miRNAs are usually processed with ultracentrifugation methods or with spe-
cific isolation kits. Different methods could be also used for RNA isolation (extraction
solutions with or without passage in columns) with varying performance. Then, among
high-throughput methods, miRNAs can be profiled with microarrays or next-generation
sequencing (NGS), followed by validation with QRT-PCR [100].

The initial screening analyses and criteria of miRNAs selection for subsequent vali-
dation differ among the reviewed articles. Three key examples follow. Kim et al. studied
the expression level of seven exosomal miRNAs in the serum of OC patients. The seven
candidates had been previously identified with high-throughput profiling studies as the
most differentially expressed in OC tissues [107].

Elias et al. applied a neural network analysis to RNA-sequencing data from 179 serum
samples. In an innovative way, they analyzed miRNA-seq data with a specific algorithm
for discriminating OC patients from the other groups involved in the study [108].

Kumar et al. performed a miRNA screening analyzing the methylation status of
genomic DNA. The differentially methylated regions of miRNA gene promoters led to
identifying three hypomethylated regions through QRT-PCR on tissues and matched serum
samples [109].

Another considerable constraint is represented by the use of endogenous controls for
miRNA normalization, because currently the selection of reference genes has not yet been
standardized. The most used spike-in control is cel-mir-39 which is added into the lysate,
and its quantification used to evaluate the success of the isolation procedure. However,
endogenous controls can also be used for circulating miRNAs, for example, small nuclear
and nucleolar RNA such as U6, RNU44, RNU43, and RNU48. Several authors proposed
other internal controls that were more stable in the biofluids of their interest, making
comparisons across different articles even more difficult [105].

Another level of complexity is due to the dual possibility of isolating miRNAs as CF or
as extracellular vesicle (EV)-contained molecules. In fact, EVs are released from many dif-
ferent cell types, not only cancer cells. Therefore, different extraction and detection methods
might influence the efficacy of discriminating among normal- or cancer-derived EVs [110],
with issues related to standard BM concentrations and small sample sizes [111]. In addition,
most of the published studies on exosomal miRNAs do not use high-throughput discovery
approaches as a first step. Instead, they mostly select candidate exosomal miRNAs from
the literature and then proceed with validation or functional assays [105].
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7.2. Other Biofluids

This review’s authors selected candidates miRNAs characterized in biofluids other
than blood for OC liquid biopsy.

Urine. Urinary miRNAs have been mostly explored in urological and gynecologi-
cal diseases. As an advantage, urine is generated near to the OC site of origin and its
collection is non-invasive [112]. Detectable miRNA level in urine is lower compared to
blood. Probably most circulating miRNAs are reabsorbed by kidneys through a not yet
clearly understood mechanism, or they are destroyed in the urinary tract by high levels
of RNases [112]. In addition, some authors stressed that the supernatant fraction, but not
the exosomal fraction, exhibit a diagnostic potential. Currently, there is not a consensus
yet around this topic; it will be critical to define whether the exosomal or the supernatant
fraction perform better to yield a representative signature of urinary miRNA [113,114].

Záveský et al., 2015, worked on miRNA in urine samples of pre/post-surgery endome-
trial and EOC patients. Analysis of the urine supernatant fraction show that miRNAs were
differently expressed between pathological and healthy samples. On the contrary, while
working with the exosomal RNAs, the authors did not find any difference for any miRNA
under analysis [113,114].

Zhou et al., 2015, profiled miRNAs in the urine of three groups of subjects: ovarian
serous adenocarcinoma patients (OSA), 26 patients with benign gynecological disease,
and 30 healthy controls. They revealed a higher miR-30a-5p expression in ovarian serous
adenocarcinoma patients (OSA) urines versus both controls and benign ovarian specimens.
Further, comparing urine from OSA, GC, CRC, and healthy controls, they found miR-
30a-5p upregulation in OSA and lower expression in the other cancer types, suggesting
a diagnostic BM value for miR-30a-5p in OC. Moreover, the authors found miR-30a-5p
upregulation in OSA tissue samples and cancer cell lines. Surgical removal of OSA affects
urinary level of miR-30a-5p, further reinforcing the hypothesis of its ovarian origin [115].

Berner et al., 2022, detected differentially expressed miRNAs in urine, in OC cell cul-
ture, and cell culture supernatant. The authors confirmed the small total amount of miRNA
that could be found in urine as one crucial issue for miRNA end-point usability [116].
Záveský et al., 2019, profiled the expression level of eight selected miRNAs, comparing
tissue, ascites, and urine samples. Their work represented well the difficulties provided by
urine. Some miRNAs were down-regulated in both ascitic fluid and tumor tissues in OC
patients, while extracellular urine-derived miRNAs were not differentially expressed [117].

Ascites. Despite the fact that most of the studies are still based on RNA isolation from
tissue, cell lines, or blood-derived biofluids, ascites is mentioned frequently in the scientific
literature concerning OC, especially if compared with urine. In fact, more than other cancers,
OC mostly disseminates in the peritoneal cavity, also because of the primary tumor site.
The ascites, intraperitoneal liquid accumulation, is a symptom found mostly in OC patients
at advanced stages, but sometimes it also occurs early on. It contains malignant tumor
cells together with lymphocytes, mesothelial cells, macrophages, fibroblasts, and other
cell types, that create a tumor microenvironment of soluble growth factors and cytokines.
Tissue and ascites comparison for miRNAs expression level showed coherent results,
confirming the close relation between the solid tumor and its dissemination in ascites [117].
Yet, the lack of systematic validationdoes not allow miRNA profiling from ascites as a
novel diagnostic, prognostic, and predictive method. There are several problems related
to the use of peritoneal effusions: (1) ascites (or effusion in general) is not always found
in OC patients, especially at early stage; (2) effusion collection is an invasive procedure;
(3) the components found in ascites are not evenly distributed, so variability between
samples increases, making reproducibility even more difficult [118]; (4) there is still a gap in
standardizing methods for sampling, separating extracellular fraction and isolating RNA;
and (5) different studies employ different control groups (benign tumor lavages, plasma,
or tissue of healthy controls) [119]. Ascites is considered an indicator of poor prognosis
because it associates with tumor progression and chemoresistance [119].
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Many studies have investigated miRNA expression level in ascites for the diagnosis of
OC. Záveský et al., 2019, performed the first large-scale expression profiling of 754 miRNAs,
working on ascitic fluid extracellular fraction (or ascites derived lavages) of high-grade
serous OC patients and control plasma samples. After a screening phase with TaqMan array,
seven miRNAs were validated with QRT-PCR. MiR-1290 and members of miR-200 family
were found overexpressed in ascites compared to control plasma [119]. In a follow-up
study, the same authors collected tissue samples and ascites, focusing on eight selected
candidates (miR-203a-3p, miR-204-5p, miR-451a, miR-185-5p, miR-135b-5p, miR-182-5p,
miR-200b-3p, and miR-1290) and validated six of them [117]. Yammamoto et al., 2018,
examined miRNAs expression in EV from OC ascites, focusing on selected candidates. Six
miRNAs were found significantly decreased in OC ascites compared to benign peritoneal
fluids [120].

Vaksman et al., 2014, worked on exosomal miRNAs from effusion supernatants of
OC patients. They started with a TaqMan array-based screening of miRNA from pooled
exosomes derived from the effusion supernatants of OC patients, of tumor cells (positive
control group), and of reactive mesothelium (negative control). 99 miRNAs showed higher
expression in exosomes from OC effusion supernatants. MiR-21, miR-23a, and miR-29a
were associated with poor prognosis. In vitro and in vivo assays were performed with
selected miRNAs [121]. Similarly, Mitra and colleagues, 2021, characterized EVs from the
ascites of OC patients to understand how EVs miRNA can influence growth, migration,
and invasion in vitro and ex vivo assays. EVs from ascitic supernatants of patients with
high-grade serous OC (HGSOC) or benign disease were profiled and then validated with
QRT-PCR [122].

Wang and colleagues, 2022, identified an EV miRNA signature based on eight miRNAs
(miR-1246, miR-1290, miR-483, miR-429, miR-34b-3p, miR-34c-5p, miR-145-5p, and miR-
449a), analyzing plasma and ascites from malignant, high-grade serous OC patients and
peritoneal fluids from benign gynecologic diseases patients. The authors showed how EV
from malignant ascites increase the aggressive phenotypes of OC cells in 2D and 3D models.
Gain and loss of function assays for the upregulated miR-1246 and miR-1290 showed their
capacity of improving cell migration and invasiveness. Authors underlined the difficulties
in obtaining ascites, and concomitantly to collect both plasma and ascites from the same
patient [123].

Uterine cavity biofluids. The origin of high-grade serous carcinoma is still unclear.
Since it could arise from the epithelium of the fallopian tube fimbriae, some authors
explored the diagnostic value of utero-tubal lavage. This collection method allows to
sample cells, or their secreted biological products, on the fimbriae. It is a safe and minimally
invasive procedure: a saline solution is flushed in the uterine cavity and fallopian tube,
then it is aspirated back from the gynecologic tract. Hulstaert et al., 2022, for the first
time, sequenced the transcriptome of utero-tubal lavage and found upregulation of 300
mRNAs, mainly involved in cycle regulation and proliferation. Furthermore, they found 41
miRNAs more expressed in OC patients compared to healthy subjects. Five microRNAs
were found to be associated to OC pathogenesis [124]. Skryabin et al., 2022, conducted the
first exosomal miRNA profiling by small RNA-seq on uterine aspirates (UA) from EOC
patients and healthy donors. The results showed significant differences for more than
57 miRNAs and three of them have been validated and confirmed for their up-/down-
regulation in OC including miRNAs previously found associated with OC [125].

Proximal liquid biopsy and miRNAs detection remain insufficiently explored, al-
though promising as a diagnostic method because they could be performed during routine
gynecological visits. Moreover, the close relation with the site of origin of OC suggests the
possibility to detect the disease when it is still at the initial stage. However, this is not appli-
cable as a large-scale and rapid screening method because it is relatively time-consuming
and requires specialized medical support.

To summarize the most relevant information, Table 2 reports an excursus on candidate
miRNA BMs of OC in body fluids other than blood.
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Table 2. Biofluids other than blood or saliva for OC liquid biopsy and miRNAs BMs search (as
selected by this review’s authors). EOC: FTC: fallopian tube cancer; HS: healthy subject; BGD: benign
gynecological disease; AUC: area under the ROC curve. Each row provides information regarding
the citation in parenthesis at the far left end of the row.

Reference Biofluid
Source

(Analytes)
miRNAs Status Case Controls AUC (95% CI)

[113] urine cell free

miR-92
miR-106b
miR-100

miR-200b

↑
↓
↓
↑

6 EOC
FTC 13 HS

1.00 (0.815–1.000)
0.97 (0.764–1.000)
0.85 (0.601–0.970)
1.00 (0.782–1.000)

[115] urine exosomes miR-30a-5p ↑ 39 OSA 26 BGD
30 HS 0.86 (0.709–1.016)

[116] urine cell free miR-15a
let-7a

↑
↓ 13 OC 17 HS

[117]
Ascite

vs
Plasma

exosomes

miR-203-3p
miR-204-5p

miR-135b-5p
miR-182-5p
miR-451a

↑
↑
↑
↑
↓

12 OC 12 HS

1.000 (0.782–1.000)
1.000 (0.782–1.000)
1.000 (0.782–1.000)
0.964 (0.725–1.000)
0.964 (0.725–1.000)

[120]

Ascite
vs

Benign
peritoneal

fluids

exosomes

let-7b.
miR-23b
miR-29a
miR-30d
miR-205
miR-720

↓
↓
↓
↓
↓
↓

8 OC 10 HS

[122]
Ascite

and
plasma

exosomes

miR-200c-3p
miR-18a-5p
miR-1246
miR-1290

miR-100- 5p
miR125b-3p

↑
↑
↑
↑
↓
↓

5 OC 2 BGD

[123]

Ascite
vs

Benign
peritoneal

fluids

exosomes miR-1246
miR-1290

↑
↑ 78 OC 72 BGD

[124] Uterine
cavity fluids Cell free

let-7d-5p
miR-203a
miR-200b
miR-200c
miR-191

↑
↑
↑
↑
↑

26 OC 48 BGD

[125] Uterine
cavity fluids exosomes

miR-451a
miR-199a-3p
miR-375-3p

↓
↓
↑

5 EOC 5 HS

8. Conclusion and Future Perspectives

Current literature shows that saliva released by the major salivary glands contains var-
ious systemic BMs, thereby accurately reflecting pathophysiological conditions in humans.
For this reason, salivary diagnostics were indicated by recent, authoritative editorials as a
major resource for future diagnostics and for the low-cost screening procedures of systemic
diseases including cancer [126].

MiRNAs present several advantages as possible BMs, over other molecules, for their
accessibility, strong stability, and resistance to degradation in body fluids. More and
more articles describe specific miRNA signatures in several tumor types [74]. Therefore,
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measuring quickly and accurately small variations of miRNAs concentration in body fluids
may offer diagnostic and prognostic opportunities. International efforts aimed at a deeper
understanding of circulating miRNA function and standardization of the miRNA analysis
field (e.g., Extracellular RNA Communication Consortium, ERCC; https://exrna.org/
(accessed on 15 September 2022), or CANCER-ID), (www.cancerid.eu, accessed on 15
September 2022) [reviewed in Valihracha et al., 2019 [127], will help in providing more
solid ground for biomedical exploitation of miRNAs.

Up to now, circulating miRNAs for OC detection have been mainly investigated in
blood, a biofluid more complex than saliva in terms of collection, processing, and compo-
sition, where the high number of proteins represent a critical methodological step [128],
as well as in other biofluids (Table 2). Salivary miRNAs, for their hitherto mentioned
characteristics, might offer better performances compared to other fluids’ BMs [80].

In conclusion, the current lack of salivary tests for OC, whether based on miRNAs
or other BMs, is a challenge to win so as to spare lives from OC and limit social costs.
Current research efforts are ongoing to identify a pattern of salivary miRNAs suitable
as BMs for OC diagnostics (D. Angeloni, personal communication). Auspicial results
would make a possible alternative to the current options for excluding OC that still
rely on gynecologist check-up, TVS, and blood test. Overall, this procedure could
be expensive and difficult to manage, especially in remote areas or in disadvantaged
socio-economic conditions.

For such a low-prevalence cancer type, a screening test would require a sensitivity for
asimptomatic women > 75% and a specificity > 99.6% [129]. The currently used biomarkers
for the blood test of OC are CA125 and HE4. They have been extensively studied and
we refer to Dochez et al., 2019, for a summary of the sensitivity and specificity of the
two protein biomarkers [130]. However, a pattern of good candidate miRNA BMs should
reach at least the above suggested values.

With regard to the technological approach, the current on-chip technologies combined
with photonic biosensors make it possible to envisage a strategy based on bringing together
the molecular probes for detecting patterns of BMs within diagnostic devices that could
speed up timing and reduce the costs of screening pertinent sections of the population to
decrease mortality from OC [131]. Although such devices do not exist for clinical use yet,
several proofs of concept exist, both for proteins [132,133] and RNA [134]. With further
effort, one could imagine that combining the patterns of different BM types (e.g protein
and RNA) could provide the screening robustness that single molecular types were not
able to provide so far.
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Hořínek, A. Ascites-Derived Extracellular MicroRNAs as Potential Biomarkers for Ovarian Cancer. Reprod. Sci. 2019, 26, 510–522.
[CrossRef]

120. Yamamoto, C.M.; Oakes, M.L.; Murakami, T.; Muto, M.G.; Berkowitz, R.S.; Ng, S.W. Comparison of Benign Peritoneal Fluid- and
Ovarian Cancer Ascites-Derived Extracellular Vesicle RNA Biomarkers. J. Ovarian Res. 2018, 11, 20. [CrossRef]

121. Vaksman, O.; Tropé, C.; Davidson, B.; Reich, R. Exosome-Derived MiRNAs and Ovarian Carcinoma Progression. Carcinogenesis
2014, 35, 2113–2120. [CrossRef]

122. Mitra, A.; Yoshida-Court, K.; Solley, T.N.; Mikkelson, M.; Yeung, C.L.A.; Nick, A.; Lu, K.; Klopp, A.H. Extracellular Vesicles
Derived from Ascitic Fluid Enhance Growth and Migration of Ovarian Cancer Cells. Sci. Rep. 2021, 11, 9149. [CrossRef]

123. Wang, W.; Jo, H.; Park, S.; Kim, H.; Kim, S.I.; Han, Y.; Lee, J.; Seol, A.; Kim, J.; Lee, M.; et al. Integrated Analysis of Ascites and
Plasma Extracellular Vesicles Identifies a MiRNA-Based Diagnostic Signature in Ovarian Cancer. Cancer Lett. 2022, 542, 215735.
[CrossRef]

124. Hulstaert, E.; Levanon, K.; Morlion, A.; Van Aelst, S.; Christidis, A.A.; Zamar, R.; Anckaert, J.; Verniers, K.; Bahar-Shany, K.;
Sapoznik, S.; et al. RNA Biomarkers from Proximal Liquid Biopsy for Diagnosis of Ovarian Cancer. Neoplasia 2022, 24, 155–164.
[CrossRef]

125. Skryabin, G.O.; Komelkov, A.V.; Zhordania, K.I.; Bagrov, D.V.; Vinokurova, S.V.; Galetsky, S.A.; Elkina, N.V.; Denisova, D.A.;
Enikeev, A.D.; Tchevkina, E.M. Extracellular Vesicles from Uterine Aspirates Represent a Promising Source for Screening Markers
of Gynecologic Cancers. Cells 2022, 11, 1064. [CrossRef]

126. Kaczor-Urbanowicz, K.E.; Wei, F.; Rao, S.L.; Kim, J.; Shin, H.; Cheng, J.; Tu, M.; Wong, D.T.W.; Kim, Y. Clinical Validity of Saliva
and Novel Technology for Cancer Detection. Biochim. Biophys. Acta Rev. Cancer 2019, 1872, 49–59. [CrossRef]

127. Valihrach, L.; Androvic, P.; Kubista, M. Circulating MiRNA Analysis for Cancer Diagnostics and Therapy. Mol. Asp. Med. 2020,
72, 100825. [CrossRef]

53



Biomedicines 2023, 11, 652

128. Zhao, Y.; Song, Y.; Yao, L.; Song, G.; Teng, C. Circulating MicroRNAs: Promising Biomarkers Involved in Several Cancers and
Other Diseases. DNA Cell Biol. 2017, 36, 77–94. [CrossRef] [PubMed]

129. Nebgen, D.R.; Lu, K.H.; Bast, R.C. Novel Approaches to Ovarian Cancer Screening. Curr. Oncol. Rep. 2019, 21, 75. [CrossRef]
[PubMed]

130. Dochez, V.; Caillon, H.; Vaucel, E.; Dimet, J.; Winer, N.; Ducarme, G. Biomarkers and Algorithms for Diagnosis of Ovarian Cancer:
CA125, HE4, RMI and ROMA, a Review. J. Ovarian Res. 2019, 12, 28. [CrossRef] [PubMed]

131. Soler, M.; Calvo-Lozano, O.; Estevez, M.-C.; Lechuga, L.M. Nanophotonic Biosensors Driving Personalized Medicine. Opt.
Photonics News 2020, 31, 24–31. [CrossRef]

132. Marin, Y.; Velha, P.; Faralli, S.; Di Pasquale, F.; Oton, C.J. Oton Micro-Interferometers on Chip for Sensing Applications. In Optical
Sensors; Optical Sensors and Sensing Congress (ES, FTS, HISE, Sensors); Optica Publishing Group: Washington, DC, USA, 2018.

133. Iqbal, M.; Gleeson, M.A.; Spaugh, B.; Tybor, F.; Gunn, W.G.; Hochberg, M.; Baehr-Jones, T.; Bailey, R.C.; Gunn, L.C. Label-Free
Biosensor Arrays Based on Silicon Ring Resonators and High-Speed Optical Scanning Instrumentation. IEEE J. Sel. Top. Quantum
Electron. 2010, 16, 654–661. [CrossRef]

134. Scheler, O.; Kindt, J.T.; Qavi, A.J.; Kaplinski, L.; Glynn, B.; Barry, T.; Kurg, A.; Bailey, R.C. Label-Free, Multiplexed Detection of
Bacterial TmRNA Using Silicon Photonic Microring Resonators. Biosens. Bioelectron. 2012, 36, 56–61. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

54



Citation: Kondracka, A.; Gil-Kulik, P.;

Kondracki, B.; Frąszczak, K.;
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Abstract: MicroRNAs are non-coding segments of RNA involved in the epigenetic modulation of
various biological processes. Their occurrence in biological fluids, such as blood, saliva, tears, and
breast milk, has drawn attention to their potential influence on health and disease development.
Hundreds of microRNAs have been isolated from breast milk, yet the evidence on their function
remains inconsistent and inconclusive. The rationale for the current scoping review is to map the
evidence on the occurrence, characterization techniques, and functional roles of microRNAs in breast
milk. The review of the sources of this evidence highlights the need to address methodological
challenges to achieve future advances in understanding microRNAs in breast milk, particularly
their role in conditions such as neoplasms. Nonetheless, remarkable progress has been made in
characterizing the microRNA profiles of human breast milk.

Keywords: microRNA; human breast milk; polymerase chain reaction (PCR); microRNA characterization

1. Introduction

It has been shown that breastfeeding brings multiple nutritional, developmental, im-
munological, and biological benefits to infants, making breast milk the most appropriate
food for newborns. Numerous studies have shown a positive association between the
duration of breastfeeding and variables such as intelligence quotient, income, and edu-
cational performance. In addition, the physical health benefits of breastfeeding include a
lower incidence of childhood illnesses, such as gastroenteritis, pneumonia, and asthma.
The World Health Organization recommends that infants should be exclusively breastfed
for about the first six months of their life [1]. Apart from demonstrating the advantages
of breast milk, research on the subject has also focused on identifying the mechanisms
underlying these characteristics. As a result, some features of breastfeeding have been
explained by the identification of molecules and other factors present in breast milk that
confer certain characteristics. For instance, the presence of secretory IgA and lactoferrin
has been linked to the immunogenic potential of human breastmilk, although the specific
mechanism of their transfer to the infant remains poorly understood [2]. Recent studies
have reported that human milk contains factors such as non-coding RNA species that are
capable of regulating the genetic development of infants’ biological systems [2].

MicroRNAs (miRNAs) are a group of regulatory RNA species capable of modulating
the activation of certain mRNA targets to influence a wide range of biological processes.
Segments of mRNA consist of short nucleotide sequences, between 19 and 24, and are
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derived from hairpin precursors [3]. The biogenesis of miRNAs is controlled by RNA
polymerase II to generate primary microRNAs, which are modified by various proteins
from the RNAse III family to produce shorter microRNAs. MicroRNAs are known to be
ubiquitous, occurring in multiple tissue types, cells, and such biological fluids as blood,
saliva, and tears, as well as breast milk. The molecules regulate many processes, including
organogenesis, immune activity, and cellular metabolism, as well as cell differentiation [2].
Recently the presence of other small RNA species in body fluids has been reported, includ-
ing circular RNAs (circRNAS), long non-coding RNAs, transfer RNAs (tRNAs), and small
nuclear RNAs (snRNAs) [3,4]. The role of these non-coding RNA species in breast milk and
other fluids remains poorly understood and is the subject of ongoing research on human
breast milk. The current research on the subject has highlighted the role of breast milk
microRNAs in infant biological system development. While more roles of microRNAs are
still being discovered, the most established role is the regulation of specific genes involved
in infant immune system development [4]. As a result of their expression in multiple body
fluids and involvement in various biological processes, micro-RNAs have the potential to
be used as non-invasive biomarkers for monitoring diseases in which their levels change.

Multiple studies have been published on breast milk characteristics and composition,
including the occurrence of non-coding RNAs in animal and human breast milk [1,2,4].
These studies cover a wide range of subjects, from the concentration of specific RNA
species to the function of these molecules in breast milk. The most commonly reported
role of microRNAs in human breast milk is immune modulation. The potential for these
molecules to play a role in the immune system development pathways in infants has been
considered. Despite these recent advances, the extent and types of sources of evidence for
the occurrence and role of microRNAs in human breast milk remain limited [4]. Therefore, a
scoping review is necessary to map the scholarly studies on the subject to identify emerging
evidence sources and novel methodological approaches to the study of the subject. The
scoping review undertaken here aims to map the literature on this subject and highlight
potential research gaps and future trends in its scholarly investigation. The following
research questions were formulated to guide the scoping review:

1. What microRNA subtypes occur in human breast milk and what are their functions?
2. What conditions affect the quantities and types of microRNA in breast milk?

2. Methods

2.1. Protocol

While a formal review protocol was not published a priori in this study, the method-
ological approach was informed by the Preferred Reporting Items for Systematic Reviews
and Meta-analysis Protocols (PRISMA-P), as well as scoping review guidelines from the
Joanna Briggs Institute. The reviewer revised and adapted the protocol components to
align with the review aims and based the report items on the Preferred Reporting Items
for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR)
Checklist, as well as its elaboration by Tricco et al. [5].

2.2. Data Sources

A comprehensive electronic search of the following databases to identify sources of
evidence on the subject was conducted by the reviewer: PubMed (Medline), The Cochrane
Library, Web of Science, and Scopus. No additional sites were searched for unpublished
sources or grey literature due to the focus on peer-reviewed, methodologically rigorous
sources of evidence. The search strategy involved various combinations of MeSH terms and
Boolean operators combining multiple formats and synonyms of two principal concepts:
microRNA and breast milk. The specific keywords used to retrieve sources from the
databases were microRNA, miRNA, human breast milk, breastfeeding, and lactation.
each concept was expressed using multiple synonyms and abbreviations, which were
operationalized using the Boolean operators OR and AND, to ensure that all relevant
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sources were retrieved from the target databases. This search strategy was slightly adapted
to comply with the features offered by each database or optimized to give the widest range
of results limited to sources relevant to the topic. The search string used in the PubMed
database, for instance, was as follows:

(microRNA OR miRNA OR qRNA or lncRNA) AND (breastmilk OR breast milk OR
human breast milk OR human breastmilk OR colostrum OR breastfeeding OR lactation).

2.3. Eligibility Criteria

As a scoping review, the study adopted inclusive eligibility criteria to allow the
identification of the largest number of relevant sources of evidence on the role of microRNAs
in human breast milk. The analysis included the detection, characterization, quantification,
and functional analysis of microRNA components in human milk, which enabled retrieval
of sources that aligned with the review’s aim of identifying microRNA types, quantities,
and functions. The exclusion criteria included papers published in languages other than
English, a specification that was necessary to ensure the accuracy of the review by avoiding
potential changes due to translation. In addition, narrative review articles, book chapters,
and conference papers were excluded from the review to ensure that only high-level
primary evidence sources were included.

2.4. Source Selection

The retrieved sources were screened by the reviewers in two phases. The first phase
involved the removal of duplicates, which was performed using free online software, and
then double-checked manually. After duplicate removal, the titles, abstracts and keywords
of sources were screened to identify those that mentioned the two main concepts and to
eliminate non-English sources. In the second phase, the abstracts of sources retrieved by title
were screened to determine the relevance to the review topic and identify the methodology
used, particularly whether microRNA analysis was performed. The screening of abstracts
also helped the reviewers identify articles whose methodologies aligned with the aims and
inclusion criteria of the review. Articles whose methodology was not clearly evident were
screened by the reviewer using the Section 2. Finally, the reference sections of the final list
of articles were assessed to identify potential sources that could be included in the review
(See Figure 1).

2.5. Data Extraction and Charting

A standardized data abstraction chart was developed and used for extracting relevant
information from the sources. The table included the most relevant information on each
study, including the publication year, study location, aims, participants or sample sizes,
and findings. These characteristics were also relevant to the subsequent synthesis of results
from all included studies (see Table 1).

2.6. Synthesis of Results

The results from the included studies were presented in a narrative synthesis, outlining
the key types of studies, analysis methods, types of non-coding RNAs in breast milk,
functions of microRNAs in milk, as well as future trends. The results synthesis also
included the categorization of the goals and a review of the methodological techniques
used by the researchers.
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Figure 1. Flowchart: selection of sources.
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3. Results

3.1. Selection of Sources

The initial database search returned a total of 1321 results, which were filtered in
the first phase of the selection strategy involving duplicate removal and exclusion of non-
English entries, as well as those dealing with unrelated topics. In the second phase, a total
of 36 sources underwent full-text analysis for relevance and methodological rigor, resulting
in the exclusion of nine sources, six of which were narrative reviews, six studies on only
non-human breast milk, and one in silico analysis. Screening of the reference sections
led to the identification of two more sources, the inclusion of which resulted in a total of
29 articles included in the scoping review (Figure 1).

3.2. Study Characteristics

The studies included in this review were published between 2010 and 2022, the
majority of which were conducted in 2021 (five studies) and 2022 (five studies). The most
commonly investigated topic was the microRNA profile of human breast milk, using an
explorative approach to determine what types, concentrations, and functional categories
of microRNAs and other non-coding RNAs are found in human milk [8,11,12,14,30] (See
Table 1). As shown in Table 1, the studies on the subject can be categorized into five groups
based on the research focus. Studies that focused on microRNA extraction techniques
highlighted the methodological approaches used in collecting and processing breast milk
for microRNA analysis, isolating the exosomes, and quantifying the microRNA content. The
methodologies used for microRNA quantification are an important aspect of the subject as
they appear to account for a significant number of inconsistencies in findings. Importantly,
as noted by Ahlberg (2021), standardization of quantification techniques is a priority for
research on the subject, the success of which has implications for the potential future use of
microRNAs as disease markers. The second category of studies focused on the types and
quantities of microRNAs in milk. A review of findings from these studies confirmed that
a large variety of microRNA subtypes occur in breast milk, with their quantities varying
unpredictably and their role remaining poorly understood. The most commonly reported
microRNAs, however, occur quite consistently, regardless of the processing techniques or
time during the lactation period. These include miR-148a-3p, miR-30b-5p, and miR-200a.
The third category of studies focused on how breast milk processing techniques, such as
pasteurization, time during lactation, environmental conditions, including temperature,
maternal characteristics, such as obesity, and infant maturity, affect the type and amounts
of microRNAs isolated from milk. Here, the most significant results were that microRNA
types and quantities vary during the lactation period, depend on the source of milk (breast
milk versus infant formulas), the mother’s weight, and on pasteurization, which reduces
the microRNA content in breast milk. The fourth research category explored the role
of microRNAs in disease, which was perhaps the least researched aspect of the subject.
Nonetheless, the studies in this group showed that breast milk microRNAs play a role in
the development of neonatal jaundice and necrotizing enterocolitis and serve as a potential
biomarker in breast cancer. The fifth category of publications focused on the physiological
functions of microRNAs in breast milk. It has long been apparent that these RNA species
play an important role in the regulation of genetic development in infants. The most
prominent role of microRNAs is the regulation of gene expression in the development of
the immune system in infants, although the specific genes involved are poorly characterized.
In addition, microRNAs in breast milk perform epigenetic modulation of certain genes
involved in infant brain development, physical cellular development, and endocrine system
development. Importantly, studies have demonstrated that microRNAs may be transferred
to the infant through intestinal absorption due to the species’ hardiness and ability to resist
digestion (Table 1).
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3.3. MicroRNA Isolation and Quantification

Various methodological techniques were applied in different studies depending on
the aims. Techniques, such as centrifugation and fractionation, were described or referred
to in most sources, as most studies focused on isolating microRNAs from milk samples. In
addition, microRNA detection was conducted using two closely related approaches, real-
time PCR [17,18,28,30,31] and deep sequence analysis [12,14,26]. A number of expression
kits were described, but the TaqMan miRNA kit was the most popular reverse transcription
kit used in the studies [6].

3.4. Types and Functions of microRNAs

While most researchers focused exclusively on human breast milk, a few performed
comparative analyses of microRNA profiles in other species, including cows and goats [25,28].
The concentration and types of microRNAs isolated from breast milk varied widely, yet
several species were identified as the most abundant. These included miR-148a-3p, miR-
30b-5p, and miR-200a [15,23,26,31]. Similarly, researchers attributed various functions
to the identified microRNAs, ranging from regulation of genes that control immune
function [2,3,20,25,28] to epigenetic modulation of genes that determine physical health
and infant neurodevelopment [29–31] (Table 1).

4. Discussion

MicroRNAs are small gene segments involved in the epigenetic regulation of multiple
pathways. Their presence in several biofluids has been demonstrated, including in plasma
and, as the abovementioned studies showed, in breast milk. Quantifying and characterizing
microRNAs and other non-coding exons have attracted researchers’ attention because of
their potential application in the detection, prevention, and treatment of health disorders,
including nutritional conditions and neoplasms. MicroRNAs in breast milk appear to have
specific functions, most notably to modulate the development of the infant immune system.
Breastmilk provides a unique and convenient pathway for microRNAs to be transferred
to the infant, where they appear to be absorbed in the intestinal mucosa and where their
epigenetic modifying effects are employed. Importantly, the available literature does not
provide evidence on the specific cellular targets and the mechanisms involved in epigenetic
modulation in relation to the immune system. Similarly, the role of microRNAs in neurode-
velopment, which is relevant to the functional maturation of this system in newborns, has
been suggested in the literature, while its exact mechanisms remain relatively unexplored.

The literature provides insights not only into the functional implication of microR-
NAs, but also highlights the variety of methodological approaches used to conduct the
isolation and characterization of the molecules. The typical process of isolating breast milk
microRNAs includes collecting and storing milk samples, centrifugation, fractionation, and
selection of a target phase, as well as molecule isolation, using methods such as reverse
transcription and quantification. Different types of equipment and methodological specifi-
cations are used to conduct each of these processes, but there is no standardized approach or
choice of tools to ensure uniformity. Methodological approaches to the isolation and quan-
tification of microRNAs are, however, somewhat limited. In the current studies considered,
the segments are typically identified in a three-step process involving extraction through
sample centrifugation and fraction, reverse transcription, and quantification [3,18,31]. Sev-
eral methods are used for microRNA quantification, the most common being quantitative
PCR [3,18,28,31]. Microarray techniques [1,7] and small RNA sequencing [12,14,16] enable
the processing of large amounts of genetic material at the same time. The development
of deep sequencing techniques has enhanced the sensitivity of gene-detection systems,
enabling the identification of minute amounts of material in samples. The performance
of each of these methods, and how it varies depending on the sample source and pro-
cessing method, are important considerations in order to standardize methodological
approaches to microRNA characterization. Currently, practical microRNA characterization
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relies on a combination of different methods and tools. Standardized identification and
quantification are crucial to assign therapeutic target and pathologic marker roles to unique
microRNA molecules.

An important aspect of the empirical research on this subject is to identify the specific
microRNAs that consistently occur in breast milk and to quantify them in order to build
a profile of normal breast milk microRNA content. Unfortunately, this goal is not easy
to achieve since a large number of microRNA subtypes occur in breast milk and some of
them are not as predictable as others. Various concentrations of microRNAs reported in
different studies appear to be even more challenging, probably due to the use of differing
methodologies. At this point, a wide range of microRNAs have been found in human
breast milk. While different researchers typically isolate various microRNA species, a few
segments are consistently present in breast milk, including miR-148a-3p, miR-30b-5p, and
miR-200a [1,13,23,26].

Logically, the next step in the investigation is to determine the role of these commonly
occurring microRNAs, which can be challenging. Determining the functional role of mi-
croRNAs in breast milk relies on the identification of known microRNAs in the biofluids to
provide insight into the systems targeted by the microRNAs. As indicated by multiple re-
searchers, the functions performed by microRNAs in breast milk are similarly heterogenous,
with the best characterized role being the regulation of genes involved in infant immune
system development [2,3,20,25,28]. In addition, researchers have suggested that microR-
NAs in breast milk are involved in regulating genes responsible for neurodevelopment [30],
endocrine function, and protection from such diseases as necrotizing enterocolitis [22] and
atopic dermatitis [24]. Interestingly, microRNAs have been found to cause some diseases
too, including breast milk jaundice [21] and breast carcinoma [23]. While further research
is needed to confirm the role of microRNAs in the development of these conditions, it
is already known that these segments have the potential to be used as biomarkers and
treatment targets in patients.

One area of research that needs additional investigation is the association between
microRNA expression and various maternal and environmental characteristics. A signifi-
cant number of studies have already been conducted to evaluate the impact of maternal
diet, weight, BMI, post-partum period, age, and other factors on the amount and types of
microRNA expressed in milk [9,10,14,18,25,30]. However, the findings from such investiga-
tions showed inconsistencies in factors found to impact microRNA expression. Similarly,
the mechanism of transfer of microRNAs to infants needs to be further investigated; a grow-
ing number of studies suggest intestinal observation of unaltered segments due to high
resistance to hostile conditions [2,19,26,27]. Overall, many studies have been conducted on
breast milk microRNA, providing a considerable amount of evidence on previously unclear
mechanisms. However, much research still needs to be undertaken before practically useful
evidence is found. A notable limitation of the published studies was small sample sizes
and the lack of a standardized approach to microRNA extraction and quantification.

5. Conclusions

The potential applications of microRNAs in preventive medicine and treatment have
driven extensive research on their occurrence and role in various biofluids. The current
scoping review has highlighted the identification of an increasing number of microRNAs
in breast milk. Their isolation and comparison with known functional microRNAs have
enabled researchers to speculate on what roles they may play in the infant and in the lactat-
ing mother. The best understood functional role of breastmilk microRNAs is the regulation
of the development of the infant immune system, which is supported by the occurrence of
specific types of microRNAs known to be involved in immune system development and
regulation. By searching for specific microRNAs with known functions, researchers have
also identified the role of the molecules in neurodevelopment. Interestingly, the expres-
sion of microRNAs in breast milk has been shown to be associated with certain diseases
occurring in infants and mothers, including breast neoplasms and neonatal jaundice. While
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the evidence for this association is uncertain, it represents a potential first step towards
the use of the molecules in disease monitoring. The methodological techniques applied
in the isolation, characterization, and functional analysis of microRNAs in biofluids have
important implications for the results obtained. Among the studies reviewed, various
techniques were applied in the processing, fractionation, and quantification of microR-
NAs, pointing to possible challenges in standardizing the detection and analysis of these
molecules. Future research should be targeted at investigating the pathophysiological bases
of the different functions of microRNAs in breast milk, as well as developing and adopting
standard isolation and characterization methodologies.

Author Contributions: Conceptualization, A.K. (Adrianna Kondracka), B.K., P.G.-K., M.R.-K., J.S.
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Abstract: We aimed to evaluate in rats whether the levels of specific miRNA are altered in the mammary
gland (MG) and milk of diet-induced obese dams, and whether improving maternal nutrition during
lactation attenuates such alterations. Dams fed with a standard diet (SD) (control group), with a Western
diet (WD) prior to and during gestation and lactation (WD group), or with WD prior to and during
gestation but moved to SD during lactation (Rev group) were followed. The WD group showed higher
miR-26a, miR-222 and miR-484 levels than the controls in the MG, but the miRNA profile in Rev animals
was not different from those of the controls. The WD group also displayed higher miR-125a levels than
the Rev group. Dams of the WD group, but not the Rev group, displayed lower mRNA expression levels
of Rb1 (miR-26a’s target) and Elovl6 (miR-125a’s target) than the controls in the MG. The WD group also
presented lower expression of Insig1 (miR-26a’s target) and Cxcr4 (miR-222’s target) than the Rev group.
However, both WD and Rev animals displayed lower expression of Vegfa (miR-484’s target) than the
controls. WD animals also showed greater miR-26a, miR-125a and miR-222 levels in the milk than the
controls, but no differences were found between the WD and Rev groups. Thus, implementation of a
healthy diet during lactation normalizes the expression levels of specific miRNAs and some target genes
in the MG of diet-induced obese dams but not in milk.

Keywords: miRNA; mammary gland; lactation; obesogenic diet

1. Introduction

Breastfeeding in mammals has evolved over millions of years to provide more than
what is traditionally considered nutrition. In fact, breast milk contains not only macronutri-
ents, minerals and vitamins, which can provide the energy and factors necessary for growth
and development, but it also provides a large variety of bioactive compounds [1]. Such
compounds mainly include immune factors, hormones and non-coding small RNAs—such
as microRNAs (miRNAs)—that can regulate cellular signaling pathways, affect organ
development and protect against infection and inflammation, among other functions, with
subsequent health outcomes [2–4]. Regarding miRNAs, evidence suggests that breast
milk is a rich source of these compounds [5], which are produced and secreted into milk
primarily through endogenous synthesis in the mammary epithelium, with minor contri-
butions from the maternal blood circulation [6]. Interestingly, specific miRNAs in milk are
modulated by maternal diet and maternal weight [7–9] and, once consumed, they may
exert an effect on the target mRNAs in specific tissues of the descendants [3,10,11]. For
example, there is indirect evidence that specific miRNAs in human breast milk affected
by maternal overweight/obesity may influence infants’ body mass index [8]. Moreover,
certain miRNAs that are differentially expressed in breast milk from mothers with Type
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1 diabetes, compared with healthy mothers, are associated with immunomodulatory ef-
fects [12], so that such alterations may affect the development of the immune system in
the infants. Furthermore, alterations in the miRNA profile associated with maternal diet
and/or status might also be expected to have autocrine or paracrine effects on maternal
mammary function itself.

Previous studies have pointed out the importance of miRNA expression dynamics
in mammary gland (MG) development and lactation [13,14]. In this sense, it has been
described that the development of the MG can be affected by maternal diet. Lactating
animals fed with an obesogenic diet showed an impaired lactogenesis and abnormal
mammary morphology, leading to an inflammatory process [15,16]. However, the specific
mechanisms involved are unclear. We have previously described how rats fed on an
obesogenic diet during lactation displayed lower miR-26a levels in milk compared with
dams fed a standard diet, which was in accordance with the lower expression of this
specific miRNA in the MG at the end of lactation [17,18]. Therefore, alterations in the
miRNA profile in the MG may be detected in the milk and reflect maternal diet and/or
maternal physiological state. Thus, considering the potential impact of miRNAs on infant
development, the study of how maternal nutrition and/or obesity states could affect
miRNA expression in the MG and, consequently, the miRNA profile in milk, and whether
such alterations may be prevented, is of great interest in the field of infant nutrition.

We have previously shown that maternal intake of an obesogenic diet during lactation
in diet-induced obese rats, rather than maternal excess of adiposity (in the absence of di-
etary alterations during lactation), appears to be the main contributor to alterations in the
macronutrient content and the levels of metabolic hormones in milk [19]. Interestingly, we
have also shown that dietary normalization during lactation in diet-induced obese dams
attenuates the early detrimental programming effects in the offspring [19]. Therefore, in the
present study, we have analyzed a set of miRNAs (miR-26a, miR-27a, miR-30d, miR-99b,
miR-125a, miR-181a, miR-200a, miR-200b, miR-222, miR-320a, miR-331 and miR-484), which
have been described as being dysregulated in certain metabolic disorders [20–29], in the MG
and milk of the aforementioned animal models. These consisted of diet-induced obese dams
that continued on an obesogenic diet during lactation or had their diet improved during
this period. We hypothesized that normalizing the diet during lactation in obese rats could
potentially prevent changes in MG function and restore the miRNA profile in milk caused by
the consumption of an obesogenic diet during these critical periods: gestation and lactation.

2. Materials and Methods

2.1. Study Design and Sample Collection

The study was performed on samples from a previously published study [19]. The
animal protocol was approved by the Bioethical Committee of the University of the Balearic
Islands (Exp. 2018/13/AEXP, 23 January 2019). Virgin female Wistar rats, housed at a
controlled temperature (22 ◦C), with a 12-h light–dark period and with free access to food
and water, were fed with a standard chow diet (SD; 3.3 kcal·g−1, with 8.4% calories from fat,
72.4% from carbohydrates and 19.3% from protein; Safe, Augy, France) (control group), or
a high-fat and high-sucrose diet (Western diet, WD; 4.7 kcal·g−1, with 40.0% calories from
fat, 43.0% from carbohydrates and 17.0% from proteins; Research Diets, New Brunswick,
NJ, USA) for one month prior to being bred with male rats (this period was referred as
pre-gestation). Pregnant dams were housed individually and continued with their assigned
diets during the gestation period. On postnatal Day 1, the litters were equated to 10 pups
per dam, 5 males and 5 females when possible. Throughout lactation, the dams of the
control group continued with the SD (n = 8), but those fed with the WD either continued
with the WD diet (Western diet group: WD group, n = 9) or were exposed to the SD during
this period (reversion group: Rev group; n = 10). At three time points of lactation (Days 5,
10 and 15), milk samples from the dams were collected. For milk extraction, dams were
separated from their pups for 2–3 h, then, 4 IU kg−1 of body weight of oxytocin (Facilpart,
Laboratory Syva S.A.U, León, España) was administered intraperitoneally, and the dams
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were anesthetized using isoflurane (IsoFlo, Abbott Laboratories Ltd., North Chicago, IL,
USA) throughout the extraction procedure to reduce their stress level. Milk was extracted
manually from all teats and stored at −80 ◦C until further analysis.

The body weight of dams was followed, and body fat content was measured at the
different time points by EchoMRI-700TM (Echo Medical Systems, LLC, Houston, TX, USA).
At weaning (Day 21), the dams were killed by decapitation during the first 2 h at the
beginning of the light cycle. Maternal MG was rapidly removed and frozen in liquid
nitrogen and stored at −80 ◦C until analysis.

2.2. miRNA Expression Profiling by Real-Time qPCR in the Mammary Gland

Total RNA was extracted from MGs at weaning (Day 21) using Tripure Reagent (Roche Di-
agnostic Gmbh, Mannheim, Germany) according to the manufacturer’s instructions. Isolated
RNA was quantified using a NanoDrop ND-1000 spectrophotometer (NadroDrop Technolo-
gies, Wilmington, DE, USA). Its integrity was confirmed using agarose gel electrophoresis.

Real-time polymerase chain reaction was used to measure the miRNA expression
levels in the MG. Total RNA (0.10 μg) was reverse-transcribed using the miRCURY LNATM

RT Kit (Qiagen, Barcelona, Spain) at 42 ◦C for 60 min and 5 min at 95 ◦C in an Ap-
plied Biosystems 2720 Thermal Cycler (Applied Biosystem, Madrid, Spain). Real-time
PCR was performed using the Applied Biosystems StepOnePlus™ Real-Time PCR sys-
tem (Applied Biosystems) with the following profile: 2 min at 95 ◦C, followed by a total
of 40 two-temperature cycles (10 s at 95 ◦C and 1 min at 56 ◦C). Each PCR was per-
formed with 1/30 diluted cDNA using the miRCURY LNA SYBR Green PCR kit and
individual miRCURY LNA miRNA PCR assayw (Qiagen) for miR-26a-5p (YP00206023),
miR-27a-3p (YP00206038), miR-30d-3p (YP00204023), miR-99b-5p (YP00205983), miR-125a-
5p (YP00204339), miR-181a-5p (YP00206081), miR-200a-5p (YP02102685), miR-200b-5p
(YP00204144), miR-222-3p (YP00204551), miR-320a (YP00206042), miR-331-3p (YP00206046)
and miR-484 (YP00205636). To verify the purity of the products, a melting curve was pro-
duced after each run according to the manufacturer’s instructions. The threshold cycle (Ct)
was calculated by the instrument’s software (StepOne Software v2.3., Applied Biosystems,
Madrid, Spain) and the relative expression of each miRNA was calculated by the 2−ΔΔCt

method using miR-191-5p (ZP00000368) as the reference miRNA [30].

2.3. mRNA Expression Profiling by Real-Time qPCR in the Mammary Gland

For analysis of selected mRNA of the validated target genes, 0.25 μg of total RNA was
denatured at 65 ◦C for 10 min and then reverse-transcribed to cDNA using MuLV reverse
transcriptase (Applied Biosystems) at 20 ◦C for 15 min and 42 ◦C for 30 min, with a final step
of 5 min at 95 ◦C in an Applied Biosystems 2720 Thermal Cycler (Applied Biosystems). Each
PCR was performed with diluted cDNA template, forward and reverse primers (5 μM each),
and the Power SYBER Green PCR Master Mix (Applied Biosystems). Real-time PCR was
performed using the Applied Biosystems StepOnePlus™ Real-Time PCR system (Applied
Biosystems) with the following profile: 10 min at 95 ◦C, followed by a total of 40 two-
temperature cycles (15 s at 95 ◦C and 1 min at 60 ◦C). To verify the purity of the products, a
melting curve was produced after each run according to the manufacturer’s instructions.
The threshold cycle (Ct) was calculated by the instrument’s software (StepOne Software
v2.3., Applied Biosystem) and the relative expression of each mRNA was calculated by the
2−ΔΔCt method using Guanosine diphosphate dissociation inhibitor (Gdi) as the reference
gene. All primers were obtained from Sigma (Sigma Aldrich Co., LLC, Madrid, Spain), and
the sequences and amplicon sizes are detailed in Supplementary Table S1.

2.4. miRNA Target Prediction and Pathway Analyses

In silico target prediction analysis for the miRNA of interest was carried out using
TargetScan [31]. Next, the altered WikiPathways were assessed with the GlueGo+CluePedia
Cytoscape plugin [32,33]. Only altered pathways with a p-value < 0.0005 after Bonferroni
correction were considered.
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2.5. miRNA Expression Profiling by Real-Time qPCR in Milk

The levels of selected miRNA in whole milk on Days 5, 10 and 15 were analyzed. Total
RNA was extracted and purified from 50 μL of milk using a mirVana miRNA Isolation
kit (Life Technologies Corporation, Waltham, MA, USA) according to the manufacturer’s
protocol. All samples were eluted from columns in 50 μL of RNase-free water. The quantity
of the RNA was assessed using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies Inc., Wilmington, DE, USA). The miRNA Real-Time qPCR was performed as
described above using 10 ng of total RNA.

2.6. Statistical Analysis

Data are expressed as the mean ± SEM (n = 8–12). Data were checked for normality using
the Shapiro–Wilks normality test, and Levene’s test was performed to assess the homogeneity
of the variance between groups. Logarithmic transformation was applied when required
before analysis. Differences among groups were assessed by one-way ANOVA followed by
least significant difference (LSD) post-hoc comparisons. For miRNAs measured at different
time points, repeated-measures ANOVA followed by LSD post-hoc tests were used to compare
the mean differences among groups and/or between the time points of the lactation period.
Comparisons between two groups were assessed by the non-parametric Mann–Whitney U-
test. In addition, potential relationships between two variables were assessed using Pearson’s
correlation coefficient. The test used for each comparison is indicated in the footnotes of the
figures. The threshold of significance was defined at p < 0.05. The analyses were performed
with SPSS for Windows (SPSS, Chicago, IL, USA).

3. Results

3.1. Summary of Previously Described Phenotypic Traits of Dams

The previously published results of the phenotypic traits of dams are summarized in
Table 1 [19]. Before mating, after being exposed to an obesogenic diet for one month, rats
(WD and Rev groups) displayed a greater body fat content compared with the control rats
(one-way ANOVA, post-hoc analysis). Interestingly, at the end of lactation, the dams of the
WD group displayed a lower body weight than the control and Rev groups, and a lower fat
content (g) than Rev animals (one-way ANOVA, post-hoc analysis), whereas dams of the
Rev group maintained excess body fat compared with the controls (one-way ANOVA, post-
hoc analysis). Thus, as previously described [19], the negative energy balance characteristic
of the lactation period for coping with milk production seems to be more marked in dams
of the WD group. Therefore, the study of obese dams exposed to a SD during lactation
(Rev group), together with obese dams that continued with the obesogenic diet during
this period (WD group), is of interest to evaluate whether dietary improvements during
lactation could attenuate possible alterations in the specific miRNA levels associated with
maternal exposure to an obesogenic diet, both in the MG (at weaning, Day 21 of lactation)
and in milk (Days 5, 10 and 15 of lactation).
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Table 1. Body weight and body fat content of the control, Western diet and reversion groups prior to
gestation, on Day 17 of gestation and at the end of the lactation period. Data are expressed as the
mean ± SEM of 8–10 animals per group. Statistics: MD, effect of maternal diet (one-way ANOVA).
Least significant difference (LSD) post-hoc test, a �= b. These results were previously published
in [19].

Phenotypic Traits Control Western Diet Reversion ANOVA

Prior to gestation

Body weight (g) 223 ± 9 253 ± 7 252 ± 11 -

Body fat (g) 29.1 ± 2.1 a 51.5 ± 4.7 b 52.9 ± 6.6 b MD

Body fat (%) 12.4 ± 0.8 a 20.0 ± 1.3 b 20.4 ± 1.7 b MD

Day 17 of gestation Body weight (g) 309 ± 9 322 ± 8 324 ± 14 -

Day 21 of lactation

Body weight (g) 304 ± 9 a 283 ± 5 b 311 ± 7 a MD

Body fat (g) 29.5 ± 2.4 a 32.0 ± 2.2 a 41.3 ± 3.9 b MD

Body fat (%) 9.7 ± 0.8 a 11.3 ± 0.7 ab 13.2 ± 1 b MD

3.2. miRNA Profile in the Mammary Gland

The levels of selected miRNAs (miR-26a, miR-27a, miR-30d, miR-99b, miR-125a, miR-
181a, miR-200a, miR-200b, miR-320a, miR-331 and miR-484) in the MG of dams at weaning
were analyzed (Figure 1A). Dams of the WD group displayed higher expression levels of
miR-26a and miR-222 in MG compared with the control (29% and 47%, respectively) and
Rev (23% and 28%, respectively) groups (one-way ANOVA, post-hoc analysis). miR-484
expression levels in the MG of WD animals were increased compared with the controls
(87%), whereas the expression levels in Rev rats were not different from those in the
control and WD groups (one-way ANOVA, post-hoc analysis). In addition, the WD group
displayed greater miR-125a expression in MG compared with the Rev group (69%) but not
compared with the controls (one-way ANOVA, post-hoc analysis). Correlation analyses
between differentially expressed miRNAs in the MG that were significant (Pearson’s
correlation) are shown in Figure 1B. miR-26a, miR-222 and miR-484 levels were positively
correlated with each other (miR-222 and miR-26a (r = 0.552, p = 0.003), miR-222 and miR-
484 (r = 0.616, p = 0.001), miR-484 and miR-26a (r = 0.530, p = 0.004), and miR-125a levels
correlated positively with miR-222 levels (r = 0.587, p = 0.002).

3.3. Expression of Validated Target Genes in the Mammary Gland

Next, we examined whether the expression of a subset of target genes for the altered
miRNAs was affected in the MG. Specifically, the gene expression of insulin induced gene 1
(Insig1), phosphatase and tensin homolog (Pten) and RB transcriptional corepressor 1 (Rb1)
(targets of miR-26a [17,34]); ELOVL fatty acid elongase 6 (Elovl6) and signal transducer
and activator of transcription 3 (Stat3) (targets of miR-125a [35,36]); cyclin-dependent
kinase inhibitor 1B (Cdkn1b) and C-X-C motif chemokine receptor 4 (Cxcr4) (targets of
miR-222 [37,38]) and vascular endothelial growth factor A (Vegfa) (a target of miR-484 [39])
were selected, as they have been previously validated as target genes (Figure 2). The WD
group but not the Rev group displayed lower mRNA expression levels of Rb1 (27.1%) and
Elovl6 (71.9%) than the controls (one-way ANOVA, post-hoc analysis). In addition, WD
animals displayed lower mRNA expression levels of Insig1 (57%) and Cxcr4 (47%) than
the Rev group (Mann–Whitney U test). Interestingly, both WD and Rev animals displayed
lower mRNA expression levels of Vegfa than the controls (39% and 42%, respectively)
(one-way ANOVA, post-hoc analysis).
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Figure 1. (A) miRNA levels in the mammary gland on Day 21 of lactation in control, Western diet and
reversion animals. (B) Correlations between altered miRNAs in the mammary gland. The selected
miRNA levels (miR-26a, miR-27a, miR-30d, miR-99b, miR-125a, miR-181a, miR-200a, miR-200b,
miR-222, miR-320a, miR-331 and miR-484) were measured by RT-qPCR. Values are presented as
percentages versus the levels of the controls. Data are expressed as the mean ± SEM of 8–10 animals
per group. Statistics: Least significant difference (LSD) post-hoc test, a �= b (effect of maternal diet,
one-way ANOVA). The correlations were assessed by Pearson’s correlation (2-tailed). Pearson’s
correlation coefficients (r) and p-values are indicated.

3.4. In Silico Prediction of Altered Pathways in the Mammary Gland

To gain insight into the potential role of those miRNAs (miR-26a, miR-222 and miR-
484), whose levels were altered in the MG of dams of the WD group but not of the Rev
group, and to ascertain in which pathways could be involved, putative target genes were
searched with the online algorithm for miRNA target prediction, TargetScan. The resulting
list of 1699 predicted target genes recognized by ClueGO were used to assess the altered
WikiPathways (Supplementary Table S2). The pathway analysis identified eight signifi-
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cantly altered pathways with p-values of <0.0005 (Table 2), namely the VEGFA-VEGFR2
signaling pathway (WP:3888), endoderm differentiation (WP:2853), the brain-derived
neurotrophic factor (BDNF) signaling pathway (WP:2380), insulin signaling (WP:481),
the mesodermal commitment pathway (WP:2857), ErbB signaling (WP:673), melanoma
(WP:4685) and hematopoietic stem cell gene regulation by the GABP alpha/beta complex
(WP:3657). It is remarkable that 74 target genes were related to the VEGFA-VEGFR2 signal-
ing pathway (16.9% of the associated genes), 38 were related to endoderm differentiation
(26.0% of the associated genes), 36 were related to the brain-derived neurotrophic factor
(BDNF) signaling pathway (25.0 % of the associated genes) and 36 were related to the
insulin signaling pathway (22.4% of the associated genes). These results suggest the poten-
tial dysregulation of the abovementioned pathways due to miRNA dysregulation in WD
animals, but not in Rev, compared with the controls.

Figure 2. Expression of target genes of altered miRNAs (miR-26a, miR-125a, miR-222 and miR-484) in
the mammary gland on Day 21 of lactation in control, Western diet and reversion dams. mRNA levels
were measured by RT-qPCR. The genes determined were insulin induced gene 1 (Insig1), phosphatase
and tensin homolog (Pten), RB transcriptional corepressor 1 (Rb1), ELOVL fatty acid elongase 6
(Elovl6), signal transducer and activator of transcription 3 (Stat3), cyclin-dependent kinase inhibitor
1B (Cdkn1b), C-X-C motif chemokine receptor 4 (Cxcr4) and vascular endothelial growth factor A
(Vegfa). Values are presented as percentages versus the levels of the controls. Data are expressed as
the mean ± SEM of 8–10 animals per group. Statistics: Least significant difference (LSD) post-hoc
test, a �= b (effect of maternal diet, one-way ANOVA). #, Western diet versus reversion dams (p < 0.05,
Mann–Whitney U-test).
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Table 2. Altered WikiPathways based on the predicted target genes of miR-26a, miR-222 and miR-484.
Detailed information on the GO terms, p-values after Bonferroni’s step-down correction and their asso-
ciated genes (% and number) are indicated. The analysis was conducted using the ClueGo+Clupedia
app in Cytoscape [32,33].

GO ID GO Term
Corrected
p-Value

% Associated
Genes

No. Genes

WP:3888 VEGFA-VEGFR2 signaling
pathway 0.0002 16.9 74

WP:2853 Endoderm differentiation <0.0001 26.0 38

WP:2380
Brain-derived neurotrophic

factor (BDNF) signaling
pathway

<0.0001 25.0 36

WP:481 Insulin signaling 0.0003 22.4 36

WP:2857 Mesodermal commitment
pathway 0.0004 22.3 35

WP:673 ErbB signaling pathway 0.0001 28.6 26

WP:4685 Melanoma 0.0002 30.9 21

WP:3657
Hematopoietic stem cell
gene regulation by the

GABP alpha/beta Complex
0.0004 50.0 11

3.5. miRNA in Milk at Different Time Points of Lactation

In view of the differences among the groups found in the levels of certain miRNAs
in the MG and considering that miRNA from the MG can be released into the milk, the
levels of the altered miRNAs were analyzed in milk at three time points of lactation (Days 5,
10 and 15) (Figure 3). Regarding miR-26a, its levels were higher in milk on Days 10 and
15 compared with the levels on Day 5 of lactation (repeated-measures ANOVA, post-hoc
analysis). On Day 10, both the WD and Rev groups showed higher levels of miR-26a in
the milk than controls (one-way ANOVA, post-hoc analysis). miR-125a levels increased in
WD and Rev animals during lactation, but not in the controls (repeated-measures ANOVA,
post-hoc analysis). On Day 15, both WD and Rev animals displayed greater levels of
miR-125a in milk than the controls (one-way ANOVA, post-hoc analysis). miR-222 levels in
milk increased progressively in all dams (repeated-measures ANOVA, post-hoc analysis).
On Day 15 of lactation, WD animals displayed greater levels in milk than the controls
(Mann–Whitney U-test). However, on Day 5, dams of the Rev group showed greater miR-
222 levels than the controls, while levels in the WD group were not different from those of
the control and Rev groups (one-way ANOVA, post-hoc analysis). Regarding miR-484, a
different pattern was observed in the milk of the WD and Rev groups compared with the
controls. miR-484 levels in the milk increased on Day 10 in all groups, compared with the
levels on Day 5, and decreased on Day 15 in the controls but not in the WD and Rev groups
(repeated-measures ANOVA, post-hoc analysis). On Day 15, Rev rats displayed greater
miR-484 levels in milk, while the levels in WD animals were not different from those of the
control and Rev groups (one-way ANOVA, post-hoc analysis).
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Figure 3. miRNA levels in milk on Days 5, 10 and 15 of lactation in the control, Western diet and
reversion groups. Milk samples were collected at different time points of lactation (Days 5, 10 and 15).
The selected miRNA levels (miR-26a, miR-125a, miR-222 and miR-484) were measured by RT-qPCR.
Values are presented as percentages versus the levels of the controls on Day 5. Data are expressed
as the mean ± SEM of 8–10 animals per group. Statistics: T, effect of time; TxMD, interactive effect
between time and maternal diet (repeated-measures ANOVA). Least significant difference (LSD)post-
hoc test, X �= Y �= Z (effect of time, repeated-measures ANOVA), x �= y �= z (effect of time, one-way
ANOVA) and a �= b (effect of maternal diet, one-way ANOVA). *, Western diet versus control dams
(p < 0.05, Mann–Whitney U-test).

The correlations among the miRNAs analyzed in milk that were significant (Pearson’s
correlation) are shown in Figure 4. miR-222 correlated positively with miR-26a (r = 0.303,
p = 0.006), miR-125a (r = 0.460, p < 0.001) and miR-484 (r = 0.472, p < 0.001). miR-125a also
correlated positively with miR-26a (r = 0.329, p = 0.003) and miR-484 (r = 0.472, p < 0.001).
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Figure 4. Correlation between miRNAs in milk during lactation. The correlations were assessed by
Pearson’s correlation (2-tailed). Pearson’s correlation coefficients (r) and p-values are indicated.

4. Discussion

MG development takes place from the fetal stage and continues during critical periods
of life, such as pregnancy and lactation [40]. The intake of an obesogenic diet during lacta-
tion and/or maternal obesity have been shown to affect the development and function of
the MG [15,41], in addition to having an impact on the metabolic health of the offspring [42].
However, the underlying mechanisms and whether such alterations can be prevented by
improving maternal diet during lactation have not been fully elucidated. Considering that
miRNA production by the MG may be modulated by maternal conditions [7–9], and that
they may exert an effect on target mRNAs in the offspring [17,18], the present study aimed
to investigate potential alterations in the levels of selected miRNAs in the MG and in the
milk of diet-induced obese rats, and whether such changes could be prevented by dietary
improvements during lactation.

We show here that obese rats on an obesogenic diet during lactation exhibited, at
the end of lactation, greater expression levels of miR-26a, miR-222 and miR-484 in MG,
but dietary improvement during lactation normalized their levels to those of the controls,
despite these animals maintaining excess adiposity. It is also remarkable that these miRNAs
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were mutually correlated. Regarding miR-26a, its role in the MG has hardly been explored,
while increased or decreased levels in different tissues have been linked to states of obesity
and/or diabetes. Specifically, overweight humans and obese mouse models have been
shown to exhibit decreased expression levels of miR-26a in the liver compared with lean
individuals [43]. In fact, the silencing of endogenous miR-26a impairs insulin sensitivity,
and enhances glucose production and fatty acid synthesis [43], whereas overexpression
of miR-26a in mice fed a high-fat diet prevents obesity-induced metabolic complications,
improves insulin sensitivity and decreases hepatic glucose production and fatty acid
synthesis [43]. In contrast, mothers with Type 1 diabetes during lactation [44] and children
with newly diagnosed Type 1 diabetes [28] display greater plasma miR-26a levels in
comparison with their controls. Moreover, plasma miR-26a levels were positively correlated
with glycated hemoglobin in children with Type 1 diabetes at diagnosis [45]. Here, we show
that obese dams on an obesogenic diet (prior to mating and during gestation and lactation)
(the WD group) displayed, at the end of lactation, greater miR-26a levels in the MG than
the controls, and also in milk on Day 10. Of note, dietary improvements during lactation in
obese rats (Rev group) normalized miR-26a levels in the MG but not their levels in milk.
Unlike the present results, we previously described that nursing rats fed a cafeteria diet
only during lactation displayed lower expression levels of miR-26a in the MG at the end of
lactation compared with control dams, together with lower miR-26a levels in milk on Day
15 of lactation and no changes on Day 10 of lactation [17,18]. The differences in the results
obtained regarding miR-26a levels in the milk between both studies could be attributed to
the differences in the dietary intervention, particularly in terms of the period and type of
intervention. In the present study, we evaluated changes in diet-induced obese rats, with
or without Western diet exposure during lactation, whereas in the previous study [18], the
cafeteria diet was offered only during lactation. Further research is needed to explain such
differences among animal models, but these results suggest that the expression of miR-26a
in the MG and its levels in milk are highly sensitive to maternal conditions, including diet
and/or metabolic alterations.

To determine the functional significance of changes in the miR-26a levels in the MG,
we studied the expression levels of validated target genes (Insig1, Pten and Rb1 [17,34]) in
the MG. Of interest, the greater levels of miR-26a in the MG of WD rats were accompanied
by a decrease in the mRNA levels of Rb1. In addition, dietary improvement during lactation
in Rev animals led to normalization of their expression levels, as well as an increase in
the mRNA levels of Insig1, in comparison with the levels present in the WD group, which
agreed with the normalization of miR-26a levels in Rev animals.

INSIG1 is a regulator of intracellular lipid metabolism, and abnormal expression
of Insig1 is widely involved in various lipid disorders [46]. Specifically, INSIG1 reduces
the plasma levels of free cholesterol (by controlling the activation of sterol regulatory
element-binding proteins and the degradation of 3-hydroxy-3-methylglutaryl-coenzyme
A reductase) and protects β cells against lipotoxicity (by suppressing lipid droplet accu-
mulation and fatty acid synthesis) [46]. Although the role of INSIG1 is well studied in
hepatocytes and adipocytes, their role in MG is less known. In this regard, Wang et al. have
described the functional relationship between the miR-26 family and its target gene, Insig1,
in the regulation of milk fat synthesis in mammary epithelial cells in goats [34]. Moreover,
overexpression of INSIG1 in mammary epithelial cells of buffalo has been associated with
a reduction in the triglyceride content in these cells, suggesting a key role of INSIG1 in the
regulation of milk fat synthesis in the MG [47]. Therefore, in the present study, the lower
expression levels of Insig1 in the MG of WD animals compared with the Rev group could be
associated with a greater milk fat synthesis in the MG of obese dams that continued to be
exposed to the obesogenic diet during lactation. In addition, the changes in the abundance
of miR-26a were in accordance with the expression profile of another of its target genes, Rb1.
The encoded protein, retinoblastoma Protein 1 (RB1), is a nuclear phosphoprotein that is
critical in the regulation of cell cycle progression [48]. Therefore, the decreased Rb1 mRNA
levels found in the MG of obese dams exposed to an obesogenic diet during lactation, but
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not in obese dams after the dietary improvement, could tentatively affect cell proliferation
capacity. This has not been directly assessed in these animals, but a trend toward a higher
weight of the MG was observed in the WD rats compared with the controls (a 20% increase),
although the results did not reach statistical significance (p = 0.110, Mann–Whitney U-test).

miR-222 levels in the MG were also increased in WD animals but were normalized
in animals of the Rev group. Elevated miR-222 levels have been associated with obesity
and/or diabetes, and with insulin resistance in both human and animal studies. Specifically,
circulating miR-222 levels have been reported to be increased in obese and in Type 2 diabetic
patients, while metformin treatment was shown to restore its levels [49–52]. Pregnant
women with gestational diabetes mellitus (GDM) also displayed greater expression of miR-
222 in omental adipose tissue [53], and greater plasma levels [54] versus control pregnant
women. Using animal models, Ono et al. found that miR-222 levels were increased in the
livers of mice fed a high-fat/high-sucrose diet, and this increase was associated with an
impairment in insulin signaling [55]. In addition, overexpression of the miR-221/222 family
was shown to impair insulin production and secretion by β-cells and resulted in glucose
intolerance in mice [56]. Therefore, alterations in the levels of miR-222 in the MG may be
related to alterations in insulin signaling. In fact, computational predictions of the target
genes of the three miRNAs (miR-26a, miR-222 and miR-484) whose levels were altered in the
WD group but not in the Rev group indicated a relevant role of these miRNAs modulating
the expression of genes involved in insulin signaling. One of the validated target genes for
miR-222 is the C-X-C chemokine receptor type 4 (Cxcr4) [37], a transmembrane receptor for
C-X-C motif chemokine ligand 12 (CXCL12) [57]. The interaction between CXCL12 and its
receptor, CXCR4, induces downstream signaling involved in chemotaxis, cell survival and
proliferation [57]. Although the role of CXCL12 in diabetes is complex, the CXCL12/CXCR4
axis in adipose tissue has been associated with the production of proinflammatory cytokines
and, finally, systemic insulin resistance [58]. It has also been reported that miR-222 levels
were increased while Cxcr4 mRNA levels were decreased in the placentas of women and
mice with GDM [37]. Interestingly, the silencing of miR-222 was shown to suppress the
inflammatory response and stimulate insulin sensitivity in mice with GDM by promoting
the expression of Cxcr4 [37]. Therefore, in the present study, it could be speculated that the
presence of increased miR-222 levels in the MG of WD animals compared with both control
and Rev animals, accompanied by the presence of lower mRNA Cxcr4 levels in comparison
with the Rev group, could contribute to a proinflammatory and insulin resistance state in
these dams, and would be in accordance with the presence of elevated plasma insulin levels,
as previously described [19]. Interestingly, the fact that miR-222 levels and the mRNA
levels of its target gene Cxcr4 were restored in the MG of obese dams fed an SD during
lactation supports the relevance of this miRNA and interest in a nutritional intervention
during lactation as a strategy to prevent such alterations in the MG associated with dietary
obesity and, in turn, the proinflammatory and insulin-resistant states in these dams.

In line with what shown in the MG, the WD group also presented higher miR-222 levels
in milk on Day 15 of lactation in comparison with their controls. This is in agreement with
what was previously described in rats fed a cafeteria diet during lactation [18]. However,
on Day 5 of lactation, the profile was somewhat different, with Rev animals showing
higher miR-222 levels than the controls, and WD animals showing intermediate levels.
Therefore, miR-222 levels in the milk appear to reflect both maternal diet and obesity status.
In addition, it should also be highlighted that the secretion of this miRNA in the milk seems
to be a time-dependent regulated process, since its levels increased progressively during
lactation in all groups of dams, regardless of maternal conditions, which is consistent with
our previous results [18].

miR-484 levels were also significantly higher in the MG of diet-induced obese dams
that were maintained on a WD during lactation. Elevated serum levels of miR-484 have
been described in individuals with coronary artery disease [59]. They were also upregulated
in children with obesity compared with their normal-weight counterparts [60]. Compu-
tational functional analysis performed with miRNAs that were altered in WD dams has
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suggested a relevant role of the miRNAs modulating the expression of genes involved in
the VEGFA-VEGFR2 signaling pathway, which is associated with obesity-related metabolic
diseases [61]. Specifically, miR-484 has been shown to inhibit the expression of VEGF-A and
VEGF-B [39]. VEGF-A is a growth factor that binds to members of the VEGF tyrosine kinase
receptor (VEGFR) family on the surface of vascular endothelial cells to induce the prolif-
eration and migration of vascular endothelial cells, and is essential for angiogenesis [61].
VEGF and its receptors have been shown to be upregulated in the MG during pregnancy
and lactation [62,63]. This factor seems to be essential for MG differentiation and milk
production [64]. Inactivation of VEGF in the MG epithelium in transgenic mice resulted
in an impaired secretory activity of the epithelial cells, ultimately leading to reduced milk
secretion and malnutrition in offspring [64]. Thus, VEGF must be considered as a factor
that controls the correct function of the MG in the lactating state. However, as we show
here, the production of this factor by the MG is decreased in obese dams, and its mRNA
levels were not recovered by dietary normalization, despite the partial normalization of
miR-484 levels in Rev animals. This could be tentatively related to the higher body fat
content that Rev rats showed at the end of lactation compared with the controls, despite
being on a SD. Notably, miR-484 levels in the milk also followed different patterns during
lactation, since the levels experienced a peak on Day 10 of lactation in control rats, but
the levels remained high in the WD and Rev groups. Therefore, the regulation of milk
miR-484 levels and the expression of its target gene Vegfa in the MG appear to be associated
primarily with excessive fat accumulation, rather than dietary conditions. However, more
research is needed to further assess specific factors affecting the regulation of miR-484 and
its target genes in the MG, and the potential consequences in the offspring.

Finally, WD animals displayed a greater miR-125a expression in MG compared with
Rev animals. Circulating miR-125a levels have been found to be increased in hyperlipidemic
and hyperglycemic patients [65]. In addition, miR-125a and miR-125b were overexpressed
in the adipose tissue of obese patients with Type 2 diabetes compared with subjects with
the same body mass index but without Type 2 diabetes [66]. Functional analysis indicated
that miR-125a could negatively regulate elongase of very long chain fatty acids 6 (ELOVL6),
which catalyzes the rate-limiting step in the elongation cycle, exerting a key function in
milk fat synthesis [35,67]. Expression levels of the Elovl6 gene in the MG have been shown
to be increased during lactation as an adaptation to ensure the adequate concentration of
long-chain polyunsaturated fatty acids required by the newborn [68]. Therefore, decreased
expression of Elovl6 in the MG of WD animals but not in Rev animals could be tentatively
related with alterations in fatty acid metabolism in the MG, with potential consequences on
the lipid composition of milk. However, despite the changes found in the expression of
some of the target genes, a limitation of this study is that protein expression levels have
not been measured. This analysis could provide relevant information, and deserves to be
addressed in future studies.

In conclusion, here, we show a subset of miRNAs and target genes in the MG that could
mediate, at least in part, alterations in lactating MG function due to maternal intake of an
obesogenic diet. Interestingly, the implementation of a healthy diet during lactation in diet-
induced obese rats attenuates most of these alterations, which highlights the importance
of maternal diet during lactation. However, it is noteworthy that the dietary intervention
did not fully normalize the altered miRNA levels in the milk. Further research is needed
to better understand the determinants of the milk miRNA profile, in addition to the
contribution of the MG, as well as to study the dynamics of the MG during lactation in
relation to miRNA production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10061292/s1. Table S1: Nucleotide sequences of
the primers. Table S2: List of putative target genes of miR-26a, miR-222 and miR-484 searched
with TargetScan.
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Abstract: Circulating microRNAs (miRNA) have been proposed as specific biomarkers for several
diseases. Quantitative Real-Time PCR (RT-qPCR) is the gold standard technique currently used
to evaluate miRNAs expression from different sources. In the last few years, digital PCR (dPCR)
emerged as a complementary and accurate detection method. When dealing with gene expression,
the first and most delicate step is nucleic-acid isolation. However, all currently available protocols for
RNA extraction suffer from the variable loss of RNA species due to the chemicals and number of
steps involved, from sample lysis to nucleic acid elution. Here, we evaluated a new process for the
detection of circulating miRNAs, consisting of sample lysis followed by direct evaluation by dPCR
in plasma from healthy donors and in the cardiovascular setting. Our results showed that dPCR is
able to detect, with high accuracy, low-copy-number as well as highly expressed miRNAs in human
plasma samples without the need for RNA extraction. Moreover, we assessed a known myocardial
infarction-related miR-133a in acute myocardial infarct patients vs. healthy subjects. In conclusion,
our results show the suitability of the extraction-free quantification of circulating miRNAs as disease
markers by direct dPCR.

Keywords: microRNA; digital PCR; biomarkers; extraction-free; plasma

1. Introduction

MiRNAs are small endogenous non-coding RNAs involved in the regulation of gene
expression by the modulation of messenger RNAs (mRNAs) translation and stability. They
influence vital cellular processes such as responses to external stimuli, proliferation, differen-
tiation, and apoptosis [1], and their dysregulation is associated with various pathologies [2].
In recent years, miRNAs emerged as possible specific biomarkers of several conditions
because of their stable expression in almost all body fluids and due to the development of
accurate and quantitative techniques for their detection [3]. In particular, several groups
investigated the potential use of circulating miRNAs in the diagnostic and/or prognostic
setting of cardiovascular diseases in order to formulate tailored therapeutic approaches [4].
However, the use of circulating miRNAs as biomarkers can be hypothesized only if reliable
and accurate methods for quantification are devised. Quantitative reverse transcription
PCR (RT-qPCR) represents, to date, the method of choice for nucleic acid quantification.
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Nevertheless, one of the major drawbacks of this technique is the normalization issue.
Indeed, there is a lack of consensus about both normalization methods and the choice of
reliable endogenous reference miRNAs [5,6]. Digital PCR (dPCR) is a recent technology that
allows nucleic acid measurement based on the segregation of the sample into thousands of
separate micro-reactions of defined volume [7]. After PCR, each partition is analyzed for
amplicon presence/absence, and the number of molecules in each reaction is estimated by
applying the Poisson distribution [8]. When compared to RT-qPCR, the dPCR technique
was described as being able to perform absolute quantification, thus bypassing normaliza-
tion issues [9–11]. Moreover, when coping with low amounts of nucleic acids, it presents
higher precision [12] and sensitivity [13], possibly because of its increased resistance to
PCR inhibitors [14].

Interestingly, several works comparing dPCR performance with RT-qPCR in eval-
uating circulating miRNAs expression indicated an almost equal sensitivity for the two
methods. At the same time, though, there was an almost undisputed consensus about the
superior accuracy and precision of dPCR [15–17]. In addition to detection efficiency, one of
the most important steps in mRNA (and miRNA) expression experiments is nucleic acid
extraction. This step is usually conducted by means of specific kits and/or chemicals, and
the selection of one specific method can greatly affect the following results [18–21].

In the present study, we assessed the reliability of chip-based dPCR in detecting
circulating miRNAs with high accuracy and precision by evaluating six differently ex-
pressed plasma miRNAs, which we previously found to have low, medium, and high
expression levels [22], in samples from healthy subjects. In addition, we tested if chip-
based dPCR could be applied to a clinical setting evaluating miR-133a in non-ST-segment-
elevation-myocardial-infarction (NSTEMI) patients, previously found to be upregulated
upon myocardial infarction in human plasma samples [23,24].

2. Materials and Methods

2.1. Human Specimens

The Institutional Review Board and the Ethical Committee of Centro Cardiologico
Monzino IRCCS (university hospital) approved this study (CCM 1068). The investigation
conformed to the principles outlined in the Declaration of Helsinki (1964).

Peripheral blood samples were collected into EDTA-coated tubes (Vacutainer Systems,
Becton Dickinson, Franklin Lakes, NJ, USA), kept on ice, and centrifuged at 3000× g for
10 min at 4 ◦C within 30 min after being drawn. Plasma was separated, centrifuged again to
precipitate remaining cells, aliquoted, and stored at −80 ◦C until analyses were performed.

2.2. RNA Extraction and miRNA Reverse Transcription

Total RNA extraction was performed from 200 μL of plasma/sample using the Total
RNA Purification Plus Kit (Norgen Biotek Corp., Thorold, ON, USA). Final elution was
performed using 50 μL of Elution Solution A, as indicated by the manufacturer’s protocol.
In the case of the “no-extraction” protocol, 200 μL of plasma from the same samples were
incubated at room temperature with proteinase K (200 μg/mL, final concentration) for
15 min with occasional flicking, followed by 5 min at 75 ◦C in agitation.

Since the quantification of circulating miRNAs is not possible due to the technological
limitations of actual tools, 2 μL of RNA from each sample were used for two-step PCR
amplification with the TaqMan Advanced miRNA cDNA Synthesis Kit (Thermo Fisher
Scientific, Waltham, MA, USA; A28007) following the manufacturer’s instructions, regard-
less of “extraction” or “no-extraction” protocols. In brief, we followed the described steps
without modifications. (1) Poly(a) tailing addition: polyadenylation at 37 ◦C for 45 min
followed by incubation at 65 ◦C to stop the reaction. (2) 5′-end Adaptor ligation: 16 ◦C for
1 h. (3) Reverse transcription (RT): 42 ◦C for 15 min, using a universal RT primer included in
the kit, followed by incubation at 85 ◦C for 5 min to stop the reaction. (4) miRNAs universal
pre-amplification (using proprietary primers included in the kit): enzyme activation at
95 ◦C for 5 min, denaturation at 95 ◦C for 3 s and annealing/extension at 60 ◦C for 30 s
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(14 cycles), and finally, incubation at 99 ◦C for 10 min to stop the reaction. cDNA samples
were stored at −80 ◦C until PCR further analyses. A synthetic miRNA from C. elegans,
cel-miR-54-3p, which is not present in human samples, was used as a spike-in control to
assess dPCR efficiency.

2.3. Chip-Based Digital PCR

Chip-based dPCR was performed on a QuantStudio 3D Digital PCR System plat-
form composed of the QuantStudio 3D Instrument (Thermo Fisher Scientific; 4489084),
the Dual Flat Block GeneAmp PCR System 9700 (Thermo Fisher Scientific; 4484078), and
the QuantStudio 3D Digital PCR Chip Loader (Thermo Fisher Scientific; 4482592). dPCR
was performed according to the manufacturer’s instructions. In particular, enzyme ac-
tivation was performed at 96 ◦C for 10 min, denaturation at 98 ◦C for 30 s, followed by
annealing/extension at 56 ◦C for 2 min (40 cycles), and then final extension at 60 ◦C for
2 min. Analysis was executed with the online version of the QuantStudio 3D AnalysisSuite
(Thermo Fisher Cloud, Waltham, MA, USA). The evaluated copy numbers for each miRNA
are expressed as the mean of Log10 of the copy number/μL within a 95% confidence
interval (CI). Upper and lower limits of the 95% CI are indicated within square brackets.

Primers and probes purchased from Thermo Fisher Scientific were labelled with FAM
dyes and used to evaluate the expression of candidate miRNAs (Supplementary Table S1).

2.4. Statistical Analysis

We compared each gene expression technique using a correlation analysis: Pearson’s
correlation coefficient (R), the R2 coefficient, and the p-value were computed. We performed
this kind of analysis on the averaged expression values across all samples, and each value
was previously “mean-centered”. The analysis in the clinical setting, comparing healthy
subjects and cardiovascular disease patients, was performed using the Student’s t-test.

3. Results

3.1. Assessment of dPCR Efficiency

As a first step, we assessed dPCR efficiency in detecting a synthetic miRNA designed
from nematode C. elegans cel-miR-54-3p at different dilutions (105 to 101 copies/μL). Linear
regression analysis between expected and assessed copy numbers for miR-54-3p showed an
R2 of 0.999 (p < 0.0001; Figure 1A), thus indicating the suitability of dPCR in assessing with
precision the expression of selected miRNAs, even in a “very-low abundance” setting. Next,
we assessed whether extraction-free RNA from human plasma could be used for direct
miRNA detection by dPCR. To this aim, we analyzed miRNA expression in undiluted,
1:10, and 1:100 dilutions of “no extraction” plasma samples. Three miRNAs were selected
(miR-223-3p, miR-15b-5p, and miR-128-3p) because of their high, intermediate, and low
expression levels in human plasma based on our previous experiences (not shown). Our
experiments showed that all miRNAs were detectable regardless of dilution conditions by
dPCR (Figure 1B).

3.2. Optimization of dPCR Conditions for Plasma miRNAs Detection in the Absence of
RNA Extraction

The process of miRNAs expression assessment involves an amplification step (preAmp)
after the conversion of RNA to cDNA, followed by dilution. Since we did not perform
RNA extraction, we decided to evaluate whether different dilution settings could affect
miRNA detection. Thus, after assessing the suitability of undiluted “no extraction” plasma
miRNAs for dPCR, we investigated the detection of plasma miRNAs usually presenting
expression levels ranging from low to high in standard conditions. Thus, we evaluated
the copy number/μL of six different circulating miRNAs (miR-1180-3p, miR-128-3p, miR-
186-5p, miR-451a, miR-15b-5p, and miR-223-3p). Different serial preAmp dilutions for
each miRNA (1:100, 1:1000, and 1:10,000) were prepared in order to identify those most
suitable for each specific target. As depicted in Figure 2A, our results showed very high

89



Biomedicines 2022, 10, 1354

overlap in terms of copies/μL, regardless of dilution, for all evaluated miRNAs. Given
its low expression, miR-1180-3p was not tested beyond the 1:1000 dilution. The selected
working conditions, based on chip quality (i.e., threshold = 0.6; Supplementary Figure S1)
and precision (the lowest value; Supplementary Table S2), for each miRNA were identified
as: 1:100 for miR-186-5p, miR-128-3p, miR-451a, and miR-1180-3p; 1:1000 for miR-15b-5p
and miR-223-5p.

Figure 1. Digital PCR capability to detect miRNA in a wide range of concentrations. (A) Regression
analysis between expected (x-axis) and dPCR-assessed (y-axis) expression of serial dilutions (105 to
101 copies/μL) of synthetic cel-miR-54-3p in triplicate. The data are expressed as Log10 (miRNA
copies/μL of the sample), and the bars represent the 95% confidence interval. (B) Expression levels
of undiluted, 1:10, and 1:100 dilutions of miR-223-3p, miR-15b-5p, and miR-128-3p in one healthy
subject in triplicate. No RNA extraction was performed on the plasma sample. The data are expressed
as Log10(miRNA copies/μL of the sample), and error bars represent the 95% confidence interval.

Following the evaluation of dPCR-mediated detection of extraction-free plasma miR-
NAs, we investigated whether we could obtain consistent results in terms of reproducibility.
Hence, we assessed the expression of miR-1180-3p, miR-128-3p, miR-186-5p, miR-451a,
miR-15b-5p, and miR-223-5p in plasma samples from 10 healthy donors. As shown in
Figure 2B, we obtained good results in terms of reproducibility and consistency for all
miRNAs, none of which presented a widely sparse distribution. Consistently with previous
results, miR-1180-3p showed the lowest expression, while miR-223-5p was the one with the
highest copy number/μL. Further analyses conducted on all evaluated miRNAs indicated
a very good correlation between the expression levels of all miRNAs in all samples, with a
mean Pearson coefficient of 0.97 (Figure 2C).

To further corroborate our analyses, we evaluated the consistency of our detection
method upon three different technical replicates executed at different times. We focused
on the two low-expression miRNAs, namely miR-1180-3p and -186-5p, in five no-RNA-
extraction samples upon three distinct dPCR runs conducted on different days. The results
were highly reproducible for both miRNAs, with miR-186-5p presenting a mean coefficient
of variation (CV) of 3.1%, while miR-1180-3p demonstrated an even higher accuracy, with
a mean CV of 2.9% for the three runs (Supplementary Table S3).
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Figure 2. Digital PCR settings for miRNA detection in human plasma without RNA extraction. (A) Ex-
pression levels of miR-1180-3p, miR-128-3p, miR-186-5p, miR-451a, miR-15b-5p, and miR-223-5p at
different dilutions in a plasma sample without RNA extraction. The data are expressed as Log10 (miRNA
copies/μL of the sample), and error bars represent the 95% confidence interval. Each color and shape
indicate the different dilution conditions. (B) Dot plot depicting the expression levels of miR-1180-3p,
miR-128-3p, miR-186-5p, miR-451a, miR-15b-5p, and miR-223-5p in ten plasma samples without RNA
extraction. The data are expressed as Log10 (miRNA copies/μL of the sample). Horizontal bars represent
mean values. (C) Correlation matrix conducted on the expression of levels of miR-1180-3p, miR-128-3p,
miR-186-5p, miR-451a, miR-15b-5p, and miR-223-5p in no-extraction samples from ten healthy subjects
(HS). Green-shade intensity is directly proportional to the mean Pearson correlation coefficient.

3.3. Evaluation of RNA Extraction Influence on Plasma miRNA Expression

RNA-based studies usually involve nucleic acid extraction from a specific substrate
as a starting point. Total RNA extraction can be achieved by means of different methods,
which can consist of lysis followed by either nucleic acid precipitation or binding to affinity
columns or magnetic beads. Each of the listed methods presents advantages and disadvan-
tages, but all have different impacts on the final composition of the RNA “populations”
obtained. Since column-based extraction is one of the most adopted approaches in the
case of liquid samples, we decided to compare its outcome in terms of plasma miRNA
expression with the “no-extraction” approach (proteinase K). In particular, we assessed
the plasma expression of miR-1180-3p, miR-128-3p, miR-186-5p, miR-451a, miR-15b-5p,
and miR-223-5p by dPCR in a plasma sample obtained from a healthy subject undergoing
either column-based extraction or “no-extraction” protocol. Figure 3A depict the results in
terms of Log10 of copy number/μL for all evaluated miRNAs. Both “conditions” showed
the same hierarchic order in terms of miRNAs expression (ordered from lowest to highest
expression), although some discrepancies seem to present. However, the difference in
terms of yield when looking at the detected levels of miRNAs upon column-based RNA
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extraction vs. the no-extraction protocol is negligible. Indeed, the mean miRNAs Log10
expression ratio between the two protocols is 1.08, indicating a good relationship between
the two approaches. However, two miRNAs, namely miR-128-3p and miR-223-3p, showed
slightly different results when comparing the two protocols with a ratio of 1.21 and 1.12,
respectively. Nevertheless, we observed a very good correlation (p = 0.003) between the
results obtained in terms of expression from the two protocols (Figure 3B).

Figure 3. Comparison of column-based RNA extraction (Colum Extraction) or no-extraction (Pro-
teinase K) protocols. (A) Normalized copies of column-based RNA extraction and no-extraction
protocols on starting volume (50 μL and 200 μL, respectively). The level of each miRNA was cal-
culated as Log10 of copy number/μL. Black dots represent the mean value, while error bars (red)
represent the 95% confidence interval. (B) Correlation analysis between plasma miRNA expression
after either column-based RNA extraction and no-extraction protocols. The level of each miRNA was
calculated as Log10 of copy number/μL and reported as mean-centered.

3.4. No-Extraction dPCR-Based miRNA Detection in the Clinical Setting

After demonstrating the suitability of dPCR to detect even low-abundance circulating
miRNAs in healthy subjects, we decided to challenge the “clinical arena”. Thus, we investigated
the expression levels of cardiac disease-related miR-133a-3p in no-RNA-extraction plasma of
NSTEMI patients (n = 6) in comparison to healthy subjects (n = 6). As shown in Figure 4,
in keeping with the literature, our data demonstrated a higher expression for miR-133-3p in
NSTEMI patients (2.07 [2.02, 2.13] copies/μL) vs. controls (1.33 [1.21, 1.46] copies/μL, p = 0.002).

Figure 4. Plasma miRNA evaluation in a clinical setting. Plasma miR-133a-3p expression in healthy
subjects (CTRL) and non-ST-segment-elevation-myocardial-infarction (NSTEMI) patients employing
the proteinase K protocol. The level of the miRNA was calculated as Log10 of copy number/μL.
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4. Discussion

This is, to the best of our knowledge, the first work reporting on the extraction-free
detection of circulating miRNAs by dPCR. We think that our data can lead to at least two
important conclusions. The first is that we were able to demonstrate that the extraction-free
approach is viable and valid for dPCR even in a context where the quantity of miRNAs
present in the substrate is very low, as in the case of plasma. The second relies on the fact
that dPCR is a suitable tool for the direct and rapid quantification of circulating miRNAs in
the clinical setting. Indeed, previous studies already demonstrated the suitability of dPCR
to assess the modulation of circulating miRNAs and their possible use as biomarkers in the
disease context [25,26].

A recent work by Su and colleagues [27] described the application of an extraction-free
method to assess the expression of circulating miRNAs by “canonical” RT-qPCR in coronary
artery disease. However, it was demonstrated that droplet-digital PCR has greater precision
and improved day-to-day reproducibility over RT-qPCR with similar sensitivity [15]. In
addition, the end-point approach employed by dPCR could offer better performances
being less prone to suffer from differences in sample quality and more resilient to PCR
inhibitors [15].

In keeping with previous literature, we showed that RNA extraction could be avoided
without affecting the sensitivity of dPCR in detecting even the lowest-abundant miRNAs.
Indeed, our data clearly indicate that, upon a proper assessment of the best conditions
for each miRNA, dPCR is a suitable tool to analyze the expression of poorly expressed
miRNAs in plasma samples even without RNA extraction. We also observed a negligible
overall difference in terms of yield when looking at the detected levels of miRNAs upon
column-based RNA extraction vs. the no-extraction protocol. Nevertheless, two miRNAs
showed slightly different results when comparing the two protocols. This discrepancy
could be explained by a different “compartmentalization” of the analyzed miRNAs in the
plasma. Indeed, the use of proteinase K in the no-extraction protocol led to the release of
protein-bound miRNAs but could be less effective on other plasma-miRNA vehicles, such
as extracellular vesicles and lipoproteins and other known transporters [28]. However,
an advantage of avoiding the extraction steps is represented by the reduction in terms of
expense (i.e., not using extraction reagents or RNA affinity columns, which adds to the
total cost of miRNA evaluation) and working time (i.e., jumping directly to the PCR mix
step saving about 30 min per batch). It is clear that dPCR is unquestionably far from being
a high throughput method. Nevertheless, the combination of absolute quantitation with
high reproducibility, without the generation of a standard curve, and lack of extraction
could allow the detection of miRNAs by dPCR even in the clinical setting.

We must also consider that the emerging role of miRNAs as potential biomarkers for
clinical applications requires the standardization of miRNA processing [29]. To date, the
most controversial issue related to miRNA level quantification is represented by the nor-
malization step since it is well known that this step could greatly influence the results [29].
Our data indicate that the evaluation of miRNA levels in human plasma via direct and
absolute dPCR quantification could be obtained without a normalizer. Indeed, we could
see a significant increment in miR-133a-3p levels in plasma obtained from NSTEMI patients
without normalizing it to any other miRNA, exogenous or endogenous [23,24]. In addition,
it was shown that in NSTEMI patients, miR-133a-3p was only detected in serum and not
in plasma by RT-qPCR, indicating a different pattern of circulating miRNA expression in
these patients [30]. However, our data, showing the detection of this specific miRNA in
the plasma of NSTEMI patients, corroborate the hypothesis that the use of a high precision
technique (i.e., dPCR) could be implemented in clinical laboratory analyses.

A major limitation of our study is represented by the small sample size while setting
up dilution conditions pre-, post-RT, pre-amp, and validation. However, we must point out
that on many occasions, different conditions led to overlapping results and that inter-day
reproducibility was very high. In addition, once characterization was finished, we were
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able to assess the expression of several miRNAs in plasma both with and without extraction
with success and covering results.

5. Conclusions

Our results showed that dPCR is able to detect, with high accuracy, low-copy-number
as well as highly expressed miRNAs in human plasma samples without the need for RNA
extraction. Moreover, the ability to assess a known myocardial infarction-related miRNA
in acute myocardial infarct patients vs. healthy subjects without the use of a normalizer
encourages the use of this high precision technique in the clinical setting. In conclusion,
our results show the suitability of extraction-free quantification of circulating miRNAs as
disease markers by direct dPCR.
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//www.mdpi.com/article/10.3390/biomedicines10061354/s1, Supplementary Figure S1: miRNA
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mature sequence and manufacturer codes; Supplementary Table S2: Digital PCR settings for miRNA
detection in human plasma without RNA extraction; Supplementary Table S3: Detection of expression
levels of low-abundance miR-186-5p, and miR-1180-3p is highly consistent at different times across
multiple samples.

Author Contributions: Data curation, Y.D. and V.A.M.; Formal analysis, I.M.; Funding acquisition, P.P.;
Investigation, M.C. (Michele Ciccarelli), V.A.M. and P.P.; Methodology, V.V., D.M., M.C. (Maddalena
Conte), V.P., M.C. (Michele Ciccarelli) and D.L.; Project administration, V.A.M.; Supervision, P.P.;
Writing—original draft, Y.D. and P.P.; Writing—review and editing, V.V., D.M., I.M., M.B., M.C.
(Maddalena Conte), V.P., M.C. (Michele Ciccarelli) and D.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by Gigi e Pupa Ferrari ONLUS [FPF-14] and the Italian Ministry
of Health [GR-2018-12366423].

Institutional Review Board Statement: The Institutional Review Board and the Ethical Committee
of Centro Cardiologico Monzino IRCCS (university hospital) approved this study (CCM 1068). The
investigation conformed to the principles outlined in the Declaration of Helsinki (1964).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data generated for this study are available upon reasonable request to
the corresponding author P.P. (paolo.poggio@cardiologicomonzino.it).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ambros, V. The functions of animal microRNAs. Nature 2004, 431, 350–355. [CrossRef] [PubMed]
2. Williams, A.E. Functional aspects of animal microRNAs. Cell Mol. Life Sci. 2008, 65, 545–562. [CrossRef] [PubMed]
3. Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.J.; Galas, D.J.; Wang, K. The microRNA spectrum in 12

body fluids. Clin. Chem. 2010, 56, 1733–1741. [CrossRef]
4. Schulte, C.; Karakas, M.; Zeller, T. microRNAs in cardiovascular disease—Clinical application. Clin. Chem. Lab. Med. 2017, 55,

687–704. [CrossRef]
5. Peltier, H.J.; Latham, G.J. Normalization of microRNA expression levels in quantitative RT-PCR assays: Identification of suitable

reference RNA targets in normal and cancerous human solid tissues. RNA 2008, 14, 844–852. [CrossRef] [PubMed]
6. Sun, Y.; Zhang, K.; Fan, G.; Li, J. Identification of circulating microRNAs as biomarkers in cancers: What have we got? Clin. Chem.

Lab. Med. 2012, 50, 2121–2126. [CrossRef]
7. Day, E.; Dear, P.H.; McCaughan, F. Digital PCR strategies in the development and analysis of molecular biomarkers for

personalized medicine. Methods 2013, 59, 101–107. [CrossRef]
8. Sanders, R.; Huggett, J.F.; Bushell, C.A.; Cowen, S.; Scott, D.J.; Foy, C.A. Evaluation of digital PCR for absolute DNA quantification.

Anal. Chem. 2011, 83, 6474–6484. [CrossRef]
9. Llano-Diez, M.; Ortez, C.I.; Gay, J.A.; Alvarez-Cabado, L.; Jou, C.; Medina, J.; Nascimento, A.; Jimenez-Mallebrera, C. Digital PCR

quantification of miR-30c and miR-181a as serum biomarkers for Duchenne muscular dystrophy. Neuromuscul. Disord. 2017, 27,
15–23. [CrossRef]

94



Biomedicines 2022, 10, 1354

10. Beheshti, A.; Vanderburg, C.; McDonald, J.T.; Ramkumar, C.; Kadungure, T.; Zhang, H.; Gartenhaus, R.B.; Evens, A.M. A
Circulating microRNA Signature Predicts Age-Based Development of Lymphoma. PLoS ONE 2017, 12, e0170521. [CrossRef]

11. Ferracin, M.; Lupini, L.; Salamon, I.; Saccenti, E.; Zanzi, M.V.; Rocchi, A.; Da Ros, L.; Zagatti, B.; Musa, G.; Bassi, C.; et al. Absolute
quantification of cell-free microRNAs in cancer patients. Oncotarget 2015, 6, 14545–14555. [CrossRef] [PubMed]

12. Brunetto, G.S.; Massoud, R.; Leibovitch, E.C.; Caruso, B.; Johnson, K.; Ohayon, J.; Fenton, K.; Cortese, I.; Jacobson, S. Digital
droplet PCR (ddPCR) for the precise quantification of human T-lymphotropic virus 1 proviral loads in peripheral blood and
cerebrospinal fluid of HAM/TSP patients and identification of viral mutations. J. Neurovirol. 2014, 20, 341–351. [CrossRef]
[PubMed]

13. Zhao, S.; Lin, H.; Chen, S.; Yang, M.; Yan, Q.; Wen, C.; Hao, Z.; Yan, Y.; Sun, Y.; Hu, J.; et al. Sensitive detection of Porcine
circovirus-2 by droplet digital polymerase chain reaction. J. Vet. Diagn. Investig. 2015, 27, 784–788. [CrossRef] [PubMed]

14. Dingle, T.C.; Sedlak, R.H.; Cook, L.; Jerome, K.R. Tolerance of droplet-digital PCR vs real-time quantitative PCR to inhibitory
substances. Clin. Chem. 2013, 59, 1670–1672. [CrossRef] [PubMed]

15. Hindson, C.M.; Chevillet, J.R.; Briggs, H.A.; Gallichotte, E.N.; Ruf, I.K.; Hindson, B.J.; Vessella, R.L.; Tewari, M. Absolute
quantification by droplet digital PCR versus analog real-time PCR. Nat. Methods 2013, 10, 1003–1005. [CrossRef]

16. Campomenosi, P.; Gini, E.; Noonan, D.M.; Poli, A.; D’Antona, P.; Rotolo, N.; Dominioni, L.; Imperatori, A. A comparison between
quantitative PCR and droplet digital PCR technologies for circulating microRNA quantification in human lung cancer. BMC
Biotechnol. 2016, 16, 60. [CrossRef]

17. Maheshwari, Y.; Selvaraj, V.; Hajeri, S.; Yokomi, R. Application of droplet digital PCR for quantitative detection of Spiroplasma
citri in comparison with real time PCR. PLoS ONE 2017, 12, e0184751. [CrossRef]

18. Deng, M.Y.; Wang, H.; Ward, G.B.; Beckham, T.R.; McKenna, T.S. Comparison of six RNA extraction methods for the detection of
classical swine fever virus by real-time and conventional reverse transcription-PCR. J. Vet. Diagn. Investig. 2005, 17, 574–578.
[CrossRef]

19. McAlexander, M.A.; Phillips, M.J.; Witwer, K.W. Comparison of Methods for miRNA Extraction from Plasma and Quantitative
Recovery of RNA from Cerebrospinal Fluid. Front. Genet. 2013, 4, 83. [CrossRef]

20. Monleau, M.; Bonnel, S.; Gostan, T.; Blanchard, D.; Courgnaud, V.; Lecellier, C.H. Comparison of different extraction techniques
to profile microRNAs from human sera and peripheral blood mononuclear cells. BMC Genom. 2014, 15, 395. [CrossRef]

21. Baran-Gale, J.; Kurtz, C.L.; Erdos, M.R.; Sison, C.; Young, A.; Fannin, E.E.; Chines, P.S.; Sethupathy, P. Addressing Bias in Small
RNA Library Preparation for Sequencing: A New Protocol Recovers MicroRNAs that Evade Capture by Current Methods. Front.
Genet. 2015, 6, 352. [CrossRef] [PubMed]

22. Songia, P.; Chiesa, M.; Valerio, V.; Moschetta, D.; Myasoedova, V.A.; D’Alessandra, Y.; Poggio, P. Direct screening of plasma
circulating microRNAs. RNA Biol. 2018, 15, 1268–1272. [CrossRef] [PubMed]

23. Kaur, A.; Mackin, S.T.; Schlosser, K.; Wong, F.L.; Elharram, M.; Delles, C.; Stewart, D.J.; Dayan, N.; Landry, T.; Pilote, L. Systematic
review of microRNA biomarkers in acute coronary syndrome and stable coronary artery disease. Cardiovasc. Res. 2020, 116,
1113–1124. [CrossRef] [PubMed]

24. D’Alessandra, Y.; Devanna, P.; Limana, F.; Straino, S.; Di Carlo, A.; Brambilla, P.G.; Rubino, M.; Carena, M.C.; Spazzafumo, L.;
De Simone, M.; et al. Circulating microRNAs are new and sensitive biomarkers of myocardial infarction. Eur. Heart J. 2010, 31,
2765–2773. [CrossRef] [PubMed]

25. Conte, D.; Verri, C.; Borzi, C.; Suatoni, P.; Pastorino, U.; Sozzi, G.; Fortunato, O. Novel method to detect microRNAs using
chip-based QuantStudio 3D digital PCR. BMC Genom. 2015, 16, 849. [CrossRef]

26. Robinson, S.; Follo, M.; Haenel, D.; Mauler, M.; Stallmann, D.; Heger, L.A.; Helbing, T.; Duerschmied, D.; Peter, K.; Bode, C.; et al.
Chip-based digital PCR as a novel detection method for quantifying microRNAs in acute myocardial infarction patients. Acta
Pharmacol. Sin. 2018, 39, 1217–1227. [CrossRef]

27. Su, M.; Niu, Y.; Dang, Q.; Qu, J.; Zhu, D.; Tang, Z.; Gou, D. Circulating microRNA profiles based on direct S-Poly(T)Plus assay for
detection of coronary heart disease. J. Cell Mol. Med. 2020, 24, 5984–5997. [CrossRef]

28. Boon, R.A.; Vickers, K.C. Intercellular transport of microRNAs. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 186–192. [CrossRef]
29. Faraldi, M.; Gomarasca, M.; Banfi, G.; Lombardi, G. Free Circulating miRNAs Measurement in Clinical Settings: The Still

Unsolved Issue of the Normalization. Adv. Clin. Chem. 2018, 87, 113–139. [CrossRef]
30. Mompeon, A.; Ortega-Paz, L.; Vidal-Gomez, X.; Costa, T.J.; Perez-Cremades, D.; Garcia-Blas, S.; Brugaletta, S.; Sanchis, J.;

Sabate, M.; Novella, S.; et al. Disparate miRNA expression in serum and plasma of patients with acute myocardial infarction: A
systematic and paired comparative analysis. Sci. Rep. 2020, 10, 5373. [CrossRef]

95



Citation: Zeng, E.Z.; Chen, I.; Chen,

X.; Yuan, X. Exosomal MicroRNAs as

Novel Cell-Free Therapeutics in

Tissue Engineering and Regenerative

Medicine. Biomedicines 2022, 10, 2485.

https://doi.org/10.3390/

biomedicines10102485

Academic Editors: Milena Rizzo,

Elena Levantini and Christos

K. Kontos

Received: 17 July 2022

Accepted: 22 September 2022

Published: 5 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

Exosomal MicroRNAs as Novel Cell-Free Therapeutics in
Tissue Engineering and Regenerative Medicine

Eric Z. Zeng 1, Isabelle Chen 1,2, Xingchi Chen 1 and Xuegang Yuan 1,3,*

1 Department of Chemical and Biomedical Engineering, FAMU-FSU College of Engineering,
Florida State University, Tallahassee, FL 32310, USA

2 Los Altos High School, Los Altos, CA 94022, USA
3 Department of Pathology & Laboratory Medicine, David Geffen School of Medicine,

University of California-Los Angeles (UCLA), Los Angeles, CA 95616, USA
* Correspondence: xy13b@fsu.edu or yuanxg1989@g.ucla.edu

Abstract: Extracellular vesicles (EVs) are membrane-bound vesicles (50–1000 nm) that can be secreted
by all cell types. Microvesicles and exosomes are the major subsets of EVs that exhibit the cell–cell
communications and pathological functions of human tissues, and their therapeutic potentials. To
further understand and engineer EVs for cell-free therapy, current developments in EV biogenesis
and secretion pathways are discussed to illustrate the remaining gaps in EV biology. Specifically,
microRNAs (miRs), as a major EV cargo that exert promising therapeutic results, are discussed in the
context of biological origins, sorting and packing, and preclinical applications in disease progression
and treatments. Moreover, advanced detection and engineering strategies for exosomal miRs are also
reviewed. This article provides sufficient information and knowledge for the future design of EVs
with specific miRs or protein cargos in tissue repair and regeneration.

Keywords: extracellular vesicles; microRNA; biogenesis; cargo sorting; tissue repair and regeneration

1. Introduction

In general, all types of cells are able to secrete membrane-bound vesicles both in vivo
and in vitro, which are broadly termed as extracellular vesicles (EVs). Initially, researchers
found these lipid bilayer-enclosed secreted vesicles circulating across mammalian tis-
sues/fluids and identified them as cellular debris or platelet dust [1]. Early studies of EV
functions demonstrated their ability to remove cellular waste and lyse cellular compart-
ments. Nowadays, intercellular communication is acknowledged as a major function of
EVs. Due to the nature of “cell-secretion”, heterogeneity is a critical characteristic of EVs.
Based on isolation and size characterization, EVs can be broadly (and roughly) classified
as apoptotic bodies (ApoBs, ~500–5000 nm), microvesicles (MVs, ~100–1000 nm), and
exosomes (~40–150 nm). ApoBs are distinctive populations originating from dying cells as
a hallmark of apoptosis. At the final stage of apoptosis, cells disassemble into an abundance
of ApoBs containing cellular fragments, which are precisely phagocytosed by macrophages,
parenchymal cells, or neoplastic cells for degradation [2]. Little is known about ApoBs as
therapeutic agents despite the fact that no inflammation or cytotoxicity is established by
ApoBs. The major focus of ApoBs research concerns drug delivery vessels or diagnostics,
as they carry a large number of proteins, lipids, RNA, and DNA molecules [3]. In this
review, we mainly focus on MVs and exosomes, as an increasing body of evidence demon-
strates their potential in disease diagnosis and therapeutic design. Specifically, exosomal
micro-RNAs (exo-miRs), as one of the major EV cargos, are discussed in detail through
EV biogenesis, secretion, and cargo sorting and packaging. Moreover, advanced studies
on diagnostics, therapeutic applications, and bioengineering strategies of exo-miRNAs
are also reviewed to provide insights for the future design of cell-free therapies with EVs
and exo-miRs.
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2. EV Biogenesis

2.1. Microvesicle Biogenesis

Depending on the cell type, culture conditions, and isolation strategies, a mixture of
exosome and MVs can always co-exist, though the percentage may vary. This heterogeneity
is because MVs and exosomes share similar characteristics at a certain range of sizes
(Figure 1), which makes isolation and purification difficult. Based on size characteristics,
MVs vary from 100–500 nm (ectosome), but can reach up to 1000 nm (which are referred to
as oncosomes and are identified in highly invasive cancer cells) [4,5].

 

Figure 1. Extracellular vesicles (EV) subtypes based on size, biogenesis difference, and composition.
(A) The major types of EVs are microvesicles (MVs, diameter: ~100–1000 nm) and exosomes (diameter:
~40–150 nm). The biogenesis of MVs and exosomes is generally different with certain shared pathways.
(B) General EV compositions and cargos include peptides, lipids, proteins, genetic materials, and
metabolites. MicroRNAs (miRs) are the major cargo in EVs and exhibit extensive functions in vitro
and in vivo.

Both MVs and exosomes are distinctive populations compared to apoptotic bodies secreted
through cell apoptosis [6]. Although sharing the similar membrane budding release, the
biogenesis of MVs is quite different from that of exosomes. MVs undergo fission and directly
bud outward at the plasma membrane (PM) of cells. However, the heterogeneity of MVs (with
a wide range of sizes from 100–1000 nm) suggests that multiple mechanisms could be involved
during membrane shedding, such as phospholipid site alteration or PM blebs. These alterations
and blebs keep expanding to generate outward membrane curvature for MV budding out from
the lipid sites, where cytoskeleton reorganization is commonly observed [7–11].

The cytoskeleton rearrangement results in the generation of the budding neck and eventu-
ally rupture of the membrane to release MVs following Ca2+ level changes (Figure 2A) [12]. Sev-
eral substances on the cell membrane have been identified for MV biogenesis:
(1) phosphatidylserine—the most abundant anionic phospholipid in the cell membrane—
can move from the inner to the outer leaflet of the PM via enzymatic reactions of flippases
(ATP-driven); (2) floppases, which generate uneven force for membrane bending; and
(3) ATP-independent scramblases, which redistribute phosphatidylserine and stabilize
membrane rigidity [7,11,12]. In another case, acid sphingomyelinase (a-SMase), a lipid
metabolic enzyme, mediates the P2X7 (an ATP receptor, generally found to be highly
expressed in immune cells)-dependent release of large vesicles in glial cells (microglia and
astrocytes), as the activation of P2X7 induces the translocation of a-SMase from lysosomes
to the PM outer leaflet and further alters PM physical conditions [13,14]. This translocation
of a-SMase can be achieved by stimulation of other receptors to enhance MV biogenesis [15].
In addition, MVs are mostly enriched with lipid rafts (containing cholesterol), which are
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associated with the proteins responsible for cytoskeleton reorganization (e.g., calpain,
which is regulated by extracellular Ca2+, and ADP-ribosylation factor 6 (Arf-6), which is
synchronized with the RhoA and ROCK signaling pathways for oncosome release) [16,17].

Figure 2. EV biogenesis pathways. (A) MV biogenesis. Plasma membrane rearranges at specific sites
following Ca2+ influx, which recruits enzymes such as scramblase and floppase. ARRDC1 regulates
ESCRT proteins TSG101 in an ATP-required manner (VPS4) to release MVs. Other modifications
such as hypoxia-induced factors (HIF) and ARF6-stimulated PLD-ERK activation of myosin light
chain kinase (MLCK) can also induce MV biogenesis. Associated proteins and molecules can be
found in secreted MVs. (B) Exosome biogenesis and associated proteins promote MVB fusion to
PM and regulate specific cargo packaging. (C) ESCRT-dependent exosome biogenesis. ESCRTs
act in a stepwise manner to generate exosomes in cytosol and regulate protein cargo packaging.
(D) ESCRT-independent pathways and associated proteins.
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Another mechanism for MV biogenesis involves endosomal sorting complexes re-
quired for transport (ESCRT) proteins and cytoskeleton interactions. Arrestin domain-
containing protein 1 (ARRDC1), which is an accessory protein of tetrapeptide PSAP motifs,
acts as an adaptor that binds the PM to produce MVs. TSG101 relocates from the endo-
somes to the PM and binds to ARRDC1 through tetrapeptide PSAP motifs and promotes
the release of MVs. Thus, these MVs contain TSG101, ARRDC1, and other late exosomal
markers such as CD63 and LAMP1 [18]. The ESCRT-dependent biogenesis of MVs requires
ATPases, such as vacuolar protein-sorting-associated protein 4 (VPS4), to enable the final
pinch-off of the membrane and release of MVs [19–21]. In summary, MV subpopulations
with unique cargo and functions may exist and different cell types and culture conditions
can further complicate the heterogeneity of MVs. The proteins involved in MV biogenesis
are summarized in Table 1.

Table 1. Proteins involved in MV biogenesis.

Proteins Location Functions Ref

ARF1 Golgi apparatus and
shedding microvesicles

Regulation of matrix degradation by directly acting on the
structures associated with invasiveness—invadopodia

maturation and the shedding of membrane-derived
microvesicles

[10]

ARF6 Plasma membrane, cytosol,
and endosomal membranes

Regulating the actomyosin-based membrane abscission
mechanism to control the shedding of microvesicle

in tumor cells
[7]

Rab22a
Nonclathrin-derived
Endosomes, budding

microvesicles

Increasing microvesicle shedding in human breast cancer
under hypoxic conditions and knockdown of RAB22A

impairs breast cancer metastasis
[22]

RhoA Membrane and cytosol
Involved in microvesicle biogenesis through regulation of

myosin light chain phosphatase. required for
microvesicle shedding

[11]

ARRDC1 Plasma membrane
ARRDC1-mediated relocalization of TSG101 may alter

endosomal trafficking and sorting and signal transduction by
receptors subjected to endosomal sorting mechanisms

[23]

DIAPH3 Plasma membrane,
Microtubules/microvilli

DIAPH3 silencing also promotes shedding of extracellular
vesicles (EV) containing bioactive cargo and increases
proliferation of recipient tumor cells, and suppresses

proliferation of human macrophages and peripheral blood
mononuclear cells

[24,25]

Myosin-1a Plasma membrane Enterocyte microvilli containing Myosin-1a are active
vesicle-generating organelles [26]

2.2. Exosome Biogenesis

Exosomes are considered as small EVs (Figure 1A). Cargo analysis reveals the diver-
sity of their contents, which include membrane receptors, soluble proteins, lipids, RNAs,
metabolites, and organelles, leading to functional variance in recipient cells (Figure 1B).
As shown in Figure 1A, exosomes originate at the internal endosomal membranes of
multivesicular bodies (MVBs). Initiated by the endo-lyososomal pathway or endocytosis,
early endosomes are generated from the PM, they bud into cytosol for maturation, and
then are packed with MVBs or multivesicular endosomes (MVEs) regulated in a specific
protein-cargo manner (Figure 2B). The inward budding of the endosomal membrane in
MVBs/MVEs results in the accumulation of intraluminal vesicles (ILVs, precursors of
exosome). The accumulated ILVs are released into the extracellular environment upon
the fusion of MVBs/MVEs with the PM, now termed as exosomes [27,28]. Although it is
difficult to dissect exosome biogenesis into clearly separated pathways, the current knowl-
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edge classifies exosome biogenesis into two categories: ESCRT-dependent and ESCRT-
independent pathways.

2.2.1. ESCRT-Dependent Pathways

ESCRT proteins represent the major machinery that regulates both MV and exosome
biogenesis and can be grouped into five distinct complexes: ESCRTs -0, -I, -II, -III, and
Vps4 [19,29], together with the accessory protein ALIX (Table 2) [30]. As reviewed above,
TSG101 participates in the abscission of the vesicle bud from the PM to promote MV
secretion, which is identified as an ESCRT-I complex process [23].

Table 2. Proteins involved in ESCRT pathways.

Complex Location Cargo Sorting Functions Ref

ESCRTs-0 HRS
VHS, FYVE, P(S/T)XP, GAT

domain and
coiled-coil core, clathrin-binding

Binding to/clustering with
ubiquitinated cargo for delivery into MVBs,
and recruits clathrin, ubiquitin ligases, and

deubiquitinating enzymes, and almost
certainly has other
functions as well

Clustering of Ub cargo,
MVB biogenesis

[31]

STAM1/2 VHS, UIM, SH3, GAT domain
and coiled-coil core [32]

ESCRTs-I TSG101 UEV, PRD, stalk, headpiece
Binding ubiquitinated cargo, ESCRT-0,

ESCRT1, BRO1 and
viral proteins Membrane budding,

MVB biogenesis, viral
budding, replication

and cytolinesis

[33,34]

HVPS28 headpiece, Vps28 CTD ESCRT-0, ESCRT1, BRO1 and
viral proteins [35]

VPS37 basic helix, stalk, headpiece Membrane binding [36]

hMVB12 stalk, headpiece (“UMA
domain”), MAPB N/A [37]

ESCRTs-II EAP20/VPS25 Winged-helix Binding ubiquitinated cargo, binding to
human ESCRT-I The essential partner of

ESCRT-I in MVB
biogenesis and budding
formation, membrane

budding

[38]

EAP30/VPS22 basic helix,
Winged-helix

Forming nearly equivalent
interactions with the two Vps25 molecules [39]

EAP45/VPS36 Winged-helix, GLUE,
Binding PI containing

membranes, ubiquitinated cargo and
ESCRT-1-i

[40]

ESCRTs-III CHMP2/VPS2 MIM1 Recruits VPS4, initiates ESCRT disassembly

Membrane scission

[41]
CHMP3/VPS24 weak MIM1 Caps Snf7 polymer, recruits VPS2 [41]

CHMP4/SNF7 weak MIM2 Main driver of membrane
scission, bind Bro1 [42]

CHMP6/VPS20 MIM2 Binding ESCRT-II and Doa4, acts as nucleator
of Snf7 polymer [41]

VPS4 SKD1/VPS4 MIT, AAA AAA ATPase disassembles ESCRT-III, active
function in MVB membrane scission

Vps4 solubilizes
ESCRT-III subunits at

the cost of ATP
hydrolysis. LIP5 binds
to Vps4 and promotes

its oligomerization,
activity, and ESCRT-III

binding

[43]

LIP5 MIT Binding vps4 to promote
ESCRT-III recycling [44]

For exosome formation, all the ESCRT complexes relocate at the endosomal membrane
of late endosomes and function in a stepwise manner to drive cargo sorting/packaging,
vesicle budding, and fission (Figure 2C).

The ESCRTs-0 complex initiates the process at the endosomal membrane after being
recruited by phosphatidylinositol 3-phosphate. It recognizes and sequesters ubiquitylated
proteins such as clathrin, ubiquitin, and other activated growth factors receptors [45]. Two
major subunits of ESCRTs-0, HRS, and STAM1/2, bind ubiquitinated cargos and may
be responsible for different subpopulations of exosomes [30]. Depletions of HRS and
STAM1/2 have less effect on early endosomes but enlarge the MVBs, partially explaining
the decrease during the production of small-size EVs [46]. Clearly, different subunits of
ESCRTs-0 regulate specific exosome subpopulations.

The ubiquitinated proteins and receptors are then passed along to ESCRTs-I and -
II complexes, which provide ubiquitin-interaction domains to sort ubiquitinated cargos.
ESCRTs-I and -II are mainly responsible for membrane deformation to accumulate ILVs [47].
Depletion of ESCRT-I protein TSG101 leads to an altered exosome protein profile (enriched
CD63 and MHC-II negative vesicles) [30]. In addition, depletion of TSG101 also alters
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early endosome morphology by causing vacuolar domain alteration and further inhibits
MVB formation [46]. Interestingly, overexpressed TSG101, however, also inhibited EV
production, especially in an exosome size range of 30–100 nm [48].

Finally, ESCRTs-I and -II recruit ESCRTs-III monomers in the cytosol and reassem-
ble them in active complexes (charged multivesicular body proteins, i.e., CHMPs) at the
endosomal membrane via interactions with Alix and ESCRTs-I complexes. The activated
complexes form filaments/spirals that drive the final step of ILV biogenesis, including cargo
crowding, membrane deformation/budding, neck tightening, and scission of ILVs [49,50].
Then, ESCRTs-III spirals disassemble into small filaments and monomers, which are recy-
cled in cytosol. Knock-out of ESCRTs-III protein CHMP1 resulted in reduced formation
of MVBs but with an enlarged morphology [51]. VPS4/SKD1 disassembles and recycles
ESCRTs-III complexes, while deficient ATPase caused enlarged MVBs and the accumulation
of nonreleasable particles [52,53].

ESCRTs also interact with accessory proteins, namely, Syntenin, Syndecan, and Alix,
for exosome biogenesis. Syntenin, as a cytoplasmic adapter protein, is found to interact
directly with Alix via protein motifs [54]. Syntenin also binds to Syndecans at their cytosolic
tails, and Alix connects the Syndecan–Syntenin complex to ESCRTs-III to eventually form
ILVs. Direct evidence of this process can be observed in the fact that exosomes derived from
MCF-7 cells perturbated with heparanase (the only mammalian enzyme that cleaves hep-
aran sulfate of oligomerized Syndecans) exhibit different Syntenin-1, Syndecan, and CD63
protein profiles [55]. Moreover, recent studies revealed that the formation of exosomes via
Syntenin/Syndecan/Alix/ESCRT-III is regulated by Arf6 and its effectors, phospholipase
D2 (PLD2), which is translocated from PM to MVB lumen and enriched on secreted exo-
somes [56,57]. Alix/ESCRTs-III interactions are considered as ESCRT-independent in some
studies [36,40,41].

2.2.2. ESCRT-Independent Pathways

Interestingly, even with the complete abolishment of ESCRT functions, a certain level
of ILV formation and exosome secretion still remains (although with altered subpopula-
tion), which indicates that there is an ESCRT-independent pathway for exosome biogenesis
(Figure 2D) [58,59]. For example, inhibition of neutral sphingomyelinase 2 (nSMase2)
leads to the decreased production of sphingolipid ceramide-enriched exosome [60]. Other
lipid interactions, such as sphingosine1-phosphate with metabolized ceramide, promote
exosome release and cholesterol redistribution, thus influence cargo packaging [61–63].
The tetraspanin family, a series of proteins, can regulate the dynamic membrane domains,
and influence exosome biogenesis independent of ESCRTs. For instance, CD63 is par-
ticularly enriched in exosomes and regulates endosomal cargo targeting and sorting, as
well as protein trafficking and packing into exosomes [64–68]. Other tetraspanin proteins,
such as CD9, CD81, CD82, Tspan6, and Tspan8, exhibit different mechanisms at differ-
ent steps of exosome formation [69–73]. In summary, both the ESCRT-dependent and
ESCRT-independent pathways are equally important for exosome biogenesis and operate
simultaneously. Future investigations of EV biogenesis are required in order to fine-tune
these biogenesis pathways for EV engineering.

3. Exo-miRNA Loading and Sorting in EVs

Typically, a complex cargo profile can be found in EVs regardless of cell type and cul-
ture conditions. On the other hand, the cargo profile varies dynamically depending on the
cellular microenvironment and tissue origins. Therefore, understanding the cargo sorting
mechanism is critical for engineering therapeutic EVs by manipulating culture conditions.
As mentioned above, ESCRT complex is responsible for EV biogenesis and cargo recogni-
tion by providing distinct ubiquitin-binding motifs. For example, the ESCRTs-0 complex,
with both HRS and STAM1/2 subunits, can bind to ubiquitin by its ubiquitin-interacting
motif and recognize polyubiquitinated proteins [74,75]. Moreover, ESCRTs-0 also binds
to the clathrin heavy chain via its clathrin box motif [45,76]. Similarly, ESCRTs-I and -II
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also provide ubiquitin-binding domains, which are not identified in ESCRTs-III [47,77].
Interestingly, EV secretion with functional cargos still occurs with the complete deletion of
ESCRTs, implying other components, such as a lipid raft and ceramide, may also regulate
the protein sorting process independent of ESCRTs [30,58,78–81].

Another important set of cargos in EVs are nucleic acids including DNAs, mRNAs,
and miRs. It is highly possible that the cytoplasmic DNA fragments generated by the
nucleus or mitochondria (due to DNA damage repair or DNA metabolism) are directly
encapsulated into EVs [82–84]. However, other studies indicated lower levels of DNA
cargo in nontransformed cell lines or in the circulatory system of healthy people compared
to cancer cell lines and cancer patient cells [85,86]. Besides the extrusion of damaged
genetic materials to maintain cellular homeostasis, exosomal DNAs also contribute to
immunomodulatory functions in cancer therapy and could act as liquid biopsy markers for
diagnosis [85,87–90]. However, little is known concerning their extensive functions in stem
cell therapy and tissue development.

MiRs (with lengths of 19–24 nt) play important roles in inhibiting the expressions of tar-
get protein-coding genes and fit well with the function of EVs. MiRs were reported to make
up the highest proportion of nucleic acids enriched in EV cargo along with other RNAs
including mRNA, ribosomal RNA, long noncoding RNAs, and circular RNAs [91–95].
Interestingly, deep sequencing revealed that EVs generally had a distinguished miR pro-
file compared to their parent cells, implying the regulated sorting rather than random
packaging of miRs in EVs [75,77,80,81].

Obviously, cellular/cytosol abundance of miRs is associated with their sorting into
EVs [96], although the mechanism is still not well understood. Based on the current
knowledge and evidence, several pathways have been proposed as the mechanisms for
miR sorting into EVs (Figure 3A):

Figure 3. Exosomal cargo sorting and EV uptake by recipient cells. (A) MicroRNAs are sorted
through different mechanisms/pathways into MVs and exosomes. Nucleus-released miRs in cytosol
can be directly packed into MVs. For the exosome (MVB in cytosol), (1) nSMase2 regulates ceramide
biosynthesis for selective miR sorting; (2) hnRNP proteins bind to specific miR motifs for sorting;
(3) the modification of noncoding RNAs regulates 3′-end adenylated miR isoforms; (4) GW182
and Ago2 co-localized with MVB accumulate in the miR-induced silencing complex (miRISC).
(B) Potential EV uptake mechanisms by recipient cells. MVs can directly fuse with the plasma
membrane (PM) to deliver exosomal cargo. EVs can also bind to specific sites on the PM to exert
juxtacrine signaling to activate intracellular pathways. Alternatively, EVs can be phagocytosed or
endocytosed via specific receptor mediation on recipient cells.

102



Biomedicines 2022, 10, 2485

(1) The modulation of lipid biosynthesis could influence both EV biogenesis and miR
sorting. As reviewed above, ceramide is critical for exosome release and protein targeting
in EVs. Disrupting ceramide biosynthesis by the inhibition of nSMase-2 leads to a reduction
in miR-16 and miR-146a levels in EVs [80,97]. The modulation of nSMase-2 has been
established for perturbing the sorting of other miRs in EVs, such as miR-10b, miR-100, and
miR-320 [64,84,85]. However, alteration of exosomal miRs by modulating lipids is risky
since the integrity of EVs can be significantly impacted as lipids are crucial in EV biogenesis.

(2) MiR sorting into EVs is also dependent on the specific sequence/motifs interactions
with binding proteins. In Jurkat cell-secreted exosomes, over 70% of the exo-miRs have
a GGAG motif (or an extra seed sequence) in the 3′-portion of miR, which is a binding
site for sumoylated heterogeneous nuclear ribonucleoprotein (hnRNP), or hnRNP-A2B1
specifically [98]. Other types of hnRNP proteins can bind to specific motifs of miRs and
then regulate miR sorting into EVs [98,99]. In addition, RNA-binding proteins, such as
Y-box protein 1 (YBP-1), also regulate miR sorting into EVs, although the binding motifs
are not identified [100,101].

(3) Similar to the specific binding motifs, the 3′-end nontemplate sequence in miRs also
plays certain roles in cargo sorting into EVs. For example, 3′-end uridylated miR isoforms
are mainly expressed in exosomes, while 3′-end adenylated miR isoforms are relatively
enriched in B cells [102]. Although this post-transcriptional modification of noncoding
RNA seems to drive cytoplasmic Y RNA sorting, more evidence is required to elucidate its
general role in sorting other miRs.

(4) MiR sorting could also be mediated by miR-induced silencing complex (miRISC).
The major components of miRISC found in monocytes are miRs, miR-repressible mRNAs,
and GW bodies (GW182 and Ago2) co-localized with MVBs, all of which were determined
by immunofluorescent staining of RISC-MVB markers [103,104]. Studies also utilized the
inhibition of ESCRT to block the turnover of MVBs into lysosomes, which leads to the
accumulation of miRISC. On the other hand, disrupting MVB formation causes the loss
of miRISC and relieves miR-mediated gene silencing [103]. These are the first pieces of
evidence showing that miRISC and MVBs are both physically and functionally associated.
Further studies indicate that knockout of Ago2 could eliminate or decrease the expression
of certain exosomal miRs, such as miR-451, miR-150, and miR-142-3p in HEK293T cells [91].
Moreover, Ago2 can sometimes be expressed in exosomes [105]. In addition, elevating the
cellular levels of miR-repressible mRNAs also contributes to the enrichment of target miRs
in MVBs and facilitates miR sorting [96]. This evidence may imply that miRISC is involved
in miR sorting into EVs. However, to better modulate EV content and the miR profile via
miRISC, more investigations are needed.

4. Mechanism for EV Uptake by Recipient Cells and Exosomal miRNA Functions

Cell–cell communication represents the most important role of EVs in cellular events
and tissue development. The heterogeneity of cargo, surface components, and sizes influ-
ence the uptake of EVs by recipient cells. EVs can interfere with cellular pathways and
behavior by binding to the target cell surface without delivering any cargo. One widely
observed example is the activation of T lymphocytes [106]. During the immune response,
B lymphocyte-secreted EVs with major histocompatibility complex (MHC) class II-enriched
compartments can directly activate antigen-specific MHC class II-restricted T cells without
delivery of cargo [107]. Similarly, dendritic cells also secrete EVs with MHC-peptide com-
plexes for the activation of T lymphocytes, although different EV subtypes exert different
capacity for activation [108]. The mechanism of this direct binding has encouraged research
on manufacturing EV mimics with functional surface markers that regulate immune re-
sponses. However, the main interest in the functionality of EVs is the delivery of cargo
to the recipient/target cells. Thus, understanding the uptake of EVs and the fate of the
delivered exosomal cargo is critical for the future design of EV-based therapies.

In general, three major interactions exist between EVs and recipient cells and these
interactions are highly dependent on the specificity of EVs (Figure 3B). For instance, directly
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binding and docking on the recipient cell PM is likely to be regulated by Tetraspanin
proteins, adhesion molecules (e.g., integrins, ICAMs, and lectins), lipids, proteoglycan,
and the extracellular matrix [70,109–112]. After binding, EVs can stay at the membrane
without delivering cargo as discussed above, where EVs act as ligands or intracellular signal
mediators to regulate recipient cell behaviors [113]. This juxtracrine fashion of interaction
eventually ends up with the release of binding EVs instead of internalization. In other
cases, EVs enter the recipient cells by phagocytosis, macropinocytosis, or receptor-mediated
endocytosis, where endosomes are the destination for cargo delivery. Alternatively, EVs can
also enter the recipient cells by fusion with the cytoplasm membrane to directly release the
intraluminal cargo inside recipient cells [114–122]. The ultimate fate of EVs is degradation
by lysosomes to recycle the compartment for re-secretion [123]. The internal trafficking of
EVs also requires cellular components from recipient cells, although the specific mechanism
is unknown.

5. Engineering and Therapeutic Strategies with Exosomal miRs in Regenerative Medicine

5.1. Exo-miR from Mesenchymal Stem Cells (MSCs) in Bone-Associated Regeneration

After being incorporated by recipient cells, EV cargos such as exo-miRNAs exhibit ex-
tensive regulations on various cellular behaviors in different tissue and potential therapeutic
efficacy in disease models (Figure 4). For instance, mesenchymal stem cell (MSC)-derived
exosomes have drawn major attention due to their broad therapeutic impacts in multiple
diseases and the exo-miRs of MSC-derived EVs were proposed as the major bioactive com-
partments for those promising results. In bone-associated diseases, exosomal miR-150-3p
promotes osteoblast proliferation and differentiation in osteoporosis and establishes poten-
tial targets in osteoporosis treatment [124]. Another study points out that EVs from MSCs
during different osteogenic stages induced bone formation differently, due to the fact that
their miR profile (such as miR-31, -144, and -221 as negative regulators) was sequentially
changed from the expansion stage to osteogenic differentiation stage [125]. For cartilage
regeneration, exosomal miR-92a-3p could regulate chondrogenesis and extend cartilage
development and homeostasis by targeting WNT5A for osteoarthritis treatment [126].
MiR-148a and -29b enriched in Wharton’s jelly mesenchymal stem cell-derived (WJMSC)
EVs promote cartilage repair by regulating lineage commitment towards chondrogenesis
instead of hypertrophic phenotype [127]. These studies suggest that regeneration may
come from MSC paracrine effect rather than direct osteogenesis or chondrogenesis.

5.2. Exo-miR from MSCs in Cancer Treatment

In cancer models, MSC EVs also demonstrated potential regulations. Specifically,
exosomal miR-139-5p inhibits bladder tumorigenesis by targeting the polycomb repressor
complex 1 and miR-15a delays carcinoma progression by inhibiting spalt-like transcription
factor 4 [128,129]. EVs enriched with miR-497 showed effective inhibition of tumor growth
and angiogenesis [130]. On the other hand, exo-miRs (e.g., miR-21, miR-155, miR-146a,
miR-148a, and miR-494) derived from tumor cells or activated macrophages can promote
angiogenesis and immune escape to facilitate cancer metastasis in new studies [131–134].
Thus, exo-miRs can generally act as biomarkers in cancer diagnosis and prognosis. This
complex functional diversity of exo-miRs suggests the needs for thorough evaluations of spe-
cific miRs in a case-by-case manner before defining the exo-miR profile for cancer treatments.

5.3. Exo-miR in Alzheimer’s Disease Pathology and Treatment

Another potential application of MSC-derived EVs is for Alzheimer’s disease (AD).
For instance, WJMSCs produced exosomes enriched with miR-29a, which specifically target
histone deacetylase 4 (HDAC4, an elevated marker in AD patients). A reduction in Aβ

expression and improved cognitive recovery were observed after MSC EVs treatment,
and a significant decrease in nuclear HDAC4, with a certain amount of HDAC4-related
gene fluctuation [135,136]. Similarly, miR-29-enriched EVs also reduced the toxic effects
of Amyloid β (Aβ) peptide and partially recovered cognitive impairment in rat AD mod-
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els [137]. In another study, exosomal miR-21 was found to be enriched in EVs from hypoxia-
preconditioned MSCs and ameliorated cognitive decline by regulating neuroinflammation
and synaptic damage [138]. Interestingly, MSCs can be manipulated by altering in vitro
culture conditions (e.g., hypoxia or 3D aggregation) and certain cellular changes will be
captured in their secreted EVs [138,139]. Injection of 3D hMSC-derived EVs with a spec-
trum of upregulated miRs (such as miR-21, miR-22, and miR-1246) effectively prevented
cognitive declines in AD mice [140]. Moreover, miR-21-5p from human urine-derived stem
cell-derived EVs attenuated Rett syndrome, an early cognitive loss and neurologic dete-
rioration disease, through the inhibition of Eph receptor A4 (Epha4) and its downstream
signaling TEX [141]. Pathologically, cerebral EVs have been proved to contain amyloid
precursor protein (APP) and C-terminal fragments (CTT), which all contribute to Aβ and
tau protein accumulation [117]. In addition, EVs also carry neurotoxins and inflammation
molecules, which further facilitate AD progression. Understanding the biological roles
of EVs in disease pathology provides the possibility of designing EV-based vaccinations
with exo-miRs, such as cell-free cancer immunotherapy (Figure 4) [142,143]. These studies
indicate the existing connections between AD progression and exo-miRs, although the
exact mechanisms need to be elucidated to achieve optimized miR cargo for AD therapy.

Figure 4. Potential engineering strategies in EV therapeutics. Based on their bioactivity and biostruc-
ture, EVs or EV mimics have been engineered to deliver therapeutic molecules. The immunomod-
ulatory potentials of EVs have been applied for the relief of inflammatory sites or tissue damage.
EVs from specific cell sources can be directly used as a cell-free therapy or for vaccination purposes.
With the understanding of EV biogenesis and cargo sorting, the desired size subpopulation and cargo
profile can be engineered via altering the cellular microenvironment of in vitro cultures.
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5.4. Exo-miR in Spinal Cord Injury and Treatment

In spinal cord injury (SCI), neurological repairs require the regulation of miRs for neu-
rogenesis, neural differentiation, and neural tube formation. A set of circulating exo-miRs
have been revealed to be upregulated (miR-9, -124a, -7, -125a/b, and -375) or downregulated
(miR-291-3p, -183, -92, -200b/c, and -382-5p) during this process in rodent models [144,145].
Therapeutically, MSC-derived EVs containing miR-126, -133b, -21, or -199a-3p/145-5p have
shown potential therapeutic benefits to neuron regeneration and immunomodulation to
promote functional recovery, possibly due to the complex regulatory mechanisms on RhoA,
STAT3, and the Pi3k/Pten/Akt axis, etc. [144,146–149]. Moreover, EVs derived from neu-
rons, microglia, and oligodendrocytes also provide neuroprotective effects via miRs after
SCI, namely, miR-21 [150,151], -124-3p [152], -9, and -19a [153]. With these potential cargo
candidates, artificial EVs or EV-mimic particles can be optimized for SCI treatment [154].

5.5. Exo-miR from MSCs in Ischemic Diseases

For ischemic diseases, EVs and miRNAs also exhibited promising therapeutic efficacy.
For instance, ischemic stroke caused by oxygen and nutrient deprivation leads to severe
lesions and neurological damage. MSC EVs loaded with miR-138-5p (specifically targeting
lipocalin) prevented further astrocyte damage by oxygen/glucose deprivation (OGD)
after endocytosis and thus alleviated lesion damage in ischemic mice [155]. Activating
transcription factor 3 (ATF3) was upregulated in a rodent stroke model and later identified
as a target of miR-221-3p. MSC-derived EVs loaded with miR-221-3p could be recognized
by neurons, reduced local inflammation, and eased cellular death caused by OGD, via
suppression of ATF3 expression in neurons [156]. Similarly, exosomal miR-146a-5p also
modulated neuroinflammation via microglia in ischemic stroke, and the proposed target
is the IRAK/TRAF6 signaling pathway. MiR-133b was found to be transferred by MSC
EVs, promoted neural plasticity, and enhanced neurite outgrowth in MSC-based stroke
treatment [157,158]. Those studies demonstrate the important role of EVs and miRs in
neural tissue regeneration. In ischemic cardiomyocyte injury, one study showed that MSC
EVs treatment could inhibit cardiomyocyte apoptosis caused by hypoxia/reoxygenation.
Exosomal miR-486-5p targeted Pten in this process, thus activating the Pi3k/Akt survival
pathway and extending the protective effect in mice I/R (ischemia/reperfusion)-injured
myocardium [159]. Another study revealed that miR-126 improved cell survival in neonatal
rat ventricular cardiomyocytes cultured under H2O2 and CoCl2. MiR-126 binds to ERRFI1
protein to exhibit antioxidative effects and restore mitochondrial fitness, thus improving
resistance to I/R in vivo [160]. MiR-182 in mouse bone marrow-derived MSC EVs was also
proposed to regulate macrophage polarization by downregulating TLR4 and NF-κB, thus
attenuating myocardial injury. Both miRNA-133a and miRNA-141 from MSC exosomes
exhibited myocardial protection through the downregulation (via suppressing mastermind-
like 1) and upregulation (via PTEN) of β-catenin, respectively [161,162]. These studies
have aroused broad interests in the complicated miR profile and functions in EVs, which
may lead to many applications in therapeutic engineering, although further validation
is required.

5.6. Exo-miR Detection and EV Biomanufacturing

Recently, researchers have pushed forward the detection sensitivity and variety of
exo-miRs with novel engineering strategies, such as microfluidic chips, to enrich EVs
and the in situ detection of exo-miRs with catalyzed hairpin assembly [163]; nanochannel
biosensors coated with functional peptide nucleic acids to achieve charge alteration for EV
capture and high resolution detection [164]; and self-assembled tetrahedral DNA nanolabel-
based electrochemical sensors to selectively detect exo-miRs [165]. A new subpopulation
of EVs (e.g., exomere, <50 nm) was even identified recently with asymmetric-flow field-
flow fractionation (AF4), which further elucidated the dynamic composition of proteins,
small RNAs, and lipids in EVs [166,167]. Besides the popular delivery system with EV-
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inspired liposome to load doxorubicin and kartogenin or other therapeutic drugs [168],
fully synthetic/engineered EVs with the precisely controlled composition of miR cargo
and the specific rations between miRs (i.e., stoichiometry) were engineered for wound
healing and keratinocyte function, achieving similar effects compared to natural EVs [169].
With increased knowledge of exo-miRs and other cargo profiles in EVs, further modi-
fied/engineered EVs with therapeutic biomolecules are a promising alternative for next
generation targeting therapies in tissue engineering and regenerative medicine. Engi-
neering EVs for biomanufacturing is also critical for translational applications. While the
cellular source of EVs is potentially case/disease dependent, the general implication for
EV production is to scale-up and boost yield. Recent studies demonstrated that traditional
suspension and microcarrier-based bioreactors are able to support the scale-up of cells and
EVs [170]. When cultured in larger scale vertical-wheel bioreactors (0.5 Liter vs. 0.1 Liter),
hMSC-EV production was well maintained or slightly boosted with similar proteomics and
metabolomics, despite the shear stress impact on cultured cells. A similar bioprocessing
approach has been tested in a hollow fiber bioreactor [171]. Moreover, a nonadherent
culture of MSCs under a WAVE bioreactor also boosted EV yield threefold in a recent
study [139]. The 3D aggregation process of hMSCs significantly altered EV production
and the cargo profile compared to a 2D adherent culture, exerting different cargo profiles
and advanced functions in immunomodulation and rejuvenation. In addition to the 3D
aggregation of hMSCs for EV production [172–174], the application of a wave motion
bioreactor enables the closed-system scale-up of EV bioprocessing and biomanufactur-
ing. Interestingly, these studies also indicate the potential engineering strategy of EVs by
manipulating the in vitro microenvironment.

6. Summary

The EV world is complex and fascinating. The complexity of EV heterogeneity, bio-
genesis, and important cargo miRs encourages us to further explore the biology in order
to further understand the nature of vesicles. This review summarizes the basic concepts
and current knowledge on exo-miRs and their sorting mechanisms in the parent cells for
designing and engineering therapeutic cargos in EV-based therapies. Applications and
preclinical studies indicate the potential therapeutic effects of exo-miRs in multiple disease
models. Continuous studies are needed as our knowledge evolves in the EV field with
advanced technologies and experimental strategies. As exo-miRs have been shown to
participate in disease progression in ischemia and neurodegeneration, they are promising
for potential cell-free therapies using fully synthetic EVs with defined miR and protein
cargo neurological restoration.
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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with short life ex-
pectancy and no effective therapy. We previously identified upregulated miR-124 in NSC-34-motor
neurons (MNs) expressing human SOD1-G93A (mSOD1) and established its implication in mSOD1
MN degeneration and glial cell activation. When anti-miR-124-treated mSOD1 MN (preconditioned)
secretome was incubated in spinal cord organotypic cultures from symptomatic mSOD1 mice, the
dysregulated homeostatic balance was circumvented. To decipher the therapeutic potential of such
preconditioned secretome, we intrathecally injected it in mSOD1 mice at the early stage of the disease
(12-week-old). Preconditioned secretome prevented motor impairment and was effective in counter-
acting muscle atrophy, glial reactivity/dysfunction, and the neurodegeneration of the symptomatic
mSOD1 mice. Deficits in corticospinal function and gait abnormalities were precluded, and the loss
of gastrocnemius muscle fiber area was avoided. At the molecular level, the preconditioned secre-
tome enhanced NeuN mRNA/protein expression levels and the PSD-95/TREM2/IL-10/arginase
1/MBP/PLP genes, thus avoiding the neuronal/glial cell dysregulation that characterizes ALS
mice. It also prevented upregulated GFAP/Cx43/S100B/vimentin and inflammatory-associated
miRNAs, specifically miR-146a/miR-155/miR-21, which are displayed by symptomatic animals.
Collectively, our study highlights the intrathecal administration of the secretome from anti-miR-124-
treated mSOD1 MNs as a therapeutic strategy for halting/delaying disease progression in an ALS
mouse model.

Keywords: ALS mouse model; anti-microRNA-124; intraspinal delivery route; neuroprotection;
prevention of glial dysfunction; preservation of motor performance; secretome-based therapy;
SOD1-G93A mutation

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fast progressive disease that results from the
degeneration of the upper and lower motor neurons (MNs) in the motor cortex, brainstem,
and spinal cord (SC). Consequently, this neurodegeneration leads to voluntary muscle
weakness and wasting, resulting in a diversity of symptoms, such as dysarthria, dysphagia,
weakness, and atrophy of the limbs. The pathological mechanisms underlying the disease
include misfolded protein aggregation, mitochondrial dysfunction, dysregulated axonal
transport, altered synaptic dynamics, excitotoxicity, and neuroinflammation [1]. It is nowa-
days accepted that the dysregulation of glial cells also contributes to the pathogenesis and
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progression of the disease [2]. Lately, the single-cell RNAseq of ALS microglia evidenced a
molecular signature of the disease driven by the triggering receptor expressed on myeloid
cells 2 (TREM2), defined as disease-associated microglia (DAM) [3]. By identifying DAM
profiles, it is possible to better understand the heterogeneous microglia cell responses
observed along the disease development. Currently, there is no effective treatment to
prevent disease progression or change the disease course. One of the most commonly used
models to explore ALS pathophysiology are mice bearing mutations [4]. Among these,
superoxide dismutase 1 mice carrying the glycine to alanine point mutation at residue
93 (SOD1-G93A, mSOD1) recapitulate the symptoms of ALS patients and some of the glial
phenotypes associated with the disease [5,6].

microRNAs (miRNAs) have been defined as important regulatory molecules for gene
expression, and their dysregulation in ALS can be modulated toward the recovery of cell
function and an increase in mSOD1 mouse lifespan, as reviewed in [7]. Furthermore,
these molecules can be released into the secretome as free species or encapsulated in
small extracellular vesicles (sEVs) [8–11] and internalised by neighbouring cells, also
having the ability to influence distant cells and the extracellular environment [11,12].
Since ALS is characterized as a neuroinflammatory and neurodegenerative disease, we
have focused on the study of inflammatory-associated (inflamma)-miRNAs, including
miR-124, miR-155, and miR-146a, which were shown to be differentially expressed at the
cellular and regional levels [12,13]. In particular, miR-124 is one of the most abundant
miRNAs in the central nervous system and is involved in several important neuronal
functions, such as neuronal differentiation/maturation and the regulation of synaptic
activity [14]. However, we showed that its upregulation in in vitro models of ALS MNs
was associated with neurodegeneration and that miR-124 disseminates through sEVs
and causes time-dependent alterations in recipient microglial cells [11]. miRNA mimics
and inhibitors have been proposed as therapeutics to modulate dysregulated miRNAs in
cancer and multiple sclerosis [15,16]. Recently, we demonstrated that the incubation of the
secretome from anti-miR-124-treated mSOD1 MNs (preconditioned secretome) was able
to counteract the increased levels of IL-1β, IL-18, HMGB1, arginase 1, and inducible nitric
oxide synthase (iNOS) in microglia treated with the mSOD1 secretome [13]. Interestingly,
our data evidenced that the targeting of normal miR-124 values in ALS MNs enriched in
miR-124 abrogates miR-125b overexpression and causes miR-146a/miR-21 downregulation
in both cells and the secretome, thus inhibiting a pathological inflamma-miRNA profile in
mSOD1 MNs. Such a preconditioned secretome also showed similar benefits in the spinal
cord organotypic cultures (SCOCs) from mSOD1 mice by preventing the dysregulation
of inflammation-associated genes and cell demise. This is not without precedent, since
the secretome from mesenchymal stem cells has also been shown to exert neuroprotective,
immunomodulatory, and regenerative effects in retinal degeneration, Parkinson’s disease,
and SC injury, as examples [15–17]. Another study demonstrated the therapeutic potential
of the administration of the secretome from adipose-derived stem cells in in vivo ALS mice
by preventing MN loss and extending animal lifespan [18]. Importantly, conditioned media
from human pluripotent stem cells showed neuroprotective effects on MNs, including
those from ALS patients; improved neuromuscular junction; and delayed morbidity in
mSOD1 mice [19]. The authors claimed that it has potential for autologous treatment
in ALS. In addition, many studies have elucidated the therapeutic promise of miRNAs
after their modulation, either by overexpression or suppression in mSOD1 mice and in
astrocytes directly converted from patient somatic cells [8,20]. Some works have evidenced
an increased lifespan of mice [20–23], followed by an improvement in MN survival [21,22]
and muscle strength [21,23]. However, the benefits of the administration of the secretome
derived from miRNA-modulated cells in in vivo ALS mice has never been explored.

For this reason, we decided to evaluate the therapeutic potential of anti-miR-124-
treated mSOD1 MNs in preventing disabilities in mSOD1 mice. Thus, we performed an
intrathecal injection of the preconditioned secretome in the mSOD1 mice at the early symp-
tomatic disease stage. At the symptomatic stage, we evaluated the motor performance
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by testing the gait quality and the corticospinal function. Moreover, we collected the gas-
trocnemius muscle for muscle integrity evaluation and lumbar SC for neurodegeneration,
neuroinflammation, and myelination assessments. Our results revealed that the precondi-
tioned secretome prevented MN and glial pathological mechanisms and improved motor
disabilities in the ALS mice. Therefore, this preconditioned secretome shows promise as a
therapeutic tool to be tested in stratified patients with upregulated miR-124 levels, namely
at symptom onset, contributing to the advance of precision medicine.

2. Materials and Methods

2.1. NSC-34 MN-like Cell Culture and Transfection Followed by sEV and Secretome Collection

NSC-34 MN cell line stably transfected with human WT SOD1 and human mSOD1
was grown in proliferation media (DMEM high-glucose with L-glutamine, no sodium
pyruvate, supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA);
1% penicillin/streptomycin or pen/strep (Sigma-Aldrich, St. Louis, MO, USA); and 0.1%
geneticin sulphate 418 (G418) for cell selection), as described in [13]. After 48 h of pro-
liferation, differentiation was induced by changing the medium to DMEM-F12 plus 1%
FBS; 1% nonessential amino acids (Merck, Darmstadt, Germany); 1% pen/strep; and 0.1%
G418 [13]. After 24 h, mSOD1 MNs were transfected with 15 nM anti-miR-124 (Ambion®

Anti-miRTM miRNA inhibitor, #AM10691) and mixed with X-tremeGENE™ HP DNA
Transfection Reagent (Sigma-Aldrich, St. Louis, MO, USA) in a proportion of 2:1 and
diluted in Opti-MEM™. Cells were left for 12 h, then fresh differentiation medium was
added, and cells were maintained for an additional 48 h (4 DIV). This medium containing
the factors secreted by mSOD1 MNs (secretome) was collected and centrifuged at 1000× g
for 10 min to remove any cell debris. Since intrathecal injection requires very low volumes
of the secretome [24], we concentrated it 100× using a Vivaspin™ 20 sample concentrator
(5 kDa; GE Healthcare, Chicago, IL, USA). For this purpose, the secretome was subjected
to a centrifugation of 4000× g at 4 ◦C for 180 min and then stored at −80 ◦C until being
used in the intrathecal injection. In parallel and to confirm the successful entry of the
injected secretome into the lumbar SC, we labelled the sEVs derived from the secretome
of 4 DIV WT NSC-34 MNs and injected them intrathecally in the WT mice (as explained
in Section 2.3). As previously described [12], we started to centrifugate the secretome at
1000× g for 10 min to remove cell debris. Then, we isolated the large EVs by centrifugation
at 16,000× g for 1 h. The sEVs were further centrifuged in an Ultra L-XP100 centrifuge
(Beckman Coulter Inc., Brea, CA, USA) at 100,000× g for 2 h. Finally, we labelled the sEVs
with a PKH67 fluorescent linker kit (Sigma Aldrich, St. Louis, MO, USA) in accordance
with the manufacturer’s specifications and resuspended them in DMEM-F12 plus 1% FBS
depleted from the sEVs.

2.2. Transgenic mSOD1 Mouse Model

Mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), namely
transgenic B6SJL-TgN mSOD1Gur/J males (no. 002726) and non-transgenic B6SJLF1/J
wild-type (WT) females. They were housed at the animal facility of the Life and Health Sci-
ence Research Institute (ICVS), University of Minho, where the colony was also established.
They were maintained under standard conditions (12 h light/12 h dark cycles, room tem-
perature (RT) at 22–24 ◦C, and 55% humidity) and provided with food and water ad libitum.
The colony was maintained on a background B6SJL by breeding mSOD1 transgenic males
with non-transgenic females. Transgenic mSOD1 mice were compared to aged-matched
WT mice. The procedures performed were in accordance with the European Commu-
nity guidelines (Directives 86/609/EU and 2010/63/EU, Recommendation 2007/526/CE,
European Convention for the Protection of Vertebrate Animals used for Experimental or
Other Scientific Purposes ETS 123 (https://rm.coe.int/168007a445 accessed on 1 June 2022)
and the Portuguese Laws on Animal Care (Decreto-Lei 129/92, Portaria 1005/92, Portaria
466/95, Decreto-Lei 197/96, Portaria 1131/97). All the protocols used in this study were
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approved by the Portuguese National Authority (General Direction of Veterinary) and
Ethical Subcommittee in Life and Health Sciences (SECVS; ID: 018/2019).

2.3. Intrathecal Injection of the sEVs and Secretome

The sequence of the experiments developed in this study is graphically summarized in
Figure 1. The control groups used in the experiment were the WT and mSOD1 mice injected
with the vehicle (differentiated NSC-34 cell media with 1% FBS and without sEVs), as used
by others [25,26], with a total of 8 and 7 animals, respectively. The choice of such controls
was based on our previous studies, whereby we evidenced that: (1) the secretome from
cultured WT cells induced a decrease in several biomarkers associated with inflammatory
status and phagocytic and synaptic genes in the SCOCs of early symptomatic mSOD1 mice
(unpublished data); (2) the secretome from mSOD1 MNs caused cell demise in both WT and
mSOD1 SCOCs [13]; and (3) the secretome from mSOD1 MNs activated the polarization of
WT microglia (published in [13]). Therefore, we chose to use the MN cell culture media
injection (vehicle) to not interfere with the natural life progression in the WT animals or
the disease progression from the early stage to the symptomatic stage in the mSOD1 mice.
By adopting this approach, we could document the behavioural and molecular disease
progression in the transgenic mice relative to the WT animals. Such conditions are requisite
for drawing conclusions on the potential benefits of using the preconditioned secretome
from anti-miR-124-treated ALS MNs. Our final aim is the translation of such a strategy
for autologous application in ALS patients showing upregulated levels of miR-124 after a
stratification assessment. In parallel experiments, to assess the permanence of the secretome
sEV components in the SC after their injection into the WT mice, we used the sEVs isolated
from the secretome labelled with the PKH67 fluorescent cell linker kit, as described above.

Experiments to assess the therapeutic efficacy of the anti-miR-124-treated mSOD1 MNs
were performed in the mSOD1 mice injected with the concentrated preconditioned secre-
tome. The 12-week-old animals (early symptomatic stage of the disease) were anesthetized
intraperitoneally (i.p.) with ketamine (75 mg/kg) plus medetomidine (0.5 mg/kg) [27].
Once anesthetized, we proceeded to the single intrathecal injection. WT and mSOD1 mice
were firmly held by a pelvic girdle, which was in line with the sixth lumbar vertebral body
(L6), as described previously [28]. Then, we identified the gap between the L4 and L5,
located above the ileac crest, by palpation through the skin and inserted the needle at the
midspinal line [28]. We used a 30-gauge needle Hamilton syringe (Hamilton, Bonaduz,
Switzerland) to slowly inject the sEVs, vehicle, or secretome in a proportion of 1 μL per
gram of animal weight [24]. The successful entry into the lumbar cistern was confirmed
with a sudden tail flick after the needle insertion. Then, the animals were injected i.p.
with atipamezole hydrochloride (1 mg/mL; Antisedan®, Pfizer, Inc., Brooklyn, NY, USA)
for the reversal of the anesthesia [29]. The WT animals injected with sEVs derived from
WT MNs were sacrificed at 8 h and 72 h post injection, based on our previous findings in
microglia showing sEV engulfment after 24 h of incubation [11] and the results of other
studies demonstrating the distribution of labelled sEVs in the SC 1 week after intrathecal
injection [25]. Additional studies in other conditions are unanimous in considering the
presence of sEVs at 72 h after their injection [26,30]. Then, we decided to explore the
presence of labelled sEVs in the lumbar SC to determine their permanence using immuno-
histochemistry in the collected samples at 8 h and 72 h post injection, corresponding to
acute and lasting distribution.
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Figure 1. Experimental design. The wild-type (WT) and SOD1-G93A (mSOD1) mice were injected
in the lumbar spinal cord [31] at the early symptomatic stage (12-week-old), either with the MN
medium (vehicle, control group) or with the secretome from anti-miR-124-treated mSOD1 MNs (only
the mSOD1 mice). Two weeks later, animals were behaviourally characterized through footprint,
hanging wire, cylinder, clasping, and grasping tests. At 15 weeks of age, the animals were sacri-
ficed, and the lumbar spinal cord [31] and gastrocnemius muscle were isolated for histological and
immunohistological analysis, as well as for reverse transcription quantitative real-time polymerase
chain reaction (RT-qPCR) and western blot evaluations. This Figure was partially created with Servier
Medical Art (smart.servier.com).

Note that no statistical differences were found in the mouse weight (g) between WT
and transgenic animals, before or after treatment (WT + vehicle, 25.9 ± 1.0 and 24.9 ± 1.4;
mSOD1 + vehicle, 24.6 ± 0.9 and 25.2 ± 1.3; mSOD1 + secretome, 25.9 ± 0.5 and 26.8 ± 1.2).

2.4. Behavioural Tests

To determine the impact of the secretome from anti-miR-124-treated mSOD1 MNs
on motor behaviour, we evaluated motor performance in the animals two weeks after the
injection. We assessed the gait quality by the footprint test, the muscular strength by the
hanging wire test, and the spontaneous activity by the cylinder test. Finally, the deficits in
the corticospinal function were also examined using the limb clasping and grasping tests.

2.4.1. Footprint Test

The fore and hind paws of mice were painted with non-toxic dyes of different colours,
and the mice were placed on absorbent paper in an inclined corridor so that they would
walk up it since mice have the tendency to run upwards to escape [29]. We measured the
stride length (in centimeters), which is the distance between the center of the fore-foot
plantar and the center of the hind-foot plantar on the same side of the body, within the
same stride [29]. A shorter stride length indicated abnormalities in the gait.

2.4.2. Hanging Wire Grid Test

The mice had to remain clinging to an inverted surface of a cage lid, demonstrating
their grip strength [29]. The duration (in seconds) for which the mice remained grasping
the cage was measured until it reached 120 s [29].

2.4.3. Cylinder Test

The mice were placed into a clear cylinder, and the number of times they reared up
against the cylinder wall [32] was counted for 3 min. This test demonstrates animals’
forelimb activity and their spontaneous exploration of the environment [32].
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2.4.4. Clasping and Grasping Tests

The mice were suspended by holding their tails, and the position of their hindlimbs
and toes was observed for several seconds. An abnormal phenotype is represented by the
retraction of the hindlimbs toward the abdomen (clasping reflex) [29] and/or the curling
of the toes (grasping reflex) during the suspension time, indicating the presence of motor
dysfunctionality.

2.5. Homogenates and Tissue Slices

To avoid the animal suffering associated with the disease phenotype, we sacrificed
the animals at 15 weeks of age (one week after the beginning of the behaviour tests). Mice
were anesthetized i.p. with ketamine (75 mg/kg) plus medetomidine (0.5 mg/kg) and
transcardially perfused with 0.1 M PBS at pH 7.4. Then, lumbar SC and left gastrocnemius
muscle were dissected and rapidly frozen at −80 ◦C for reverse transcription quantitative
real-time polymerase chain reaction (RT-qPCR) and western blot (WB) assays. For histolog-
ical and immunohistochemistry studies, animals were perfused with a fixative containing
4% paraformaldehyde in PBS, and the lumbar SC and left gastrocnemius muscle were
removed. Then, the lumbar SC was post-fixed with the same fixative for 24 h at 4 ◦C and
preserved in 30% sucrose solution. The gastrocnemius muscle was stretched over a notched
wooden stick to maintain the in vivo length and to prevent over-contraction. Later, the
muscle was frozen in isopentane cooled over liquid nitrogen and stored at −80 ◦C [33].

For sectioning, the muscle was sliced directly in the cryostat, while the SCs were first
embedded in Tissue-Tek® O.C.T. Compound (Sakura Finetek-USA, Torrance, CA, USA)
before transversal 20 μm thick sections were serially cut using the cryostat Leica CM1900
(UV Leica; Wetzlar, Germany). The sections were collected on Superfrost Plus glass slides
(Thermo Scientific, Waltham, MA, USA) and preserved at −80 ◦C.

2.6. RT-qPCR

The lumbar SC and muscle were homogenized in TRIzol reagent (Invitrogen, Waltham,
MA, USA) using a Pellet Mixer (VWR Life Science, EUA). The muscle homogenization
in TRIzol reagent was performed by cutting the tissue into small pieces, followed by
transferring the resulting mixture through a 1 mL syringe with a 20 G needle until a
homogeneous mixture was obtained. The total RNA was extracted and quantified on a
NanoDrop ND100 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA)
according to the standard procedure in our laboratory [12].

For gene expression, the total RNA was reverse transcribed into cDNA using the Xpert
cDNA Synthesis Supermix kit (GRiSP, Porto, Portugal). RT-qPCR was performed using
an Xpert Fast SYBR Mastermix BLUE kit (GRiSP) and the primer sequences listed in Table
S1. The following conditions were used for each amplification product: 50 ◦C for 2 min,
95 ◦C for 2 min, followed by 40 amplification cycles at 95 ◦C for 5 s and 62 ◦C for 30 s.
The amplification cycles for our samples were no higher than 30. The specificity of the
amplified product was verified by a melting curve. The ribosomal protein L19 (RPL19) was
used as the endogenous control to normalize each gene expression level.

For miRNA expression, cDNA was performed using a miRCURY LNATM RT Kit
(QIAGEN, Valencia, CA, USA) and RT-qPCR using PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems, Life Technologies, Waltham, MA, USA) and the primer sequences
listed in Table S2. The operating conditions were 95 ◦C for 10 min, followed by 50 am-
plification cycles at 95 ◦C for 10 s and 60 ◦C for 1 min (ramp rate of 1.6◦/s). Our results
showed amplification cycles no higher than 40. At the end, a melting curve analysis was
carried out to verify the specificity of the amplified product. SNORD110 was used as the
endogenous control.

The expression of mRNA/miRNA was measured via the 2−ΔΔCt method relative to
that of the endogenous control. Each sample was measured in duplicate. The cDNA
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synthesis was performed in a thermocycler (Biometra®, Göttingen, Germany), and the
RT-qPCR was run on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems).

2.7. Histology and Immunohistochemistry

The gastrocnemius muscle was stained with hematoxylin and eosin using an Au-
toStainer XL (Leica). Briefly, the muscle sections were rinsed in distilled water and placed
into Harris hematoxylin solution for 1 min, followed by a tap-water wash for 2 min. Then,
differentiation with 0.5% ammonia water was performed for 10 s. After washing with tap
water for 2 min, the sections were stained with eosin for 20 s; dehydrated using 70, 95,
and absolute alcohol for 2 min each; and covered with xylol for 1 min. The samples were
mounted with a glass coverslip using Entellan mounting media (Merck Millipore, Burling-
ton, MA, USA). Photos were obtained using an Olympus widefield inverted microscope
IX53 with 20× magnification. The images from three fields of the same muscle section per
animal (from three animals per group) were analysed using Fiji software. We measured the
mean area occupied by each fiber from the transversal section of the muscle.

To evaluate neurodegeneration, the lumbar SC was stained with Fluoro-Jade B (Chemi-
con International, Temecula, CA, USA). The samples were defrosted at RT for 10 min. Then,
they were incubated in 0.06% potassium permanganate solution for 30 min with gentle
agitation. After a 5 min PBS rinse, the samples were stained with a 0.001% solution of
Fluoro-Jade B dissolved in 0.1% acetic acid vehicle for 30 min with mild agitation. The
samples were then rinsed through three changes of PBS for 3 min each with agitation and
mounted in Fluromount-G (Sigma-Aldrich) with a glass coverslip on the top.

To access the distribution of sEVs in the SC, we also stained the neurons and astrocytes
with NeuN and glial fibrillary acidic protein (GFAP), respectively. The presence of glial
cells in the lumbar SC was also evaluated through the quantification of ionized calcium-
binding adaptor molecule 1 (Iba-1) for microglia and GFAP for astrocytes. The previously
described protocol was followed with minor modifications [13]. After defrosting, the
permeabilization/blocking of the sections was performed using Hank’s balanced salt
solution with 2% heat-inactivated horse serum, 10% FBS, 1% BSA, 0.25% Triton X-100, and
1 nM HEPES for 3 h at RT. Then, the sections were incubated for 48 h with the primary
antibodies (indicated in Table S3) at 4 ◦C. Following 3 washes with 0.01% Triton-X in PBS
for 20 min, the sections were incubated for 2 h at RT with secondary antibodies (indicated in
Table S3). The cell nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI) for Neu
N/GFAP staining and Hoechst dye for Iba-1/GFAP labelling. Both solutions were diluted
in PBS (0.1 μg/mL) for 10 min. Finally, the sections were mounted in Flouromount-G with
a glass coverslip.

The fluorescence images were obtained in a Leica DMi8-CS inverted microscope
with Leica LAS X software, and the different z-stacks were merged and analysed with
Fiji software. We measured the mean fluorescence of the ventral horn of one lumbar
SC transversal section per animal (N = 3 per group) stained with Fluoro-Jade B and
obtained with 20× magnification. Images stained with Iba-1 and GFAP were obtained
with 40× magnification and analysed from five ventral horn fields per animal (from three
animals per group). We measured the fraction of the area occupied by the GFAP- and
Iba-1-positive cells.

2.8. Western Blot

Total protein was isolated from the organic phase of the TRIzol–chloroform from
lumbar SC and muscle [34] and quantified using a Bradford protein assay kit. The protein
expression was assessed by WB analysis according to the standard procedure in our labora-
tory [35]. Equivalent amounts of protein were separated on dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane for 1 h 30.
The membranes were blocked for 1 h with 5% non-fat milk in TBS-T (0.1% Tween-20),
followed by overnight incubation with primary antibodies (listed in Table S3) and gentle
agitation. Membranes were then washed 3 times, for 5 min, with TBS-T and incubated with

121



Biomedicines 2022, 10, 2120

secondary antibodies conjugated with horseradish peroxidase (listed in Table S3) for 1 h at
RT with mild agitation. Immunoreactive bands were detected after the incubation with
Western Bright™ Sirius (K-12043-D10, Advansta, Menlo Park, CA, USA) using an iBrightTM

FL1500 Imaging System. Bands were quantified using iBrightTM analysis software. Results
were normalized to the expression of β-actin and indicated as fold change.

2.9. Statistical Analysis

Non-parametric ANOVA (Kruskal–Wallis test) and unpaired and non-parametric
Mann–Whitney tests were used when the data showed non-normal distribution. Non-
continuous categorical variables were analysed using the chi-square (and Fisher’s exact)
test. For data with normal distribution (Shapiro–Wilk test p > 0.05), one-way ANOVA
was applied, followed by multiple-comparisons Bonferroni post hoc correction, as well
as unpaired and parametric Student’s t-tests. Welch’s t-test correction was applied when
variances were different between the two groups. Values of p < 0.05 were considered
statistically significant. Data were expressed as mean± SEM values, except for the non-
continuous categorical variables. Results were analysed using GraphPad Prism 8.0.1
(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. sEVs Administered by Intrathecal Injection in B6SJLF1/J Wild-Type (WT) Mice Are Identified
in Lumbar SC Slices after 8 and 72 h of Delivery in 12-Week-Old Animals

We previously demonstrated the upregulation of miR-124 in mSOD1 NSC-34 MNs
and its recapitulation by the sEV-free secretome and sEVs, which caused alterations in
the microglia phenotype once engulfed [11]. Increased miR-124 levels were also observed
in the SC of mSOD1 mice at the symptomatic stage [36]. Considering that the regulation
of miR-124 in MNs could have neuroprotective effects, we later demonstrated that the
secretome from anti-miR-124-treated mSOD1 MNs prevented microglia activation and SC
pathogenicity relative to the secretome from non-treated mSOD1 MNs [13]. Thus, in the
present study, we tested whether the injection of the preconditioned secretome could halt
or delay disease progression in an mSOD1 mouse model.

To gain an understanding of the permanence of the sEVs after being injected as
components of the secretome, we labelled the sEVs isolated from the secretome of WT
NSC-34 MNs with PKH67 fluorescent cell linker before their intrathecal injection in the 12-
week-old WT mice, as explained in Section 2.3 of the Materials and Methods. We assessed
their presence in the collected lumbar sections after short (8 h) and long (72 h) periods
of time.

We were able to identify sEVs (in green) after the intrathecal injection for both periods
of time (Figure 2A,B). To further assess their distribution among neurons and astrocytes,
we performed immunohistochemical staining for NeuN (Figure 2C) and GFAP (Figure 2D),
respectively, using DAPI for nuclei and PKH67 for sEV labelling. sEVs were identified in
both cell images at 72 h after injection, demonstrating that they could be disseminated by
the whole secretome and mediate lasting paracrine signalling with neural cells.

From here on we decided to use the whole secretome, and not only the injection of
sEVs, considering its advantages for ALS therapeutics. On the one hand, storing and
administering the secretome is easier than doing so for sEVs and facilitates their preserva-
tion. On the other hand, the secretome also contains additional bioactive molecules that
may increase its neuroprotective potential, as a consequence of the effects of anti-miR-124
on MN survival [13]. When considering ALS patients, this study may also open up new
possibilities regarding the manipulation and engineering of their cells toward the collection
of the secretome for autologous transplantation.
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Figure 2. Intrathecal injection of labelled small extracellular vesicles (sEVs) in 12-week-old wild-type
(WT) animals leads to their dissemination and interaction with nerve cells, as observed in the lumbar
spinal cord (SC) sections at 8 h and 72 h after administration. sEVs were isolated by differential
ultracentrifugation and labelled with PKH67 cell linker before injection in the WT mice, which
were sacrificed at 8 h and 72 h thereafter. (A,B) Representative images of transversal SC slices with
labelled sEVs (green) and respective insets at (A) 8 h and (B) 72 h post-injection. (C,D) Representative
images of PKH67-labelled sEVs distributed among (C) NeuN-stained cells and (D) GFAP-stained
cells from the lumbar SC of WT mice 72 h after injection. The nuclei were stained with DAPI (blue).
DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein; NeuN, hexaribonucleotide
binding protein 3.

3.2. Expression of miR-124 in the SC of mSOD1 Mice Is Downregulated after 3 Weeks of
Intrathecal Injection of Secretome from Anti-miR-124-Treated mSOD1 MNs

In our prior studies, we demonstrated that miR-124 levels in the secretome recapit-
ulate the levels observed in cells, either non-modulated or treated with its mimics and
inhibitors [9–11,13]. Here, we intended to test whether the intrathecal injection of the
secretome from anti-miR-124 mSOD1 MNs in pre-symptomatic mSOD1 mice was able to
reduce the miR-124 expression in the lumbar SC of ALS mice when assessed at 15 weeks
of age. This was important for inferring the potential beneficial effects that the approach
may have.

As depicted in Figure 3A and Supplementary Table S4, the expression of miR-124 was
found to be upregulated in the mSOD1 mice treated with the vehicle, as compared with the
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matched WT animals (p < 0.01). The injection of the secretome from anti-miR-124-treated
MNs, under the same conditions, was successful in downregulating the expression of
miR-124 (Figure 3B, p < 0.05 and Supplementary Table S4).

Figure 3. The secretome from mSOD1 MNs transfected with anti-miR-124 abolishes the upregulation
of miR-124 in the spinal cord (SC) of ALS mice after 3 weeks of intrathecal injection. Expression of
miRNA-124 in the lumbar SC of (A) SOD1-G93A (mSOD1) mice injected at 12 weeks of age with the
vehicle (basal media of NSC-34 motor neurons (MNs)) in comparison with the respective wild-type
(WT) animals, and (B) mSOD1 mice injected with the secretome derived from anti-miR-124-treated
mSOD1 MNs (mSOD1 + sec) in comparison with those injected only with the vehicle. The results
were obtained at 15 weeks of age and were normalized to SNORD110. Data are expressed as fold
change vs. (A) WT + vehicle and (B) mSOD1 + vehicle (mean ± SEM) from at least 5 animals per
group. ** p < 0.01 vs. WT + vehicle; # p < 0.05 vs. mSOD1 + vehicle, unpaired and parametric t-test
(with Welch’s correction when needed).

In the next sections, we will explore the efficacy of this novel strategy in inhibit-
ing the progression of the disease in mSOD1 mice from the early symptomatic stage to
the symptomatic stage by preventing motor disabilities, as well as neurodegeneration,
neuroinflammation, and demyelination.

3.3. Motor Disabilities in Transgenic Mice at the Early Symptomatic Stage of ALS Are Reversed by
Intrathecal Injection of Secretome from Anti-miR-124-Treated ALS MNs

As already mentioned, the downregulation of miR-124 in ALS MNs was shown to be
neuroprotective and to regulate neuroinflammation in in vitro and ex vivo experimental
ALS models [13]. However, this has never been tested in ALS in vivo models, such as
mSOD1 mice. We started by assessing the behavioural alterations in the mSOD1 mice at
the symptomatic stage (14-week-old mice), as the deterioration of motor performance at
this stage of the disease was previously observed in an ALS mice model [37–44].

As indicated in Figure 4, we observed a decrease in the stride length, the delay before
falling from the grid, and the number of times that the animal reared up and touched the
cylinder for the vehicle-treated transgenic mice, in comparison with matched WT animals
(Figure 4E–G, p < 0.05). These observations are associated with an abnormal gait quality,
muscle weakness, and less spontaneous vertical activity, respectively. In addition, a large
percentage of mSOD1 animals showed enhanced limb clasping (Figure 4H, p < 0.01 vs.
WT + vehicle) and grasping (Figure 4I, p < 0.0001 vs. WT + vehicle) reflexes, in accordance
with abnormalities in the corticospinal tract.

124



Biomedicines 2022, 10, 2120

Figure 4. Motor performance, muscular strength, spontaneous activity, and corticospinal function in
ALS mice are improved after 2 weeks of intrathecal injection of the secretome from anti-miR-124-treated
mSOD1 motor neurons (MNs). Representative illustrations of (A) footprint test, (B) hanging wire test,
(C) cylinder test, and (D) clasping/grasping reflexes test. Measurement of the (E) stride length (in
centimeters, cm), (F) time holding onto the cage grid (in seconds, s), (G) number of times the mice reared
up against the cylinder, and percentage (%) of animals showing the (H) clasping and (I) grasping reflexes
in wild-type (WT)/SOD1-G93A (mSOD1) mice injected with the vehicle (basal media of NSC-34 MNs)
and mSOD1 mice injected with the secretome derived from mSOD1 MNs modulated with anti-miR-124
(mSOD1 + sec). Data are expressed as mean ± SEM for (E–G) and percentage (%) for (H,I) from at least
5 animals per group. **** p < 0.0001, ** p < 0.01 and * p < 0.05 vs. WT + vehicle; #### p < 0.0001 and ## p
< 0.01 vs. mSOD1 + vehicle. One-way ANOVA followed by multiple-comparisons Bonferroni post hoc
correction was used for footprint and cylinder tests; unpaired and one-way non-parametric ANOVA
(Kruskal–Wallis test) was used for hanging wire test; chi-square (and Fisher’s exact) test was used for
clasping and grasping tests. Panels (A–D) were partially created with Biorender (Biorender.com).

The secretome from anti-miR-124-treated mSOD1 MNs was able to inhibit such impair-
ments. We noticed improvements in all the assessed behavioural tests (Figure 4E–G), though
only significant for the stride length, i.e., the distance from the heel print of one foot to the heel
print of the other foot during the walking test, evidencing the amelioration of the gait quality,
muscle strength, and spontaneous activity. Moreover, the reduction in the percentage of
animals with dystonic movements associated with clasping (Figure 4H, p < 0.0001 vs. mSOD1
+ vehicle) and grasping reflexes (Figure 4I, p < 0.01 vs. mSOD1 + vehicle) was similarly clear 2
weeks after the treatment with the secretome from anti-miR-124-treated mSOD1 MNs.
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3.4. Atrophy of Gastrocnemius Muscle in Early Symptomatic ALS Mice, as Well as Loss of Motor
Neuron Viability and Synaptic Dynamics, Are Reversed by Intrathecal Injection of the Secretome
from Anti-miR-124-mSOD1 MNs

Since we observed motor performance disabilities in the mSOD1 mice, a common
symptom of ALS caused by muscle weakness [45], already described in SOD1 models
of ALS [46], and their rescue by the intrathecal injection of the preconditioning secre-
tome, we next investigated gastrocnemius muscle fibers in the absence of and after treat-
ment using hematoxylin and eosin staining. The measurement of the cross-sectional
areas revealed thinner muscle fibers in the transgenic than in the WT mice (p < 0.0001
vs. WT + vehicle, Figure 5A,B). We additionally identified the decreased gene expres-
sion of hexaribonucleotide binding protein 3 (NeuN), presynaptic synaptophysin, and
postsynaptic density protein 95/PSD-95 (at least p < 0.05 vs. WT + vehicle, Figure 5C
and Supplementary Table S4), suggesting the existence of neuronal dysfunction and the
eventual compromise of neuromuscular transmission and muscle functionality.

Figure 5. Intrathecal injection of anti-miR-124-treated ALS MN-derived secretome in 12-week-old
mSOD1 mice prevents loss of muscle fiber area and the deregulation of genes that direct synaptic
proteins at 3 weeks after treatment. (A) Representative images of transversal sections of gastrocnemius
muscle from the wild-type (WT) and SOD1-G93A (mSOD1) mice injected with the vehicle (basal
media of NSC-34 motor neurons (MNs)), as well as mSOD1 mice injected with the secretome derived
from anti-miR-124-treated mSOD1 MNs (mSOD1 + sec), stained with hematoxylin–eosin. Scale bars:
50 μm. (B) Respective average muscle fiber area (in μm). (C) Gene expression of synaptophysin,
PSD-95, and NeuN from mSOD1 mice injected with the vehicle in comparison with the respective
WT mice, and (D) from mSOD1 mice injected with the secretome in comparison with those injected
with the vehicle. Results are mean (±SEM) for (B) and expressed as fold change vs. WT + vehicle for
(C) or fold change vs. mSOD1 + vehicle for (D). The images from three fields of the muscle per animal
(from three animals per group) were used for histological analysis and five animals per group for
RT-qPCR analysis. **** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05 vs. WT + vehicle; ## p < 0.01
and # p < 0.05 vs. mSOD1 + vehicle. One-way ANOVA followed by multiple-comparisons Bonferroni
post hoc correction was used for (B) and unpaired and parametric t-test with Welch’s correction for
(C,D). NeuN, hexaribonucleotide binding protein 3; PSD-95, postsynaptic density protein 95.
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Notably, 3 weeks after the intrathecal injection of the preconditioning secretome from
anti-miR-124 mSOD1 MNs in the ALS mice, we noticed the reversal of the skeletal muscle
atrophy (p < 0.01 vs. mSOD1 + vehicle, Figure 5A,B), as well as of neuronal demise
and deregulated synaptic activity (at least p < 0.05 vs. mSOD1 + vehicle, Figure 5D and
Supplementary Table S4).

The data highlighted the efficacy of the anti-miR-124 preconditioned secretome as a
promising therapy for skeletal muscle remodelling in ALS with potential to be translated
to patients.

3.5. Neurodegeneration in the Lumbar SC of Early-Symptomatic ALS Mice Is Prevented after
Injection of Secretome from Anti-miR-124-Treated mSOD1 MNs

In previous studies, we observed the existence of neurodegeneration in the SC of
mSOD1 mice [36] and that the downregulation of miR-124 restored mSOD1 MN viability
toward control levels by preventing early apoptosis [13]. Based on the above results, we
decided to explore the ability of the preconditioned secretome to prevent neurodegeneration
when injected in 12-week-old mSOD1 mice. For this, we collected the lumbar SC at
3 weeks after the intrathecal administration and stained the transversal sections with
Fluoro-Jade B. As expected, we found a higher fluorescence intensity in the SC from
mSOD1 mice at 15 weeks of age than in the matched WT animals (p < 0.01, Figure 6A,B),
demonstrating an increased number of degenerating neurons. In contrast, in the samples
obtained from the mSOD1 mice treated at 12 weeks of age with the secretome from anti-
miR-124-treated mSOD1 MNs, we noticed a decrease in Fluoro-Jade B-positive staining
relative to the vehicle-treated mSOD1 mice (p < 0.05, Figure 6A,B), demonstrating the
secretome’s preventive effect against neurodegeneration in the ALS animals.

Figure 6. Intrathecal injection of the secretome from anti-miR-124-modulated mSOD1 motor neurons
(MNs) in the lumbar spinal cord of mSOD1 mice at 12 weeks of age prevents age-associated neurode-
generation after 3 weeks of its administration. (A) Representative images of the ventral horn of the
lumbar section grey matter stained by Fluoro-Jade B fluorescence (square) from 15-week-old wild-
type (WT)/SOD1-G93A (mSOD1) mice injected with the vehicle (basal media of NSC-34 MNs) and
mSOD1 mice injected with the secretome derived from mSOD1 MNs modulated with anti-miR-124
(mSOD1 + sec); (B) the respective quantification of mean fluorescence. Scale bar: 100 μm. Data from
3 animals per group are expressed as fold change (mean ± SEM) vs. WT + vehicle. ** p < 0.01 vs.
WT + vehicle; # p < 0.05 vs. mSOD1 + vehicle, one-way ANOVA followed by multiple-comparisons
Bonferroni post hoc correction. MFI, mean fluorescence intensity.
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3.6. MN Loss and Dysfunction, as Well as Myelination Impairment, Are Averted in the Lumbar
SC of ALS Mice Injected with the Secretome from Anti-miR-124-Treated mSOD1 MNs

Given our results suggesting the neuroprotective potential of the secretome from
anti-miR-124-transfected mSOD1 MNs, we further explored the markers related to MN
functionality. As shown in Figure 7A and Supplementary Table S4, we first observed
the decreased gene expression of PSD-95, dynein, kinesin, and C-X3-C motif chemokine
ligand 1 (CX3CL1, fractalkine), which accompanied that of NeuN (at least p < 0.05 vs.
WT + vehicle) when assessed in the lumbar SC of the mSOD1 mice at 15-week-old. These
results revealed an impairment of the postsynaptic dynamics, retrograde/anterograde
axonal transport, and CX3CL1 that may have compromised paracrine signalling with the
microglia receptor CX3CR1. Neurodegeneration was further confirmed by the decrease in
the protein NeuN (p < 0.01 vs. WT + vehicle, Figure 7B and Supplementary Table S4). The
data indicated that the postsynaptic deregulation and neuronal loss at the gastrocnemius
muscle/neuromuscular junction was also present in the SC of the mSOD1 mice. It should
also be noted that despite the alterations in PSD-95, we did not detect changes in the gene
encoding for the presynaptic synaptophysin protein in the SC of the ALS animals.

Figure 7. Neuronal demise and deficits in synaptic signalling, axonal transport, CX3CL1-CX3CR1
axis, and myelination in the lumbar spinal cord (SC) of 15-week-old mSOD1 mice are prevented
by the intrathecal injection of the secretome from modulated mSOD1 motor neurons (MNs) in 12-
week-old animals. (A) Gene expression of neuronal-related NeuN, synaptophysin, PSD-95, dynein,
kinesin, and CX3CL1; (B) protein expression of NeuN; and (C) myelin-associated genes (MBP, PLP,
and GPR17) in the SC of 15-week-old SOD1-G93A (mSOD1) mice that were treated with the vehicle
(basal media of NSC-34 MNs) at 12-week-old, in comparison with the respective wild-type (WT)
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values. (D–F) Data from matched experiments realized in mSOD1 mice injected with the secretome
derived from anti-miR-124-treated mSOD1 MNs (mSOD1 + sec) in comparison to those treated with
the vehicle. (B,E) Representative results from one blot. The results were normalized to RPL-19 for
RT-qPCR and β-actin for western blot. Data are expressed as fold change vs. (A–C) WT + vehicle and
(D–F) mSOD1 + vehicle (mean ± SEM) from at least 5 animals per group. ** p < 0.01 and * p < 0.05 vs.
WT + vehicle; ## p < 0.01 and # p < 0.05 vs. mSOD1 + vehicle, unpaired and parametric t-test (with
Welch’s correction when needed). CX3CL1, C-X3-C motif chemokine ligand 1/fractalkine; GPR17,
G-protein-coupled receptor 17; MBP, myelin basic protein; NeuN, hexaribonucleotide-binding protein
3; PLP, myelin proteolipid protein; PSD-95, postsynaptic density protein 95; RPL19, 60S ribosomal
L19; RT-qPCR, reverse transcription quantitative real-time polymerase chain reaction.

Neuronal survival and axonal preservation depend on myelin integrity [47], an issue
that has scarcely been assessed in ALS patients and experimental models. Here, we assessed
the mRNA levels of the myelin basic protein (MBP) and the myelin proteolipid protein
(PLP), which were revealed to be downregulated in the symptomatic mSOD1 SCs (at least
p < 0.05 vs. WT + vehicle, Figure 7C and Supplementary Table S4). G protein-coupled
receptor 17 (GPR17) mRNA, an important regulator of oligodendrocyte precursor (OPC)
maturation, was previously found to be increased in mSOD1 mice [48]. We confirmed a
2.5-fold increase in its gene expression in these transgenic animals (p < 0.01).

The intrathecal injection of the preconditioned secretome exerted protective effects
against most of the observed impairments. In fact, we observed an upregulation of PSD-95
and NeuN (including the protein expression) (p < 0.05 vs. mSOD1 + vehicle, Figure 7D,E
and Supplementary Table S4), accompanied by an increase in MBP and PLP mRNA levels
(at least p < 0.05 vs. mSOD1 + vehicle, Figure 7F and Supplementary Table S4), highlighting
the benefits of the tested secretome-based strategy in avoiding demyelination.

These results call our attention to the efficacy of the conditioned secretome in halting
disease progression in early symptomatic mSOD1 mice.

3.7. Intrathecal Injection of the Secretome from Anti-miR-124-Treated mSOD1 MNs in 12-Week-
Old mSOD1 Mice Counteracts Lumbar SC Immune Deregulation at the Symptomatic Stage

Neuroinflammation is associated with ALS, and glial cell dysregulation is implicated
in the initiation/propagation of neurodegeneration [49,50]. Here, based on the promising
data obtained for neuronal function with the intrathecal injection of the preconditioned
secretome in 12-week-old mSOD1 mice, we wondered whether such beneficial effects
could be supported by the prevention of the homeostatic imbalance of microglia and
astrocyte activation.

Concerning the categorization of microglia immunoreactivity, we found the down-
regulation of arginase 1 in the mSOD1 SC 3 weeks after vehicle injection in the early
symptomatic mice (Figure 8A, p < 0.05 vs. WT + vehicle), known to exacerbate neuropatho-
logical and behavioural deficits [51], as well as the gene purinergic receptor p2y12/P2RY12
(p < 0.01 vs. WT + vehicle, Figure 8A and Supplementary Table S4), which may com-
promise microglial motility and migration [52]. In addition, we identified low levels of
TREM2 (p < 0.001 vs. WT + vehicle) and the milk fat globule epidermal growth factor
8 (MFG-E8) (p < 0.05 vs. WT + vehicle), which have been shown to compromise phagocytic
ability [3,53,54]. Notably, the significant changes observed in arginase 1 and MFG-E8
in mSOD1 SC + vehicle compared only with WT SC + vehicle were not observed when
comparing the three conditions together (Supplementary Table S4). The induced regulation
of microglial activation may have been determined by the upregulated levels of CX3CR1,
TMEM119, and TIMP2 (at least p < 0.05 vs. WT + vehicle), which have been shown to regu-
late neuroinflammation [55–57]. An inverted signature was obtained when we assessed
the SC parameters 3 weeks after the intrathecal injection of the preconditioned secretome,
namely those related to microglia phagocytosis (e.g., TREM2, p < 0.05 vs. mSOD1 + vehicle,
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Figure 8D and Supplementary Table S4) and arginase 1 (p < 0.05 vs. mSOD1 + vehicle),
which are associated with a reparative phenotype.

Figure 8. Intrathecal injection of the secretome from anti-miR-124-modulated mSOD1 motor neurons
(MNs) in the lumbar spinal cord (SC) of mSOD1 mice at 12-week-old prevents microglia activation,
astrocyte reactivity, TNF-α signalling, and inflammation associated with the symptomatic stage. Gene
expression of (A) microglia-associated markers (MFG-E8, TREM 2, P2RY12, TIMP2, arginase 1, and
CX3CR1); (B) astrocyte-related markers (Cx43, GFAP, and S100B); and (C) inflammatory-associated
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markers (iNOS, IL-1β, IL-10, and TNF-α) in the SC of SOD1-G93A (mSOD1) mice injected with the
vehicle (basal media of NSC-34 MNs) in comparison to those in wild-type (WT) animals; (D–F) after
the administration of the secretome derived from anti-miR-124-treated mSOD1 MNs (mSOD1 + sec)
as compared with mSOD1 mice treated with the vehicle. The results were normalized to RPL-19. Data
are expressed as fold change vs. (A–C) WT + vehicle and (D–F) mSOD1 + vehicle (mean ± SEM)
from at least 5 animals per group. *** p < 0.001, ** p < 0.01, and * p < 0.05 vs. WT + vehicle; ## p < 0.01
and # p < 0.05 vs. mSOD1 + vehicle, unpaired and parametric t-test (with Welch’s correction when
needed). CX3CR1, c-x3-c chemokine receptor 1; Cx43, connexin 43; GFAP, glial fibrillary acidic
protein; IL-10, interleukin 10; IL-1β, interleukin 1β; iNOS, inducible nitric oxide synthase; MFG-
E8, milk fat globule epidermal growth factor 8; P2RY12, purinergic receptor p2y12; RPL19, 60S
ribosomal L19; S100B, S100 calcium-binding protein B; TIMP2, tissue inhibitor of metalloproteinases
2; TMEM119, transmembrane protein 119; TNF-α, tumour necrosis factor alpha; TREM2, triggering
receptor expressed on myeloid cells 2.

Regarding the reactive profile of astrocytes, Figure 8B and Supplementary Table S4
show increased levels of GFAP (p < 0.05 vs. WT + vehicle, Figure 8B) and connexin-43/Cx43
(p < 0.001 vs. WT + vehicle, Figure 8B) in the lumbar SC of mSOD1 mice, pointing to the
existence of reactive astrocytes.

Interestingly, the preconditioned secretome led to a significant reduction in these
parameters (GFAP, p < 0.01 and Cx43, p < 0.05 vs. mSOD1 + vehicle). Note the non-
existence of alterations in the gene expression of S100 calcium-binding protein B (S100B) in
the absence or presence of the preconditioned secretome.

When we assessed the dysregulation of genes associated with inflammation, we
observed an imbalance with decreased iNOS and interleukin (IL)-10, together with elevated
levels of tumour necrosis α/TNF-α (at least p < 0.01 vs. WT + vehicle, Figure 8C and
Supplementary Table S4), while no changes were observed for IL-1β. The secretome
caused an elevation in IL-10 and iNOS (p < 0.05 vs. mSOD1 + vehicle), which may have
compensated for each other to reach a steady state. Overall, our results highlighted that the
preconditioned secretome regulated the lumbar SC immunoreactivity.

We also evaluated the microglial and astrocytic prevalence in the slices by assessing
the area stained for Iba-1 and GFAP, respectively. An increase in the area occupied by GFAP-
and Iba-1-positive cells was found in the mSOD1 SC (p < 0.01, Figure 9C,D, respectively)
in comparison to the matched WT samples. The expression of proteins as assessed by
WB analysis also indicated an elevation in GFAP and S100B (though not significant) and
vimentin and Iba-1 in mSOD1 SC, in comparison with the WT samples (Figure 9E,F;
p < 0.05 and Supplementary Table S4), corroborating the astrocyte reactivity and microglia
activation. Interestingly, the modulated secretome not only decreased the area occupied by
GFAP- and Iba-1-positive cells (at least p < 0.05 vs. mSOD1 + vehicle, Figure 9C,D), but also
the protein levels of GFAP, S100B, and Iba-1 (p < 0.05, Figure 9G,H) in comparison with
the SC from mSOD1 mice injected with the vehicle, supporting the immune remodelling
ability of the preconditioned secretome.

3.8. The Secretome from Anti-miR-124-Treated mSOD1 MNs Counteracts the Upregulation of
Inflamma-miRNAs in the Lumbar SC of mSOD1 Mice

Several miRNAs have been found to be dysregulated in ALS patients [58], as well
as in cortical brain and SC samples from mSOD1 mice [36,59], including miR-155, miR-
146a, miR-21, and miR-125b. Therefore, and based on the obtained data, we wondered
whether the preconditioned secretome would be able to control such miRNAs, considering
the reduction in anti-miR-124 levels observed in the SC of mSOD1 mice treated with the
preconditioned secretome (Figure 3).
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Figure 9. Intrathecal injection of the secretome from anti-miR-124-modulated mSOD1 motor neurons
(MNs) in the lumbar spinal cord (SC) of mSOD1 mice at 12-week-old counteracts the upregulation
of proteins linked to glia-driven immunoreactivity processes after 3 weeks of its administration.
(A) Representative image of a transversal SC slice stained with Iba-1 (microglia-associated marker)
and glial fibrillary acidic protein/GFAP (astrocyte-associated marker). (B) Representative images for
GFAP- (green) and Iba-1- (red) positive cells from the lumbar SC of WT and SOD1-G93A (mSOD1)
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mice injected with the vehicle (basal media of NSC-34 MNs) and mSOD1 mice injected with the
secretome derived from anti-miR-124-treated mSOD1 MNs (mSOD1 + sec). A zoomed-in image
of an Iba-1-positive cell is shown. Nuclei were stained with Hoechst (blue). Scale bar: (A) 300 μm
and (B) 30 μm. (C,D) Area fraction (in percentage, %) occupied by GFAP- and Iba-1-positive cells,
respectively. (E,G) Representative western blots (WB). (F,H) Data resulting from WB analysis of
reactive astrocytic markers (GFAP, S100B, and vimentin) and microglial Iba-1. β-actin was used as a
loading control for WB analysis. Results are mean (± SEM) for (C,D) and expressed as fold change
vs. WT + vehicle for (F) or fold change vs. mSOD1 + vehicle for (H). The images were analysed from
five ventral horn fields per animal (from three animals per group) for immunohistochemistry and
five animals per group for WB analysis. ** p < 0.01 and * p < 0.05 vs. WT + vehicle; ### p < 0.001, and
# p < 0.05 vs. mSOD1 + vehicle. One-way ANOVA followed by multiple-comparisons Bonferroni
post hoc correction was used for (C,D), and unpaired and parametric t-test with Welch’s correction
for (F,H). GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adaptor molecule 1;
S100B, S100 calcium-binding protein B.

Firstly, we were interested in confirming that such miRNAs were upregulated in the
mSOD1 mice treated with the vehicle at 12-week-old and analysed 3 weeks thereafter, the
design we used to test the potential therapeutic benefits of the intrathecal injection of the
preconditioned secretome from the anti-miR-124 treated mSOD1 MNs.

As expected, all the assayed miRNAs, except miR-125b, were found to be upregulated
in the SC tissue collected from the mSOD1 mice at 15-week-old, corresponding to the symp-
tomatic stage (Figure 10A, at least p < 0.05 vs. WT + vehicle and Supplementary Table S4).

Figure 10. Upregulation of inflammatory-associated miRNA observed in the lumbar spinal cord (SC)
of ALS mice is prevented by the secretome from the mSOD1 MNs engineered with anti-miR-124.
Expression of inflammatory-associated micro(mi)RNAs (miR-146, miR-155, miR-21, miR-124, and
miR-125b) in the SC of (A) SOD1-G93A (mSOD1) mice injected with the vehicle (basal media of
NSC-34 motor neurons (MNs)) in comparison with those in wild-type (WT) animals, and (B) mSOD1
mice injected with the secretome derived from anti-miR-124-treated mSOD1 MNs (mSOD1 + sec) in
comparison with those treated with the vehicle. The results were normalized to SNORD110. Data
are expressed as fold change vs. (A) WT + vehicle and (B) mSOD1 + vehicle (mean ± SEM) from at
least 5 animals per group. * p < 0.05 vs. WT + vehicle; ## p < 0.01 and # p < 0.05 vs. mSOD1 + vehicle,
unpaired and parametric t-test (with Welch’s correction when needed).

Interestingly, the preconditioned secretome was able to counteract the upregulation
of the 3 main inflamma-miRNAs (Figure 10B and Supplementary Table S4), i.e., miR-146a
(p < 0.05), miR-155 (p < 0.01), and miR-124 (p < 0.05), when compared with the mSOD1 mice
injected with the vehicle (Figure 10A), attesting to its regulatory potential in the prevention
of inflamma-miRNA deregulation.

In sum, our results highlight the therapeutic potential of the secretome from anti-
miR-124-modulated mSOD1 MNs in preventing motor disabilities, muscular atrophy,
MN degeneration/demise/dysfunctionality, glial reactivity, impaired phagocytosis, and
inflammatory imbalance. We hope to translate this therapeutic strategy to ALS patients,
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mainly to those with upregulated miR-124, to slow down disease progression and prolong
their lifetimes.

4. Discussion

In the present study, our main interest was to validate whether the benefits of reg-
ulating miR-124 in mSOD1 MNs using anti-miR-124 were translated to mSOD1 mice in
terms of preventing disease progression. We showed that upregulated levels of miR-124 in
mSOD1 MNs [11] were associated with neurodegeneration and that its secretome caused
glial activation, findings that were preserved when we transfected mSOD1 MNs with
anti-miR-124 [13].

miR-124 is the most abundant miRNA in the adult brain and has been described
as a regulator of microglia-mediated inflammation in neurological diseases [10,60]. It is
mainly expressed in neuronal cells, showing important functions in neuronal development,
differentiation, synaptic plasticity, and even in memory signalling molecules [61]. The
elevated expression of miR-124 in Alzheimer’s disease (AD) was shown to benefit the
neurite outgrowth, mitochondria activation, small Aβ oligomer reduction, and beta-site
amyloid precursor protein cleaving enzyme 1 (BACE1) in experimental models and pa-
tients [9,10,62]. However, in ALS, the upregulation of miR-124 in mSOD1 MNs was shown
to impair the neurite network, mitochondria dynamics, axonal transport, and synaptic
signalling [13]. Moreover, the secretome from these ALS MNs also revealed elevated levels
of miR-124 and induced pathological features in the SC organotypic cultures from early
symptomatic ALS mice [11,13]. The beneficial or harmful effects of miR-124 may then
depend on the cell type and the pathological condition.

miRNA mimics and inhibitors have been used to change the endogenous levels of
certain miRNAs and regulate cell function [63,64], as in the case of miR-124 [65,66]. The
overexpression of miR-124 was shown to act as a neuroprotective factor in Parkinson’s
disease [67,68] and in AD [62,69]. In human AD neuronal models with elevated levels
of miR-124, we have shown by using an miR-124 mimic and inhibitor that an increase
in miR-124 may be associated with mechanisms of defence and adaptation to the pathol-
ogy [9]. miR-124 elevation was also observed in neuron-derived sEVs, and modulation was
sensed in the cell secretome, recapitulating the intracellular levels. Interestingly, we also
demonstrated that miR-124 was carried in sEVs from the donor neurons into the recipient
microglial cells, leading to their reshaping and plasticity, with increased or decreased
activation caused by the inhibitor and mimic, respectively [10]. In contrast with these data,
our previous studies in mSOD1 MNs evidenced that when the miR-124 was restored to
normal levels by transfecting ALS MNs with the miR-124 inhibitor, the secretome became
neuroprotective [13]. Therefore, the beneficial or detrimental roles of miR-124 in AD and
ALS, respectively, might be related to the type of neurons (neurons vs. MNs), the tested
disease models, and the region of the central nervous system affected by the disorder.

Here, we tested the preconditioned secretome from anti-miR-124-treated mSOD1 MNs
for its ability to halt motor disabilities, MN demise, neuron/glia deregulation, and muscle
atrophy in mSOD1 mice. To achieve this, we performed an intrathecal injection of the
preconditioned secretome in the lumbar section of the SC of mSOD1 mice at the early
symptomatic stage (12-week-old) [70], and compared data with matched mSOD1 and WT
controls injected with the vehicle (differentiated NSC-34 cell media with 1% FBS depleted in
sEVs), as performed by others [25,26]. Such controls allowed us to evaluate the preventive
effects of the preconditioned secretome injection on the pathological findings of mSOD1
mice at the symptomatic stage and to compare them with the normal behavioural and
molecular status of the WT mice. By only injecting the vehicle, we were sure to not alter
the course of the disease in the transgenic mice and to not cause any alteration in the WT
animals, besides the eventual effect caused by the injection.

Cell secretomes are rich in soluble proteins and sEVs [71], which reach surround-
ing and distant cells and are engulfed by them [72]. sEVs and secretomes contain miR-
NAs [9–11,73] and therapeutic miRNA-enriched/depleted sEVs have emerged as novel
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therapeutics [17,74–76]. When administered in mice, the presence of sEVs/exosomes in
several organs, including in the SC, was observed several hours after injection, until 72 h
and disappearing at day 12 [25,30,77,78]. Since miR-124 elevation was observed in sEVs
isolated from the secretome of mSOD1 MNs [11] and the sEVs also reflected the miR-124
modulation [13], we were interested in determining how long the labelled sEVs could
be visualized in the SC, as we also had in mind their possible use in ALS therapeutics.
Indeed, studies involving the intrathecal injection of PKH26-labelled sEVs from stem cells
of different origins also identified their local distribution in the SC and their benefits in
promoting recovery from spinal cord injuries and the inhibition of inflammation [25,79].
We observed that sEVs injected into the intrathecal space and labelled with the green
probe PKH67 were visible in the SC at 8 and 72 h after administration, indicating that
their dissemination and interaction with neural cells lasted for at least 3 days. This finding
was important for inferring the benefits and lasting consequences of our preconditioned
secretome administered by intrathecal injection in early symptomatic mSOD1 mice.

In previous studies, we found upregulated miR-124 in the SC of mSOD1 mice [36],
which was also confirmed in the present study. Therefore, the next step was to validate
that the preconditioned secretome from anti-miR-124-treated mSOD1 MNs was effective
in regulating the expression of miR-124 toward normal values in the SC. In this study, we
showed that the preconditioned secretome re-established the levels of miR-124 exhibited
by the 15-week-old WT mice. The data were in conformity with our previous results
demonstrating that such a secretome regulated the miR-124 levels in SC organotypic slices
of mSOD1 mice [13]. This finding was important for us to proceed in our experimental
design toward the establishment of the preconditioned secretome as a novel and promising
therapeutic strategy for ALS.

Behavioural tests were performed on 14-week-old animals, and molecular assessments
of the SC were carried out after 15-week-old mouse sacrifice, which preceded the advanced
symptomatic stage that occurs at 16 weeks of age [70]. No approach for the modulation
of miR-124 in SOD1-G93A transgenic mice, the best characterized model [80], has been
performed before. The mice were phenotypically healthy until 80–90 days old, and then
hindlimb tremors and weakness began, progressing to hyperreflexia and paralysis and
culminating with death at around 120 days old [37,81]. Our results demonstrated that
14-week-old mSOD1 mice had several motor disabilities, including locomotor deficits
that caused shorter steps, as previously demonstrated by other authors [38–40]. They
also evidenced a lack of muscular strength, spending less time attached to the grid, as
reported before [39,42–44]. Most of the ALS mice also evidenced an increase in spasticity
by the retraction of the hindlimbs towards the abdomen and the closing of the fingers
in a grasp, corresponding to the clasping and grasping reflexes, respectively. These dis-
abilities associated with the corticospinal function might have been related to cerebellum
dysfunction [82,83] and were observed previously in mSOD1 [41] and TDP-43 mouse
models [84,85]. A less commonly used method, the cylinder test allowed us to evaluate the
spontaneous activity and sensorimotor function of the mice, as described in [32,86]. We
found significantly lower activity in the ALS mice compared to the WT mice, as demon-
strated by the reduction in the number of times they reared up [44]. The injection of the
preconditioned secretome prevented such motor disabilities from occurring, highlighting
the importance of regulating miR-124 levels to preserve not only the MN function, but
also the cell homeostasis in the SC [13] and, additionally, to maintain good coordination,
balance, and motor functionality in mSOD1 mice.

The motor symptoms observed in ALS mice were unequivocally associated with
muscular atrophy, the denervation of the neuromuscular junction, and the degeneration
of the MNs. We observed a reduction in the area of gastrocnemius muscle fibers, together
with MN loss and a lack of synaptic activity. Such a loss of muscle integrity is usually
a result of MN demise [37,87]. However, other evidence points to defects in the muscle
fibers that impair contractile function [46] and trigger MN degeneration [88]. These au-
thors demonstrated severe skeletal muscle atrophy and the initiation of neuromuscular
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junction detachment from the muscle fibers caused by the expression of mSOD1 within
skeletal muscle fibers. Moreover, Wong and Martin [88] showed that these mSOD1 mice
developed weakness and abnormalities in motor function after performing hanging wire
and clasping/grasping tests, corroborating our results. The loss of synaptic activity that
we observed in the muscle contributed to the disassembly of the neuromuscular synapse,
as previously demonstrated in ALS [89,90]. Again, the injection of the preconditioned
secretome counteracted such alterations in the muscle and reinforced the significance of
maintaining homeostatic miR-124 levels to support synaptic plasticity [91], as well as the
myogenesis process, since the overexpression of miR-124 was shown to suppress myogenic
differentiation [92].

We observed high levels of neurodegeneration and MN loss in the lumbar SC of
symptomatic ALS mice, as previously published [36]. To contribute for these patholog-
ical features, the reduced expression of PSD-95 marked the disruption of postsynaptic
signalling, as already described in mSOD1 mice [93] and evidenced in post mortem sam-
ples of ALS patients [94]. Thus, the retrograde and anterograde axonal transport systems
seemed to be affected in the mSOD1 SC, with the decreased expression of dynein and
kinesin, respectively. Such defects have been noticed in ALS mouse models and patients,
as reviewed in [95]. Furthermore, we and others identified in the mSOD1 mouse model a
reduction in kinesin-1 and dynein, together with significant spinal MN loss, reduced myelin
fibers, and muscle pathology [96]. The axis between the neuronal fractalkine (CX3CL1)
and its microglial receptor CX3CR1 is known to induce the production of soluble factors
implicated in neuronal survival and microglia phagocytosis, thus exerting neuroprotective
and immunoregulatory effects in mSOD1 mice [97]. Our results showed increased CX3CR1
but downregulated CX3CL1, as already described in [13,36], suggesting compromised
CX3CL1/CX3CR1 neuronal–microglial communication that contributes to the progression
of MN degeneration and pathophysiology in ALS [98].

Dysfunctional oligodendrocytes and myelin structures have been reported in the SC
of ALS mouse models and patients, as reviewed in [99]. In accordance with published
data [100], the reduced expression of MBP that we found in the SC of the ALS mice may have
been implicated in the dysfunction of newly differentiated oligodendrocytes. Upregulated
GPR17 levels additionally impact oligodendrocyte precursor cell (OPC) maturation due
to its regulatory role [48]. Though important for the transition from OPCs to immature
oligodendrocytes, GPR17 downregulation is mandatory to allow the maturation of OPCs,
a process that is impaired in ALS [48]. Studies have demonstrated that toxic aggregates
of SOD1 induce the demyelination of oligodendrocytes [101,102]. To compensate, OPCs
increase their proliferation rate and differentiate into new mature oligodendrocytes. From
this point of view, the upregulation of GPR17 is important for OPC maturation. However,
the abnormal upregulation of this receptor in the SC of mSOD1 mice at the symptomatic
stage precludes OPC terminal maturation [48]. For this reason, we suggest that upregulated
GRP17 restrains oligodendrocyte maturation, which is further supported by the decreased
gene levels of MBP and PLP that were observed. The preconditioned secretome from anti-
miR-124-treated mSOD1 MNs prevented neurodegeneration occurring from weeks 12 to
15 in the mSOD1 mice, very likely by sustaining MN viability through the inhibition of early
apoptosis [13]. Moreover, it also favoured postsynaptic signalling and myelin production,
showing broad neuroprotection. The restoration of homeostatic miR-124 levels is crucial
for optimal synaptic plasticity [91] and the prevention of demyelination [103]. Indeed,
increased levels of miR-124 were shown to be associated with hippocampal demyelination
and memory dysfunction, reinforcing the notion that its regulation is critical for the control
of myelin processes [103].

Microglia activation and astrocyte reactivity contribute to the dissemination of neu-
rodegeneration [49,50]. However, due to the glial cell heterogenous phenotypes, it has been
hard to define the roles of microglia and astrocytes in pathological processes. Thus, our
previous studies showed that several drivers of inflammation are upregulated in the SC of
mSOD1 mice at the symptomatic stage [36] and that there is an immune imbalance in the
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SCOCs of such mice [13,36]. The slightly decreased expression of MFG-E8, TREM2, and
P2RY12 indicated the decreased phagocytic ability of the microglial cells. Reduced MFG-E8
was identified in this model at both the pre-symptomatic and symptomatic stages [36],
and TREM2 was suggested to be important in ALS, but this has been scarcely explored [3].
Moreover, downregulated P2RY12 has also been associated with the loss of microglia’s
phagocytic abilities and cell migration [20]. Such results could be related to the upregulated
miR-155 that we observed, considering the interference with microglia phagocytosis [20].
It should be noted that the preconditioned secretome tends to counteract the fingerprint
of these parameters, indicating that they are characteristic of the symptomatic stage of
mSOD1 mice and can be prevented. Such an effect may be related to the induced reduction
we found for miR-155 together with the upregulation of arginase 1, supporting the exis-
tence of a more functional microglia after the intrathecal injection of the preconditioned
secretome. Reduced levels of arginase 1, as we identified in the mSOD1 mice, have been
shown to be linked to the existence of neuropathological mechanisms, neuroinflammation,
and behavioural deficits in an AD mouse model [51] and to dysfunctional microglia in the
SC of mSOD1 rats at disease end-stage [104]. The increased expression of Iba-1 microglia in
mSOD1 mice is also associated with an activated microglia, and was found in our previous
study [36]. Once more, the preconditioned secretome was effective in preventing such
alterations from occurring in the mSOD1 mice at 15 weeks of age, thus supporting a more
functional and reparative phenotype of microglia. Lately, the RNAseq analysis of microglia
isolated from the SC of mSOD1 mice showed the existence of several activated phenotypes.
A distinctive transcriptional signature, known as DAM, including the upregulation of
TREM2 and TIMP2 and the downregulation of P2RY12, CX3CR1, and TMEM119, was
identified [3,105,106]. The data we obtained for the dysregulation of P2RY12, CX3CR1,
TMEM119, and TIMP2 gene expression levels suggested the existence of activated mi-
croglia and neuroinflammation [55–57], though we cannot discard the possibility that if
evaluated for subtypes we could also identify the DAM microglia. However, with so
many descriptions of microglia phenotypes in different diseases and through single-cell
arrays, it was critical for us to investigate microglia functions instead of subtypes based
on the gene signature. In summary, we observed activated microglia in the mSOD1 mice
at the symptomatic stage with possible impairments in their phagocytic and migration
abilities, which we believe to favour neurodegeneration. Remarkably, the preconditioned
secretome was effective in preventing such pathological alterations in the microglia. When
injected into 12-week-old pre-symptomatic mice, the secretome was shown to delay disease
progression and sustain most of the markers associated with the neural cell steady state in
15-week-old animals.

We observed in a previous study that symptomatic mSOD1 mice also exhibited upreg-
ulated levels of miR-155 and miR-146a, alongside miR-124, in the SC, which are known to
contribute to neuroinflammation [36]. Furthermore, another miRNA that was shown to
regulate microglia activation and MN death in ALS was miR-125b [107]. Likewise, miR-21
was found to be upregulated in mSOD1 mice [108]. All of these, except for miR-125b,
were upregulated in the SC of the symptomatic mSOD1 mice. Again, the preconditioned
secretome prevented such dysregulation from occurring, clearly highlighting the anti-
inflammatory efficacy of its intrathecal administration in the ALS mouse model. Ongoing
studies are being performed with tricultures of spinal microglia, astrocytes, and MNs in
microfluidic devices to better explore the signalling mechanisms and gain of function by
the preconditioned secretome and miRNA-loaded sEVs, with relevant application to the
development of effective target-driven therapies [109,110]. Our results also supported
increased astrocyte reactivity and potential neurotoxic effects in the SC of mSOD1 mice,
based on the increased levels of GFAP, Cx43, S100B, and vimentin, in agreement with other
studies [35,36]. The preconditioned secretome completely averted the appearance of such
a pathological astrocyte phenotype, highlighting its immune remodelling ability, if we
also consider its preventive effects against TNF-α upregulation and IL-10 downregulation,
which are known as inflammatory markers [13,36].
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5. Conclusions

Overall, this study validated the therapeutic potential of the secretome derived from
anti-miR-124-treated mSOD1 MNs in the prevention of pathological neural cell signatures in
symptomatic mSOD1 mice and the subsequent dysregulation of the paracrine signalling im-
plicated in disease dissemination. From a single intrathecal injection of the preconditioned
secretome carrying basal levels of miR-124 at the early symptomatic stage of the mSOD1
mice, we were able to regulate miR-124 toward normal values. With such an approach, we
sustained anti-inflammatory/phagocytic microglia, MN function, myelination, astrocyte
neuroprotection, and immune regulation at 3 weeks after injection, i.e., at the symptomatic
stage wherein all these mechanisms turn pathological. Importantly, the secretome also
preserved synaptic signalling, functional skeletal muscle, and neuromuscular junction,
which translated to the preservation of motor coordination, balance, corticospinal func-
tion, and spontaneous behaviour in the symptomatic mSOD1 mice. Our preconditioned
secretome based on the strict regulation of miR-124 levels showed immunoregulatory and
potential neuroregenerative properties, opening a new avenue for developing a novel effec-
tive therapeutic strategy that can be translated into clinical applications in the future. To
achieve this, it will be crucial to stratify patients with upregulated levels of miR-124 based
on MNs differentiated from induced pluripotent stem cells (iPSCs) or neural precursor cells
generated from their somatic cells. In this sense, we propose the modulation of upregu-
lated miR-124 expression levels in such MNs to produce the preconditioned personalized
secretome. We can envisage, as was lately described for the secretome of iPSCs [19], that
our preconditioned secretome might be used as an autologous treatment in judiciously
selected patients to halt ALS pathogenicity or at least delay disease progression.
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Abstract: microRNA-22 (miR-22) is an oncogenic miRNA whose up-regulation promotes epithelial-
mesenchymal transition (EMT), tumor invasion, and metastasis in hormone-responsive breast cancer.
Here we show that miR-22 plays a key role in triple negative breast cancer (TNBC) by promoting
EMT and aggressiveness in 2D and 3D cell models and a mouse xenograft model of human TNBC,
respectively. Furthermore, we report that miR-22 inhibition using an LNA-modified antimiR-22 com-
pound is effective in reducing EMT both in vitro and in vivo. Importantly, pharmacologic inhibition
of miR-22 suppressed metastatic spread and markedly prolonged survival in mouse xenograft models
of metastatic TNBC highlighting the potential of miR-22 silencing as a new therapeutic strategy for
the treatment of TNBC.

Keywords: RNA medicine; microRNA; breast cancer

1. Introduction

Breast cancer is the most widely diagnosed cancer in women and is one of the leading
causes of cancer-related deaths after lung cancer [1–3]. Among the five different breast
cancer subtypes, triple negative breast cancer (TNBC) is the most aggressive and lethal
subtype [4]. TNBC is characterized by a very strong metastatic potential and its molecular
complexity make it particularly hard to treat making the developing for new therapeutic
options urgent to address the patient needs. Furthermore, the lack of receptor expression
in these subtypes renders them entirely insensitive to endocrine and targeted therapies
used for breast cancers [4–6]. At present, surgery and chemotherapy are the mainstay of
treatment for TNBC patients with a limited number of adjuvant regimens recommended by
the National Comprehensive Cancer Network [7]. When surgery with chemotherapy fails,
there are no endocrine or targeted therapies available [6]; thus, new treatment strategies for
TNBC are urgently needed.

microRNAs (miRNAs) are short non-coding RNAs of about 22 nucleotides in length
that function as key post-transcriptional regulators of gene expression by guiding the
RNA induced silencing complex (RISC) to partially complementary target sites located
predominantly in the 3′ untranslated regions (UTRs) of target mRNAs, resulting in transla-
tional repression and/or de-adenylation and degradation of the miRNA targets. Animal
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miRNAs have been implicated in the regulation of many biological processes, includ-
ing developmental timing, apoptosis, differentiation, cell proliferation, and metabolism.
Furthermore, miRNA dysregulation has been shown to be associated with a wide range
of human diseases, such as CNS disorders, cardiovascular and metabolic diseases, and
cancer, and thus, miRNAs have emerged as a new class of viable targets for miRNA-based
therapeutics [7–28]. Currently, two strategies are deployed to therapeutically manipulate
the activity of disease-associated miRNAs. The biological function of down-regulated
or lost miRNAs can be restored using either synthetic double-stranded miRNAs or viral
vector-based overexpression, whereas inhibition of overexpressed miRNAs can be achieved
using single-stranded, chemically modified antisense oligonucleotides (ASOs) [9,10] called
antimiRs. The use of oligonucleotides to manipulate miRNA levels has shown promise in
the treatment of a variety of human diseases ranging from inflammation and viral infections
to cancer and metabolism [11–14].

miR-22 is a 22-nucleotide-long microRNA encoded in the exon 2 of the miR-22 host
gene (MIR22HG), located on the short arm of Chromosome 17 (GRCh38.p14) in a mini-
mal loss of heterozygosity region. It is highly conserved across many vertebrate species,
including chimp, mouse, rat, dog, and horse. This level of conservation suggests functional
importance. We have previously shown that miR-22 functions as an oncogene increasing
the metastatic potential of breast cancer through its ability to regulate TET2 and the miR-200
family [15–17], thereby promoting a strong activation of epithelial-mesenchymal transition
(EMT) programs [16]. Specifically, we have previously shown that miR-22 contributes to
the metastatic potential of breast cancer in an MCF7 xenograft model and a transgenic
mouse model overexpressing miR-22 [15]. In the xenograft models, miR-22 overexpression
markedly increased the proliferative rate of MCF7 (Ki67+) cells, as well as their metastatic
potential to the lung, compared to MCF7 control tumors. Similarly, in transgenic mice engi-
neered to selectively overexpress miR-22 in mammary tissues, we observed a significant
decrease in disease-free survival rate resulting from mammary cancer and spontaneous
metastatic spread of the disease [15]. These findings prompted us to ask whether miR-22
plays a broader role in breast cancer. Here, we explore the role of miR-22 in TNBC and its
impact on EMT and metastatic spread in preclinical models of TNBC.

2. Methods

2.1. Cell Culture

MDA-MB-231 (ATCC, ATCC HTB-26) cells were either transduced with lentivirus
containing a plasmid designed to overexpress miR-22 and express RFP or a plasmid that
only expressed RFP. Cells were sorted based on the presence of RFP. RFP-positive cells
were collected and grown in high glucose DMEM (Thermo Fisher) containing 500 U/mL of
penicillin-streptomycin (Thermo Fisher) and 20 mM L-glutamine (Thermo Fisher).

2.2. Mammospheres Preparation

MDA-MB-2312 cells overexpressing miR-22 and empty vector cells were seeded at
a concentration of 4 × 103 cells/cm2 in Mammocult media (StemCell Technologies) con-
taining the Mammocult Proliferation Supplement (StemCell Technologies), 4 μg/mL hep-
arin (StemCell Technologies), 0.48 μg/mL hydrocortisone (StemCell Technologies), and
500 U/mL Penicillin-Streptomycin (Thermo Fisher). Mammospheres grew in this media for
16 days, and the medium was changed every 2 days. Mammospheres were given 5 μL/mL
doses of anti-miR-22 LNA, SCR-LNA for a final concentration of 500 nM, and VHL every
2 days when the medium was changed.

2.3. Synthesis of LNA Oligonucleotides

LNA oligonucleotides were obtained from Exiqon and resuspended in 0.9% NaCl to a
concentration of 1 mg/mL in a sterile environment, and filter sterilized using a 0.22 μm
vacuum filter.
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2.4. RNA Extraction and Purification

At specific time points, cells/mammospheres were spun down at 1200 RPM for 5 min.
The supernatant was aspirated; the cell/mammosphere pellet was resuspended in DPBS
(Thermo Fisher), and the resuspended cells were spun down at 1200 RPM. The DPBS was
aspirated, and 1 mL of TRIzol (Thermo Fisher) was used to lyse the pellet. The lysate
was processed using the PureLink RNA Mini Kit (Thermo Fisher) using the instructions
provided in the kit.

2.5. RT-qPCR

The purified RNA was subjected to Poly (A) tailing by using E. coli Poly (A) Polymerase
and rATP from New England BioLabs following the manufacturer’s instructions. Ten μL of the
poly (A) tailed-RNA was reverse-transcribed using the SuperScript™ IV First-Strand Synthesis
System (Thermo Fisher) following the manufacturer’s instructions. PowerUp™ SYBR™ Green
Master Mix (Thermo Fisher) was used in all qPCR reactions (Table 1).

Table 1. Primers for RT-qPCR.

Gene ID Fwd 5′-3′ Rev 5′-3′

CDH1 tgctcttccaggaacctctg gcggcattgtaggtgttc

CDH2 cctgaagccaaccttaactga tggagggatgacccagtct

SOX9 tacccgcacttgcacaac tctcgctctcgttcagaagtc

DSP aaagaaaatgctgcctactttca ggggtacttcttcctgatgga

TWIST gggccggagacctagatg tttccaagaaaatctttggcata

SNAIL gcgagctgcaggactctaat cggtggggttgaggatct

CD44 tgacacatattgcttcaatgctt tgggcaggtctgtgactg

CD24 atgggcagagcaatggtg ccagttgttgtttcactggaat

HUPO gcttcctggagggtgtcc ggactcgtttgtacccgttg

2.6. Protein Extraction and Quantification

RIPA buffer was prepared by adding 20 μL of 50× EDTA-Free protease inhibitor
cocktail (Sigma-Aldrich), and 100 μL PhosStop phosphatase inhibitor (Sigma-Aldrich) to
880 μL RIPA buffer (Boston Bioproducts). Mammospheres were pelleted using the same
procedure described in the “RNA Extraction and Purification” section, and RIPA buffer
plus protease and phosphatase inhibitor were used to resuspend and lyse the pellet. After
incubating the cell lysate on ice for 30 min, the lysate was spun at 15,000× g for 20 min;
supernatants were collected, and the pellet discarded. The protein in the supernatant was
quantified using the Bio-Rad Protein Assay Reagent and NanoDrop One© (Thermo Fisher).

2.7. Western Blot

3 to 5 μg of protein from each sample was loaded onto a 4–12% Bis-Tris NuPage
Gel (Thermo Fisher), and after separation was complete, transferred onto a nitrocellulose
membrane and immunoblotted for the proteins of interest.

2.8. Antibodies

The following antibodies were used from immunohistochemistry: anti-Ki67 (1:200,
MA5-14520) from Invitrogen, and anti-AXL (1:2000, ab219651) from Abcam. The secondary
antibodies used for immunohistochemistry staining were: Amersham ECL Mouse IgG
(NA931-1ML) and Amersham ECL Rabbit IgG (NA9340-1mL) antibodies were used (GE
Healthcare Life Sciences).
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2.9. Immunohistochemistry

Immunohistochemistry staining was performed on the lungs and livers of the xenografted
mice being studied. Slides were deparaffinized at 62 ◦C for 15 min, and then subjected to
washes of xylene, 100% ethanol, and 95% ethanol. Antigen retrieval was performed using
either a sodium citrate buffer or EDTA buffer based on the primary antibody being used,
followed by chemical blocking using 30% hydrogen peroxide (Sigma-Aldrich), serum blocking
with rabbit serum (MP Biomedicals), and an overnight incubation at 4 ◦C with the primary
antibody was completed. The following day, the slides were washed with DPBS (Thermo
Fisher), and then incubated in the secondary antibody at room temperature for 30 min. This
was followed by an incubation in the working solution from the Vectastain ABC-HRP kit from
Vector Labs for 30 min, diaminobenzidine (Sigma-Aldrich) staining, and counterstaining with
hematoxylin (Fisher Scientific).

2.10. Hematoxylin and Eosin Staining

H&E staining was performed on the same samples as above. Slides were deparaf-
finized using multiple washes of xylene, 100% ethanol, and 95% ethanol. Slides were
incubated in hematoxylin (Fisher Scientific), washed with 70% ethanol with 1% hydrochlo-
ric acid, followed by an incubation in eosin (Fisher Scientific). After final washes of 95%
and 100% ethanol, the slides were ready to have a coverslip.

2.11. Mice

Animal experiments were performed in accordance with the guidelines of Beth Israel
Deaconess Medical Center Institutional Animal Care and Use Committee. Nu/J mice were
obtained from the Jackson Laboratory, and 5 × 106 of MDA-MB-231 overexpressing miR-22
cells were injected into 30 mice via tail vein, while MDA-MB-231 empty vector cells were
injected into other 30 mice using the same delivery method. Tail vein injection was chose
as transplant method to better mimic the process of metastasis formation and have the cells
in the blood stream and to avoid forcing cell housing in a specific tissue of our choice. Each
mouse within the two cohorts was separated into one of three treatment groups, for a total
of 10 mice per experimental group, consisting of IP injections of either anti-miR-22 LNA,
SCR-LNA, or VHL, given at a dose of 10 mg/Kg. Mice within ±2.5 g of each other were
given the same dosage volume.

2.12. Statistical Analysis

All the statistical analysis on qPCR data, staining, and animals was performed with the
ANOVA tool (2-way ANOVA or 3-way ANOVA depending on the experiment) included
in the Prism Graph Pad 8. P-values are represented as non-significant (ns) for p > 0.1;
(*) for p < 0.03; (**) for p < 0.002; (***) for p < 0.0002 and (****) for p < 0.0001

2.13. Bioinformatic Analysis

The miRNA expression data from RNAseq (Illumina Hiseq) of samples with breast
invasive carcinoma were downloaded from TCGA on 2 May 2020, from “https://tcga.
xenahubs.net/download/TCGA.BRCA.sampleMap/miRNA_HiSeq_gene.gz”. Compre-
hensive metadata were downloaded from https://tcga.xenahubs.net/download/TCGA.
BRCA.sampleMap/miRNA_HiSeq_gene.json on 2 May 2020. Tumors with human epi-
dermal growth factor receptor (HER2) were defined as HER2-positive (HER2+). Tumors
that were HER2-negative (HER2-) but were positive for either estrogen receptor (ER) or
progesterone receptor (PR) were defined as hormone receptor positive (HR+). Tumors that
were negative for ER, PR, and HER2, were defined as triple-negative breast cancer (TNBC).
Kruskal–Wallis rank sum test was used to detect differences of miR-22-3p expression levels
across all breast cancer subtypes. For pair-wise comparisons, we used Wilcoxon rank sum
test with continuity correction (Mann–Whitney U test). Survival analysis was performed
using the Kaplan–Meier method. All analyses were done in R (version 3.6.1). Statistical

147



Biomedicines 2023, 11, 1470

analysis and graphing of all non-bioinformatical data were performed using GraphPad
Prism 8.4.2.

3. Results

Molecularly, TNBC and HER2+ breast cancers share many similarities as both are en-
riched in loss-of-function mutations in TP53, PTEN, and RB1. HER2+ breast cancers are
further characterized by ERBB2 amplification. These features result in a higher histological
grade and a more aggressive disease. In contrast, hormone-receptor positive (HR+) breast
cancers typically share a luminal transcriptional profile, which is often estrogen-dependent
and enriched in GATA3 mutations with lower mutation rates of TP53 [18]. In terms of progno-
sis and life expectancy, breast cancer is divided into four different stages, from I to IV, with
stage IV being characterized by metastatic spread and considered incurable as per today. The
vast majority of stage IV breast cancers are also TNBC [19]. Our in silico analyses suggest that
miR-22 levels are elevated in stage IV breast cancer (Figure 1A) and this observation further
prompted us to explore the role of miR-22 in this breast cancer subtype.

We first generated a cellular model from a human TNBC cell line, MDA-MB-231, in
which we stably overexpressed miR-22 (Figure 2A). To achieve miR-22 overexpression in
human TNBC cell lines, a plasmid containing an RFP reporter, designed to constitutively
express miR-22, was transduced into MDA-MB-231 cells (referred to as LV-RFP miR-22).
This line was compared to MDA-MB-231 cells transduced with an empty vector (referred
to as LV-RFP Empty) containing the same reporter. We then isolated RFP-positive cells
by sorting the top 10% of RFP-fluorescent cells. After cell recovery, equal numbers of
each cell type were seeded into 10 cm dishes to determine whether overexpression of
miR-22 resulted in increased proliferation compared to cells expressing basal levels of
miR-22. As shown in Figure 1B, cells overexpressing miR-22 displayed a significant increase
in the growth rate over control cells. Next, we asked whether miR-22 overexpression
affects EMT in cultured MDA-MB-231 cells. To this end, we extracted RNA from both
LV-RFP miR-22 and LV-RFP Empty cell lines and compared the expression levels of key
EMT-related genes and mesenchymal markers such as SNAIL1, CDH2 (N-Cadherin), and
TWIST1, as well as common epithelial structure markers such as DSP (Desmoplakin),
and CDH1 (E-Cadherin). As shown in Figure 1C, we observed a significant increase in
EMT-related genes and mesenchymal markers SNAIL1, TWIST1, and CDH2, as well as
a significant decrease in the epithelial structural markers DSP and CDH1, implying that
miR-22 impacts the EMT signature. To further assess the biological consequences of the
aforementioned molecular perturbations, we established 3D cultures of the LV-RFP miR-22
and LV-RFP Empty cell lines by seeding the cells in a specialized medium under conditions
(see Methods and Materials for details) that triggered the formation of mammospheres.
The experiment was designed to compare the size and number of LV-RFP miR-22 and
LV-RFP Empty mammospheres by seeding equal numbers of cells in ultra-low attachment
dishes containing the specialized medium mentioned above. As shown in Figure 1D,E and
Figure 2B, we observed a significant increase in the size and number of mammospheres in
LV-RFP miR-22- seeded dishes compared to LV-RFP Empty controls, confirming the ability
of miR-22 to confer stemness properties to human TNBC cells. To further corroborate the
relevance of miR-22 in triggering EMT, we extracted RNA from both LV-RFP miR-22 and
LV-RFP Empty cells and analyzed by qPCR the expression levels of the same key EMT-
related genes as well as the mesenchymal and epithelial related markers listed above. The
expression data demonstrate that the effect of miR-22 overexpression on EMT is maintained
in mammospheres (Figure 1F).
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Figure 1. Overexpression of miR-22 promotes EMT in a 2D model of TNBC. Bioinformatic analysis
of miR-22 expression levels at different stages of breast cancer (A). Overexpression of miR-22 causes
a significant increase in the growth rate of a 2D human TNBC in-vitro model (B). Overexpression
of miR-22 results in a significant upregulation of genes related to EMT, as well as downregulation
of genetic markers related to genes found in epithelial cells (C) Overexpression of miR-22 in a
3D model of TNBC causes a significant increase in the size and number of mammospheres (D,E).
Overexpression of miR-22 results in the significant increase in genes associated with mesenchymal
cells, and a significant decrease in genes associated with epithelial cells in a 3D human TNBC model
(F) [Statistical analysis are represented as (*) for p < 0.03; (**) for p < 0.002; (***) for p < 0.0002 and
(****) for p < 0.0001].

To investigate whether inhibition of miR-22 function could revert the EMT signature
and reduce stemness of cells in mammospheres, we seeded LV-RFP miR-22 cells or LV-
RFP Empty cells in specialized medium in the presence of an antimiR-22 oligonucleotide
(miR-22 LNA), VHL, or SCR-LNA control, respectively. As shown in Figure 3A–D, by day
8, inhibition of miR-22 reduced the size of mammospheres in both LV-RFP miR-22 and
LV-RFP Empty cells, while the total number of mammospheres was only reduced in the
LV-RFP Empty samples, probably due to the fact that the inhibition of miR-22 in a cell
line not overexpressing the miRNA has faster kinetics. As shown in Figure 4B through
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Figure 4E, by day 12, inhibition of miR-22 significantly slowed the growth and reduced the
numbers of both LV-RFP miR-22 and LV-RFP Empty mammospheres, implying that the
antimiR-22 treatment is effective at reducing the stemness of human TNBC cells exhibiting
either overexpression or basal levels of miR-22. Indeed, the effect of miR-22 inhibition in
mammosphere size could be easily observed under a brightfield microscope as shown in
Figure 4F,G. Next, we determined whether the antimiR-22 treatment could revert the genetic
signature of EMT in mammospheres. To this end, we obtained RNA from mammospheres
treated as shown in Figure 4A. As shown in Figure 4H,I, we observed a partial reversion
of EMT in human TNBC cells displaying basal levels of miR-22, and complete reversion
of EMT in human TNBC cells overexpressing miR-22. Given the positive findings shown
in Figure 1E, we decided to expand the panel of EMT genes. The data confirmed that
inhibition of miR-22 function can revert EMT in a relevant 3D model of human TNBC and
could represent a potential therapeutic strategy against the progression and metastatic
spread of TNBC.

 

Figure 2. Validation that designed plasmids can upregulate the expression of miR-22 (in the case of LV-
RFP miR-22) and maintain basal levels of miR-22 (in the case of LV-RFP Empty) (A). Brightfield images
of MDA-MB-231 cultured in mammosphere medium in which overexpression of miR-22 results in
an increase in the number and size of mammospheres (B). [Statistical analysis are represented as
(****) for p < 0.0001].
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Figure 3. The antimiR-22 treatment is effective at decreasing the size of both LV-RFP miR-22 and
LV-RFP Empty mammospheres by day 8, but is only able to significantly reduce the number of
LV-RFP Empty mammospheres (A–D). [Statistical analysis are represented as non-significant (ns) for
p > 0.1; (*) for p < 0.03 and (****) for p < 0.0001].

Finally, we investigated the effect of miR-22 overexpression on the metastatic po-
tential and overall survival of human TNBC xenografts. As shown in Figure 5A,B, mice
engrafted with human TNBC overexpressing miR-22 displayed a profound decrease in
overall survival. This was caused by a much-increased metastatic spread of tumors to
the lung and proliferation of the metastatic nodules as shown by H&E and IHC staining
(Figure 5B), indicating that miR-22 overexpression impacts TNBC progression and outcome.
We next assessed the in vivo efficacy of the antimiR-22 compound as shown in Figure 5C.
Experimental cohorts were treated with either VHL, SCR-LNA, or anti-miR-22 LNA once
weekly. Two weeks into the experiment, a postmortem census of both cohorts revealed
that pharmacologic inhibition of miR-22 suppressed the metastatic spread and growth of
tumors in both xenograft models as shown by H&E and IHC staining (Figure 5D,E). By the
end of the experiment, the antimiR-22 treatment had significantly extended survival in both
LV-RFP miR-22 and LV-RFP Empty mouse cohorts, as shown in Figure 5F,G. Collectively,
these findings suggest that antimiR-22-mediated inhibition of miR-22 may constitute a
promising therapeutic strategy for treatment of breast cancer of various molecular subtypes,
irrespective of miR-22 expression levels.
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Figure 4. Inhibition of miR-22 function in TNBC mammospheres. A schematic of the in vitro experi-
ments with the antimiR-22 oligonucleotide (A). Treatment of TNBC mammospheres with antimiR-22
significantly decreases the size and number of LV-RFP miR-22 and LV-RFP Empty mammospheres
(B–E). Visual representations of the effect of antimiR-22 treatment on LV-RFP miR-22 and LV-RFP Empty
mammospheres at days 8 and 12, respectively (F,G). Treatment with antimiR-22 LNA can partially
revert the EMT signature of LV-RFP Empty mammospheres, and completely revert the EMT signature
in LV-RFP miR-22 mammospheres (H,I). [Statistical analysis are represented as non-significant (ns) for
p > 0.1; (*) for p < 0.03; (**) for p < 0.002; (***) for p < 0.0002 and (****) for p < 0.0001].
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Figure 5. Therapeutic inhibition of miR-22 in TNBC xenograft mice. Mouse xenografts overex-
pressing miR-22 show a significant decrease in life expectancy compared to LV-RFP Empty xenografts,
as well as larger tumors as shown by H&E and IHC (A,B). The animals were separated into three
cohorts and treated with either vehicle (VHL), scramble control ASO (SCR), or the antimiR-22 com-
pound (C). After two weeks, a census was conducted on the mice, and H&E showed smaller tumor
sizes and a decrease in proliferation in the LV-RFP miR-22 and LV-RFP Empty xenograft cells treated
with the antimiR-22 compound compared to mice treated with SCR LNA (D,E). Treatment with
antimiR-22 resulted in a significant increase in the survival of LV-RFP miR-22 and LV-RFP Empty
mice compared to treatment with vehicle or scramble control-treated mice (F,G). [Statistical analysis
are represented as (*) for p < 0.03; (***) for p < 0.0002 and (****) for p < 0.0001].
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4. Discussion

Although diagnosis of breast cancer cases has risen over the past decade, death rates
have declined, suggesting that currently available therapeutics are effective in extending
the lives of those diagnosed. Indeed, data from the NIH SEER database suggest that women
diagnosed with local and regional breast cancers display 5-year survival rates of 99% and
86%, respectively [3,20]. However, once breast cancer progresses to present with distant
metastatic spread, the outlook changes drastically and the prognosis becomes poor. By
Stage III, breast cancer has spread to the lymph nodes surrounding the sternum, clavicles,
and axillae, and the overall 5-year survival rate falls to 72%. Once breast cancer progresses
to Stage IV and distant metastasis can be found in the lungs, liver, brain, and bones, the
overall 5-year survival rate drops to 22%; a clear indication that a great deal of work is still
to be done to make breast cancer fully curable [7,20–22].

Currently available treatments for TNBC are limited to standard chemotherapy, Poly
ADP Ribose Polymerase (PARP) inhibitors for tumors harboring BRCA1/2 mutations, and
PD-L1 checkpoint blockade for tumors with infiltrating lymphocytes, or tumors that are
PD-L1 positive. The development of novel therapeutic strategies is therefore critically
important to improve the survival rates of patients with breast cancer [23–25].

New promising therapeutic strategies have emerged over the past few years that focus
on targeting of non-coding RNAs such as miRNAs and long noncoding RNAs (lncRNAs).
For example, inhibition of the lncRNA MALAT1 triggered differentiation of breast cancer
in animal models, suppressing tumorigenesis [26]. In contrast, MALAT1 overexpression
was shown to repress the metastatic potential of TNBC cell lines and was proposed as a
strategy for a novel anti-metastatic therapy [27]. These opposing functions of MALAT1,
and potentially other ncRNAs, highlight the complexity of ncRNA biology. Hence, the
development of new therapeutic approaches based on miRNAs and lncRNAs requires
a deep understanding on the biological mechanisms of the targeted ncRNAs. We have
previously shown that miR-22 contributes to the metastatic potential of breast cancer in
an MCF7 xenograft model and a transgenic mouse model overexpressing miR-22 [15]. In
the xenograft models, miR-22 overexpression markedly increased the proliferative rate
of MCF7 (Ki67+) cells, as well their metastatic potential to the lung, compared to MCF7
control tumors. Similarly, in transgenic mice engineered to selectively overexpress miR-
22 in mammary tissues, we observed a significant decrease in disease-free survival rate
resulting from mammary cancer and spontaneous metastatic spread of the disease [15].
These findings prompted us to ask whether miR-22 plays a broader role in breast cancer.

The well-known interaction of miR-22 with TET2 and the subsequent effect on miR-200
family, suggests that miR-22 is a central player in EMT. Through EMT, cancer cells acquire
mesenchymal-like traits, and become more invasive, ultimately increasing their metastatic
potential. Furthermore, remodeling of the extracellular matrix (ECM) by secretion of proteases
allows tumor cells to move freely to their surroundings [28,29]. As tumor invasion progresses,
cancer cells intravasate into the lymphatic and circulatory systems, granting them access to
distant parts of the body and creating metastatic sites in various organs capable of sustaining
tumor cell growth [30]. Thus, it is tempting to speculate that blocking EMT would slow
the metastatic spread of cancer. We have previously demonstrated a correlation between
metastatic potential of cancer and lipogenic switch [31], and more recently we showed that
miR-22 acts as a positive master regulator of lipid metabolism and a key player in metabolic
control (Panella et al. submitted). These findings provide further evidence of the crucial role
of miR-22 in different and essential aspects of the metastatic process.

In conclusion, we demonstrated that overexpression of miR-22 triggers a more ag-
gressive and mesenchymal-like phenotype in a TNBC model compared to cells expressing
physiologic levels of miR-22. We observed a significant increase in the growth rate of the
miR-22-overexpressing TNBC cells, increased expression of notable mesenchymal genes, and
decreased expression of critical epithelial markers. Successful elucidation of the function of
miR-22 in cultured cells and in vivo offers hope for an important and greatly needed treatment
for TNBC. Interestingly, antimiR-22 treatment not only impacted the growth of TNBC cells
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overexpressing miR-22, but was also effective at slowing the growth of TNBC cells expressing
basal amounts of miR-22. This finding suggests that an antimiR-22-based therapy could be
effective in breast cancer patients irrespective of whether they overexpress miR-22 or exhibit
normal expression levels of this miRNA. Additionally, overexpression of miR-22 dramatically
reduced survival of TNBC xenograft mice. Given that the mature miR-22 sequence is 100%
conserved between mouse and man, our data in mouse models of TNBC are indicative that
an antimiR-22-based therapy could be further pursued in TNBC patients.
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Abstract: MicroRNAs (miRNAs) are small non-coding RNAs that directly bind to the 3’ untranslated
region (3’-UTR) of the target mRNAs to inhibit their expression. The miRNA-29s (miR-29s) are
suggested to be either tumor suppressors or oncogenic miRNAs that are strongly dysregulated in
various types of cancer. Their dysregulation alters the expression of their target genes, thereby
exerting influence on different cellular pathways including cell proliferation, apoptosis, migration,
and invasion, thereby contributing to carcinogenesis. In the present review, we aimed to provide an
overview of the current knowledge on the miR-29s biological network and its functions in cancer,
as well as its current and potential applications as a diagnostic and prognostic biomarker and/or a
therapeutic target in major types of human cancer.
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1. Introduction

MicroRNAs (miRNAs) are a class of small non-coding RNAs (ncRNAs) with ap-
proximately 18–24 nucleotides in length. The miRNAs control gene expression post-
transcriptionally by binding to the 3′-untranslated region (3′-UTR) of its targeted messenger
RNAs (mRNAs), resulting in mRNA cleavage or translation repression [1,2]. Noticeably,
miRNAs have been indicated to be involved in all cancer stages from tumor initiation to
metastasis [3], suggesting that miRNA could potentially be used as a diagnostic and/or
prognostic biomarker or a therapeutic target in cancer treatments [4]. Among dozens of
miRNAs that are abnormally expressed in cancer, miR-29s have been recognized as the
critical one that acts as both oncogenic and tumor-suppressor regulators in cancer [5].

The miR-29 family consists of two clusters namely miR-29a/miR-29b-1 and miR-
29c/miR-29b-2 located on chromosome 7q32.3 and 1q32.2, respectively [6]. Mature miR-29s
in humans, mice, and rats share a common seed region [7] that plays a role in determining
their target mRNAs. However, miR-29s exhibit differential expression and regulation
in various cases. The miR-29a is the most abundantly expressed at all stages of the cell
cycle; whereas, miR-29b exhibits low-level expression, rapid degradation, and becomes
stable during mitosis; and miR-29c is undetectable [8]. Pulse-chase experiments have
indicated that the miR-29a mimic has greater stability compared to miR-29b in Hela cells [9].
Besides, a deep sequencing miRNAs analysis revealed that miR-29s had distinct subcellular
distributions [10]. While miR-29a is more prevalent in the cytoplasm, miR-29b is mostly
localized in the nucleus [10]. The nuclear localization of miR-29b is mostly due to six
nucleotides (nts) localized at the end of its sequences [8] (Figure 1A). Additionally, miR-
29b-specific knock-out disrupts the tertiary structure of miRNA clusters and changes
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the sequence or structure of promoters, resulting in lower expression of miR-29a and
miR-29c [11]. These results indicated that miR-29s may function differently in different
conditions in both corporative and separate manner.

Figure 1. The miR-29 family members and their potential targets. (A) Mature sequences and
chromosomal locations of miR-29s. MiR-29a/miR-29b-1 cluster is located in chr7q32, whereas miR-
29b-2/miR-29c is in chr1q32. The mature miR-29s share a common seed region (agcacc) but are
different at the cytosine position in miR-29a and a nucleotide sequence at the end of miR-29b (aguguu)
which is known for nuclear localization. (B) The potential targets of miR-29s. The visualization is
based on miR-29s’ experimental targets of the miRNet platform (https://www.mirnet.ca, accessed
on 24 July 2022). Each dot represents a gene. The yellow dots indicate the target genes involved in
cancer pathways.

The miR-29s play an important role in a multitude of pathophysiological processes.
According to the miRNet database, 677 human genes have been identified as potential
targets of the hsa-miR-29 family (https://www.mirnet.ca; accessed on 27 November 2021),
and many of them are involved in cancer pathways (Figure 1B). Several studies have
revealed a strong antifibrotic property of miR-29s in multiple organs, such as heart [12],
liver [13], lung [14], and kidney [15]. Specifically, the miR-29s negatively regulated multiple
extracellular matrix (ECM) proteins [16–18], which are essential for matrix deposition,
epithelial-mesenchymal transition (EMT) [14], and the progression of fibrosis. Additionally,
dysregulated miR-29s were also identified in various conditions in liver fibrosis [13,19,20],
cardiovascular diseases [12,21], and hepatitis C virus infection [13,19,22]. Intravenous injec-
tion of miR-29 mimics may reduce collagen biosynthesis and reverse pulmonary fibrosis [23].

Moreover, the expression of the miR-29 family was reduced in various types of cancer,
suggesting their tumor-suppressing capacity as well as their potential role as a diagnostic

158



Biomedicines 2022, 10, 2121

and prognostic marker in these cancer types. Several studies have indicated that miR-
29s can negatively regulate DNA methyl transferase proteins (DNMT3A/3B) in the lung,
gastric, and liver cancer [24–26]. Additionally, miR-29s have also been found to sup-
press the expression of histone deacetylases (HDAC4) [27,28], thymine DNA glycosylase
(TDG), and ten-eleven translocation 1 (TET1) [29]. Furthermore, miR-29s could act as
pro-apoptotic, anti-proliferative, anti-metastatic/EMT, and immunomodulatory factors by
directly binding to 3′-UTR of the target genes such as myeloid cell leukemia 1 (MCL1) [30],
cyclin-dependent kinase 6 (CDK6) [31], cell division cycle 42 (CDC42) [32] and matrix met-
alloproteinase 2 (MMP2) [17] in human cancers. Therefore, miR-29-targeted interventions
can be used as a therapeutic approach to inhibit tumorigenesis and invasion in different
types of cancer. In contrast, miR-29s were also upregulated in several types of cancer. For
example, miR-29a was upregulated in colorectal cancer metastasis [33], breast cancer [34],
and in the urine of bladder cancer (BC) patients [35], while miR-29c-5p was significantly
increased in the advanced stage of BC serum samples [36]. These studies suggested an
oncogenic role of miR-29s and the potential link between the dysregulation of miR-29s and
the carcinogenesis in these cancer types.

In the current review, we summarize and discuss the function of miR-29s across human
cancers and the use of miR-29s as diagnostic, prognostic, and therapeutic biomarkers.

2. miR-29 Functions in Cancers

The miR-29s play a central role in the transcriptome networks, in which miR-29c was
the most frequently reported one for its function in regulation of transcription factors. It has
been reported that all three miR-29s were regulated by c-Myc, Yin and Yang 1 (YY1), and
CCAAT/enhancer-binding protein-α (CEBPA). Particularly, c-Myc suppressed miR-29s
transcription through a co-repressor complex with histone deacetylase 3 (HDAC3) and En-
hancer of zeste homolog 2 (EZH2); and combined inhibition of HDAC3 and EZH2 restored
miR-29s expression levels, which, in turn, caused lymphoma growth suppression [37].
Nuclear factor kappa B (NF-kB)-activated YY1 also inhibited miR-29s expression in myo-
genesis and rhabdomyosarcoma [38]. The CBEPA, on the other hand, selectively induced
the transcription of miR-29a/b-1, but not miR-29b-2/c [39]. In addition, miR-29s have also
been reported to be involved in the modulation of a set of transcription factors (Figure 2A),
including tumor suppressors and oncogenic genes that are involved in different cancer
biological pathways (Figure 2B).

The DNA methylation is a well-studied epigenetic gene silencing mechanism in
mammalian cells and organisms [40]. Promoter hypermethylation of a tumor suppressor
gene causes gene inactivation and thus may lead to cancer development. Numerous
tumor suppressor genes were hypermethylated in various human cancers, such as BRCA1
in early breast cancer, MLH1 (mutL homolog (1) gene in colorectal cancer (CRC), and
VHL (von Hippel–Lindau) gene in renal cell cancer [41]. The miR-29s directly suppress
DNA methyltransferase enzymes and two other DNA methylation proteins, Thymine
DNA Glycosylase (TDG) and Tet Methylcytosine Dioxygenase (TET1) [29,42]. According to
Morita and colleagues, miR-29s protect cells from tumorigenesis by maintaining the existing
DNA methylation profiles. In lung cancer, miR-29s induced silencing of DNMT3A/3B
by binding to their 3′-UTR, thereby promoting tumor growth [24]. In multiple myeloma,
miR-29b mimics reduced HDAC4 expression and myeloma cell migration, while increasing
histone H4 acetylation and apoptosis [28].

Cyclin-dependent kinases (CDKs) were known for their central roles in cell cycle
regulation. The CDK6 complexes promoted cancer cells to enter the S phase, thereby
enhancing cell proliferation and growth. Numerous studies have reported that miR-29s
suppressed the proliferation and invasion of cancer cells by inhibiting the expression
of CDK6 in different types of malignancies, including osteosarcoma [31], and gastric
carcinoma [43,44], and bladder cancer [45]. Additionally, miR-29s have also been shown to
arrest the cell cycle at G0/G1 phases in gliomas [32] and breast cancer [46], and the G1-S
phase in acute myeloid leukemia (AML) [47] by targeting cell division cycle 42 (CDC42) and
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cyclin D2 (CCND2), respectively; or to suppress tumor growth by repressing angiogenesis
genes such as vascular endothelial growth factor (VEGF) [48,49] and insulin-like growth
factor 1 (IGF-1) [50] in osteosarcoma and gastric cancer cells.

Figure 2. Roles of miR-29s in human cancers. (A) MiR-29s modulated different transcription factors.
The visualization is based on miR-29s in transcriptome networks of the TransmiR v2.0 platform
(cuilab/cn/transmir). The red dots represent has-mir-29a, -29b, and -29c from left to right, respectively,
while the blue dots represent different cancer-related transcription factors. (B) cancer-related miR-29s
targets. MiR-29s can act as both tumor suppressor and tumor inducer genes by contributing to
different cancer pathways such as cancer cell apoptosis, cancerogenic process, proliferation, fibrosis,
and metastasis.

The dysregulation of ECM remodeling proteins is a high-risk factor for cancer. Fibrosis
is a complex process involved in the deposition and reorganization of the matrix, leading
to the EMT and thus metastasis of cancer cells. Transforming growth factor beta (TGF-β)
receptor binding induced the phosphorylation of the downstream transcription factors
SMAD2/3 to stimulate fibrogenic gene expression, including COL1A1, COL1A2, and
COL3A1 [51]. The miR-29s have been reported to be significantly downregulated by TGF-
β/SMAD signaling in renal fibrosis [15,52]. Overexpression of miR-29s, however, can
inhibit the expression of TGF-β1 and SMAD through a feedback loop, thus protecting cells
from fibrosis development [53]. Besides, miR-29s also have negatively regulated other
ECM-related genes such as laminins, integrins, MMPs, and ADAMs, strongly indicating its
anti-fibrotic activity [16,17,54,55].

The miR-29s have also been linked to cancer metastasis, an indicator of poor prognosis.
It has been reported that the expression of miR-29s were induced in chemo drugs-treated
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gastric cancer and that increased expression of miR-29c suppressed gastric cancer cell
migration and invasion by negatively regulated δ-catenin [56]. Similarly, a strong downreg-
ulation of miR-29c has also been observed in pancreatic cancer, which was accompanied by
hyperactivation of Wingless-related integration site (Wnt) signaling pathways [57]. Over-
expression of miR-29c inhibited the Wnt/β-catenin signaling by down-regulating Wnt’s
upstream regulators, resulting in reduced invasion and metastasis in pancreatic cancer [57].
Membrane-bound mucin (MUC1), a stabilizer of β-catenin and Wnt/β-catenin signaling,
has also been identified to be inhibited by miR-29a [58]. Another group of metastasis-
induced proteins is the MMP family which has also been reported as a direct target of
miR-29s. Particularly, miR-29b negatively regulated MMP2/9 by binding to its 3′-UTR,
causing cell migration suppression in gastric cancer [17], or osteosarcoma cells [59].

Moreover, miR-29s induced apoptosis in cancer cells by negatively regulating anti-
apoptotic proteins such as MCL-1 [30], VDAC1/2 [60], and CDC42/p85 complex [61].
Specifically, miR-29s elevated p53 levels and promoted the p53-dependent apoptotic path-
way by directly suppressing two p53 inhibitors, p85 alpha and CDC42 [61]. Besides, by
inhibiting the expression of MCL-1, an anti-apoptotic protein, and VDAC1/2 that is essen-
tial for the release of cytochrome C from mitochondria to the cytoplasm, miR-29a promoted
apoptosis in cancer cells [30,60].

Lastly, some other studies have reported a contradictory role of miR-29s, which
functioned as an oncogene in several types of human cancers. In osteosarcoma, for instance,
miR-29s were shown to be an oncogenic factor where their downregulation resulted in
significantly reduced cell growth and colony formation of osteosarcoma MG-63 cells,
probably via miR-29/TGF-β1/PUMA (p53 upregulated modulator of apoptosis) axis [62].
Knockdown of PUMA in these cells, however, reversed miR-29s-induced cell growth
suppression and apoptosis [62], due to its ability to induce mitochondrial translocation of
Bax (Bcl-2 Associated X-protein) [63]. In addition, miR-29a was upregulated in estrogen
receptor-negative (ER-) breast cancer that was strongly associated with tumor metastasis
and shorter OS (overall survival) in patients with breast cancer [62]. The MiR-29a was
proposed as a tumor activator that induces cell proliferation and migration by targeting
and inhibiting TET1 [64]. Moreover, overexpression of miR-29s caused a reduction of
Phosphatase and Tensin-Like Protein (PTEN), a tumor suppressor, resulting in a restoration
of proliferation and migration in osteosarcoma cells [65]. In some cases, the functions of
miR-29s have not been identified [66], suggesting that miR-29s can function as either an
oncogene or a tumor suppressor depending on specific cellular contexts.

3. MiR-29s as Biomarkers

The miR-29s have been repeatedly reported for their abnormal expression across
human cancers, suggesting their roles in cancer initiation and progression as well as their
potential to be used as diagnostic and/or prognostic biomarkers in cancers. In this part, we
summarized the potential use of miR-29s as biomarkers in major types of human cancer.

3.1. MiR-29s as Biomarkers in Colorectal Cancer

Integrative bioinformatics analysis has revealed the biological functions of the miR-29
family in CRC (colorectal cancer) occurrence and development [67]. Accordingly, pathway
enrichment analysis indicated that the miR-29s-targeted genes were associated with the PI3K-
AKT signaling pathway, p53-mediated apoptosis, cell cycle, FOXO (forkhead box transcription
factors) signaling pathway, and miRNAs in cancer (Figure 3). Thus, miR-29s have been previ-
ously proposed to be used as potential biomarkers for CRC diagnosis and prognosis [68–72].
The testing samples ranged from serum, plasma, feces, and tissues were used to measure
the levels of miR-29s in CRC. For quantitative measurement of the diagnosis accuracy, each
study has calculated the area under the curve (AUC) of summary receiver operating char-
acteristic (ROC), sensitivity, and specificity, which are listed in Table 1. Recently, a systemic
meta-analysis based on a hundred single studies revealed that it was valuable to use miR-29s
expression alone or in combination with other biomarkers to diagnose or prognoses CRC. Us-
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ing the miR-29s alone method, however, had lower accuracy than combination methods, with
AUC, sensitivity, and specificity of 0.82, 70%, 81%, and 0.86, 78%, and 91%, respectively [67].
The expression of miR-29s was mostly downregulated in CRC in all stages and higher in CRC
patients with metastasis as compared to those without. In addition, CRC patients with higher
miR-29s expression levels exhibited to have better survival outcomes with lower recurrence
and metastasis rates [67]. Together, these results suggested the significant role of miR-29s as
diagnostic and prognostic biomarkers in CRC.

Figure 3. Potential functions of miR-29s in PI3K/AKT signaling pathways. MiR-29s directly inhibit the
transcription of various PI3K/AKT downstream factors, resulting in the suppression of cell proliferation,
angiogenesis, cell migration, and metastasis, while causing induction of cancer cell apoptosis.

Table 1. The potential use of miR-29s as biomarkers in colorectal cancer.

Sample Sample Size Outcome Results Ref.

Venous blood
114 CRC patients (58 patients
with and 56 patients without

metastasis)

MiR-29a was significantly increased in CRC
patients with metastasis than in those without.

AUC: 80.3%
Sensitivity: 75%
Specificity: 75%

[73]

Serum 55 CRC patients and
55 normal controls

The serum level of miR-29b was lower in CRC as
compared to the normal controls and inversely

correlated with the advanced tumor stages.

AUC: 87%
Sensitivity: 77%
Specificity: 75%

[68]

Tissue
Plasma

200 CRC patients and
400 normal controls

The level of miR-29b in plasma and tissue was
highly correlated and significantly lower in CRC

versus the normal controls.

Tissue:
AUC: 88.3%

Sensitivity: 81.6%
Specificity: 84.9%

Plasma:
AUC: 74.3%

Sensitivity: 61.4%
Specificity: 72.5%

[69]
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Table 1. Cont.

Sample Sample Size Outcome Results Ref.

Feces 80 CRC patients and
51 normal controls

The level of miR-29a in feces was significantly
lower in CRC versus the normal controls.

AUC: 77.7%
Sensitivity: 85%
Specificity: 61%

[71]

Serum 160 colorectal neoplasms
patients and 77 normal controls

The level of miR-29a in serum was significantly
lower in colorectal neoplasms AUC: 74.1% [70]

Tissues
245 CRC patients (34 stages I,
63 stages II, 104 stage III, and

44 stages IV)

MiR-29b expression was significantly decreased
in tumor versus normal tissues

Higher miR-29b is associated with
higher 5-year DFS and OS. [74]

Tissues 110 CRC patients (51 stages I
and 59 stages II)

The level of miR-29a was a positive predictive
factor for non-recurrence in stage II CRC.

Higher miR-29a is associated with
longer DFS.

Sensitivity: 67%
Specificity: 88%

[75]

CRC: colorectal cancer; AUC: area under the curve; OS: overall survival; DFS: disease-free survival.

3.2. miR-29s as Biomarkers in Bladder Cancer

Several studies have suggested that urinary miRNAs could be used as potential
biomarkers for the noninvasive diagnosis of BC [35,36,76]. Noticeably, the expression of the
miR-29 family members was largely varied in BC. For example, miR-29c was significantly
increased in the advanced stage of BC serum samples [36]; and miR-29a was up-regulated
in urine samples of BC patients [35]. Additionally, after tumor removal, the level of miR-29a
in urine samples was significantly decreased, suggesting a correlation between the level
of miR-29a in urine and bladder tumor status [35]. Similarly, another study revealed that
miR-29b-1 and miR-29c were upregulated in BC T24 cells as compared to normal cells; and
knockdown of one of the two miR-29b-1/-29c caused growth suppression in T24 cells [77].
These data indicated the oncogenic role of miR-29s in this type of cancer.

The miR-29c, however, was significantly downregulated in BC samples [45,78–80].
Overexpression of miR-29c caused inhibition of cell growth, cell cycle, and cell mobility
while induction of apoptosis in T24 cells [45,78]. Additionally, BC cells exposed to exosome-
derived miR-29c are more likely to undergo apoptosis, which is achieved by inhibiting
BCL-2 and MCL-1 [81]. These contradictory investigations on the roles of miR-29s in
BC suggested their importance in biological pathways and their potential to be used as
biomarkers for this type of cancer (Table 2). However, identifying whether they function
as tumor suppressors or oncogenes in a typical condition of BC is necessary for better
understanding their mechanism of action as well as their future applications in prognosis
and diagnosis.

Table 2. miR-29s as biomarkers in bladder cancer.

Sample Sample Size & Methods Outcomes Results Ref.

Serum
- 392 BC samples and

100 normal controls
- Bioinformatic analysis

MiR-29c was overexpressed in serum samples
MiR-29c was correlated to the

advanced stage and OS time in
BC patients.

[36]

Urine
- 276 BC samples:

276 normal controls
- MiSeq and qRT-PCR

MiR-29a was upregulated in BC patients.

MiR-29a-3p in combination with
six other miRNAs was used for

the diagnosis of BC.
AUC: 92.3%

Sensitivity: 82%
Specificity: 96%

[35]

Tissue
- 30 BC samples and

30 normal controls
- qRT-PCR

MiR-29c was downregulated in BC.
MiR-29c inhibited cell proliferation,

migration, and cell cycle progression, and
induce apoptosis through AKT signaling.

MiR-29c was inversely associated
with bladder tumor stages. [78]
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Table 2. Cont.

Sample Sample Size & Methods Outcomes Results Ref.

Tissue

- 106 BC samples and
11 normal samples.

- Spotted locked nucleic acid-base
oligonucleotide microarrays

MiR-29b and miR-29c were downregulated in
BC tumors

Higher miR-29c levels were
correlated with longer DFS. [79]

Specimen
- 108 bladder carcinomas and

29 carcinomas invading the bladder
- Microarrays

MiR-29c was significantly under-expressed in
progressed tumors.

High expression of miR-29c was
associated with a better prognosis. [80]

BC: bladder cancer; qRT-PCR: quantitative real-time PCR; AUC: area under the curve; OS: overall survival; DFS:
disease-free survival.

3.3. miR-29s as Biomarkers in Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the most common cancer in the liver, with a high
incidence and mortality rate [82]. The treatment strategy for HCC patients commonly
depends on the tumor stage, but curative options are only available for patients with
early stages of HCC [83]. Due to the limitation in early diagnosis, one-third of HCC
patients cannot receive the appropriate therapy, and another one-third of those experience
therapeutic delay, leading to significantly lower OS in HCC patients [84]. This fact suggests
an urgent need for novel biomarkers for early and effective diagnosis and prognosis of
HCC. As a tumor suppressor, miR-29s have been considered a potential diagnostic and
prognostic biomarker for HCC (Table 3). The RNA from different sources such as serum
and frozen tissues have been extracted and quantitatively measured by using the qRT-PCR
method. Among miR-29 family members, miR-29a exhibited major functions in the liver as
well as HCC tissues [85]. The miR-29a was significantly lower expressed in HCC tissues
as compared to the controls and overexpression of miR-29a suppressed HCC cell growth
by inhibiting the SPARC (Secreted protein acidic, rich in cysteine)-AKT pathway [85]. In
hepatocytes, overexpression of miR-29a inhibited PTEN expression, leading to activation
of the PI3K/AKT pathway that eventually induced cell migration [86]. The miRNA profile
analysis of exosomes isolated from fast- and slow-migrated HCC patient-derived cells
(PDCs) revealed a set of differentially expressed miRNAs that were further validated in
HCC samples. The results showed a significant downregulation of miR-29b-3p gene in fast-
growing PDCs as compared to slow-growing cells, suggesting its role as in metastasis and
OS. Consequently, this cluster of miRNAs may serve as a biomarker for the proliferation
of HCC cells [87]. Additionally, there is a statistically significant difference in the levels
of miR-29c expression in HCC-derived exosomes amongst HCC, hepatitis B virus (HBV)
infection, and cirrhosis patients [88]. It was indicated that TLR3 (Toll-like receptor 3)
activated macrophages produced exosomes containing miRNA-29s that were proved to
be able to prevent hepatitis C virus (HCV) replication in HCC cell line, suggesting the
potential use of exosomes comprising miR-29 family members as a therapy to control
HCV replication in infected hepatocytes [89]. Additionally, one other study reported that
higher expression of miR-29a-3p was associated with a poorer prognosis, shorter OS, and
disease-free survival (DFS) in HCC patients [90].
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Table 3. MiR-29s as biomarkers in hepatocellular carcinoma.

Sample
Sample

Size & Methods
Outcome Results Refs

Serum
- 58 NAFLD and 34 normal control
- qRT-PCR

MiR-29a: lower in NAFLD patient
MiR-29c: unchanged

MiR-29b: undetectable

For miR-29a:
AUC: 0.679

Sensitivity: 60.87%
Specificity: 82.35%

[91]

Tissue
- 266 HCC
- Taqman Low-Density Arrays

qRT-PCR
MiR-29a-5p was associated with early
HCC recurrence, resulting in lower OS

AUC: 0.708
Sensitivity: 74.2%
Specificity: 68.2%

[92]

Venous
blood

- 174 HCC
- qRT-PCR

MiR-29a-3p was higher in both early and
late stages of HCC

AUC: 0.71
(95%CI = 0.62–0.78) [90]

Tissue
- 55 HCC and 55 normal control
- qRT-PCR

MiR-29a was downregulated in HCC
samples

MiR-29a targeted SIRT1 and suppressed
the HCC cell cycle and proliferation.

Lower miR-29a is associated with
higher tumor size, vascular

invasion, poor DFS
[93]

Specimen
- 110 HCC
- qRT-PCR

MiR-29a was dramatically decreased in
HCC tissues

miR-29a targeted to SPARC,
downstream of AKT/mTOR to

suppress cell growth.
[94]

HCC: hepatocellular carcinoma; NAFLD: Non-alcoholic fatty liver disease; AUC: area under the curve, qRT-PCR:
quantitative real-time PCR; OS: overall survival; DFS: disease-free survival.

3.4. miR-29s as Biomarkers in Pancreatic Cancer

The miR-29a has been validated to be upregulated in tissue samples from patients
with pancreatic ductal adenocarcinoma (PDAC) and was considered a potential diagnostic
biomarker for this type of cancer [95]. A recent study comparing 38 patients with PDAC and
11 controls revealed that miR-29c-3p was typically downregulated in PDAC as compared
to both normal pancreatic tissues and chronic pancreatitis [96]. Similarly, a study that
employed high throughput screen figured out 42 candidate miRNAs that were significantly
different between pancreatic cancer (PC) and healthy group, and, the miR-29b was noted to
be downregulated 2.1 folds in PC samples [97]. Even though the fold-change and significant
level of miR-29s were not high enough in both studies, miR-29s were not tested in the
validated group and their role as crucial biomarkers in PC has not been confirmed. In
one study, Humeau et al. used qRT-PCR to examine the change of 90 miRNAs in PC and
identified four significant candidate miRNAs in saliva samples, including miR-29c [98].
However, the sample size (4 controls, 4 pancreatitis, and 7 PC samples) of the study
was relatively small, making its finding of miR-29 as a biomarker for PC remains to be
further confirmed.

Chemotherapy plays a significant role in the treatment of PC. Gemcitabine (GEM),
an inhibitor of DNA synthesis and ribonucleotide reductase, has become a gold standard
chemotherapeutic agent for PC [99,100]. Molecularly, miRNA-29a is involved in a PC cell’s
response to GEM by regulating the Wnt/β-catenin signaling pathway [101,102]. Wnt3a, an
important ligand of the Wnt/β-catenin signaling pathway, has been shown to induce GEM-
resistance in PC cells, probably by activating Wnt/β-catenin signaling in these cells [102].
Additionally, miR-29a was detected to be upregulated in PC tissues and cell lines, and its
expression level was positively associated with metastasis [103]. Induced expression of
miR-29a caused downregulation of tristetraprolin (TTP), thereby elevating the expression
of pro-inflammatory factors and EMT markers. Ectopic overexpression of TTP decreased
tumor growth and migration in vivo [103].

3.5. miR-29s as Diagnostic Biomarkers in Lung Cancer

Histologically, lung cancer is comprised of 85% of non-small-cell lung cancer (NSCLC)
and 15% are small-cell lung cancer (SCLC) [104]. Despite recent advances in diagnosis,
late diagnosis is still the main reason for poor prognosis and outcomes in lung cancer.
It has been noted that miR-29c was overexpressed in the serum of NSCLC patients as
compared to the normal controls [105,106]. Similarly, miR-29a was also found to be up-
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regulated in peripheral blood of lung cancer patients as compared to the healthy control
individuals [107]. These findings suggested that miR-29a and miR-29c could be used as
potential diagnostic biomarkers for lung cancer. Additionally, Liu et al. reported that
miR-29a was strongly downregulated in lung cancer tissues as compared to paired normal
tissues and that induced expression of miR-29a suppressed cell proliferation and colony
formation of lung cancer cells by targeting and negatively regulating the expression of
NRAS (neuroblastoma ras viral oncogene homolog) oncogene. The study has also revealed
that miR-29a increased the sensitivity of lung cancer cells to cisplatin treatment and that a
combination of miR-29a and cisplatin-induced apoptosis in lung cancer cells, suggesting
the potential role of miR-29a as a prognostic biomarker for lung cancer [108]. Recently, it
was indicated that NSCLC generated exosomes that contain miR-29a. This miRNA can
attach to TLRs in immune cells and elicit protumoral inflammation, hence increasing tumor
growth and metastasis [109].

Lung adenocarcinoma (LAC) is a highly aggressive tumor though little is known
about its underlying molecular mechanisms. Liu et al. discovered that downregulation of
miR-29c was strongly correlated with unfavorable prognosis in stage IIIA LAC patients.
The MiR-29c suppressed cell growth, migration, and invasion in human LAC cell lines by
directly targeting vascular endothelial growth factor A (VEGFA) [110]. Therefore, miR-29c
has been concluded as a tumor suppressor and may be considered a promising prognostic
and therapeutic biomarker for LAC [110].

3.6. miR-29s as Biomarkers in Leukemia and Lymphoma

Serum miRNAs have been suggested as promising biomarkers for diffuse large
B cell lymphoma [111]. Notably, miR-29a and miR-142-3p have been identified to be
consistently under-expressed in AML and may act cooperatively in granulopoiesis and
monopoiesis [112]. Therefore, dual evaluation of miR-29a and miR-142-3p is more effective
for the diagnosis of AML. Additionally, downregulation of miR-29c was identified as a
signature for chronic lymphocytic leukemia (CLL) [113], which was greatly correlated
with disease progression in CLL patients harboring the 17p deletion [113]. Moreover,
miR-29a was significantly downregulated in the bone marrow of pediatric AML patients
as compared to the normal controls. The low expression of miR-29a was strongly corre-
lated with shorter relapse-free and OS in these patients [114]. The study suggested that
downregulation of miR-29a may be used as a prognostic marker in pediatric AML.

3.7. miR-29s as Biomarkers in Kidney Cancer

The miR-29s regulate genes that are closely related to the molecular pathogenesis of
renal cell carcinoma (RCC). Serpin family H member 1 (SERPINH1), a direct target of miR-
29, was noted to be overexpressed in RCC clinical samples and tyrosine kinase inhibitor
failure autopsy specimens. Overexpression of SERPINH1 was significantly associated with
advanced tumor stage, pathological grade, and poor prognosis, mostly due to its ability
to induce cancer cell migration and invasion [115]. In addition, it was supported with
evidence that miR-29b acted as an oncomiR and could be a potential prognostic marker for
RCC. The miR-29b promoted proliferation and invasion in SN12-PM6 cells, which inhibited
cell apoptosis by directly suppressing the expression of kinesin family member 1B, a tumor
suppressor gene that induces cell apoptosis. Upregulation of miR-29b in both cell lines
and clinical samples was significantly associated with tumor node metastasis and OS of
RCC [116]. These studies suggested the clinical roles of miR-29s in RCC and its potential
use as prognostic biomarkers in this type of cancer.

3.8. miR-29s as Biomarkers in Breast Cancer

Globally, breast cancer is regarded as one of the most diagnosed and deadly cancers,
particularly in the case of women [117,118]. However, the prognosis of breast cancer is not
satisfactory, and the 5-year survival rate is lower than 25% [119]. All these phenomena urge
the discovery of novel biomarkers for the early diagnosis, and proper therapy of breast
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cancer. The miR-29s have been studied and suggested as a tumor suppressor in breast
cancer [117,120,121]. Wu et al. illustrated that miR-29a was significantly downregulated
in breast cancer cells, and its overexpression inhibited cancer cell growth which was
achieved by repressing the expression of transcription factor B-Myb [117]. Additionally,
overexpression of miR-29a resulted in cell cycle arrest at the G0/G1 phase. The findings
denoted the partiality of miR-29a which exerts its tumor suppressor role in breast cancer
cell lines by cessation of the cell cycle through negative regulation of CDC42 [46]. Later,
Shinden and collaborators investigated the clinicopathological significance of miR-29b in
breast cancer cases and illustrated that miR-29b acted as a tumor suppressive miRNA [121],
suggesting it is a prominent biomarker for recurrence and metastasis in breast cancer
patients. Moreover, overexpression of miR-29b-1/a significantly suppressed proliferation
of Tamoxifen (TAM)-resistant breast cancer cells, indicating that miR-29b-1/a functions as a
tumor suppressor in these cells [122]. Additionally, BRCA1 (Breast Cancer 1) was reported
to bind to a specific region of the promoter and regulate the expression of miR-29b-1-5p.
The higher significant level of miR-29b-1-5p as a prognostic marker than other widely used
biomarkers signified the potential of this miRNA as a biomarker for BRCA1 deficiency
and survival in breast cancer [123]. Consequently, miR-29s are significantly elevated in the
whole blood, serum, and tissues samples from breast cancer patients (Table 4).

Furthermore, overexpressed miR-29s were testified both in tumor tissues and serum
of breast cancer patients in comparison to that of healthy individuals [34]. Recently, it
was reported that GATA binding protein 3 (GATA3), a transcription factor, elevated the
miR-29b level in breast cancer whereas the destruction of miR-29b enhanced metastasis
and accelerated EMT. Being a tumor-suppressor gene, the damage of GATA3 in breast
cancer resulted in a poor prognosis [124]. A recent study revealed that miR-29a abated cell
proliferation and promoted apoptosis in the MCF-7 (Michigan Cancer Foundation-7) cell
line by negatively controlling NF-kB (nuclear factor-kappa B) and the levels of cyclinD1
and Bcl-2 proteins [125]. Additionally, the other study revealed that overexpression of miR-
29a inhibited cell migration and invasion by negatively regulating Robo1 (Roundabout
1) in breast cancer cells, highlighting the significant role of miR-29a in carcinogenesis
breast cancer [126]. Moreover, upregulation of miR-29a induced adriamycin resistance in
MCF-7 breast cancer cells, possibly by inhibiting the PTEN/AKT/GSK3β pathway [127].
Treatment with progestin reduced migration and invasion in breast cancer cells, via the
miR-29/ATP1B1(ATPase Na+/K+ transporting β1 polypeptide) axis [128].

Table 4. miR-29s as biomarkers in breast cancer.

Samples
Sample

Size & Methods
Outcome Results Ref.

Blood
samples

- 54 patients with Luminal A-like
breast cancer and 56 healthy controls

- qRT-PCR

MiR-29a was significantly down-regulated
in the blood of patients with Luminal A-like
breast tumors compared to healthy controls.

Combined miR-29a, miR-181a and
miR-652 (AUC: 0.80, sensitivity: 77%

and specificity: 74%)
[129]

Serum
sample

- 76 breast cancer patients and
52 healthy controls.

- SdM-qRT-PCR
MiR-2 was significantly higher in breast

cancer patients compared to healthy controls.

MiR-29c
AUC: 0.724

(95% CI 0.638–0.810)
[46]

Serum
- 20 breast cancer patients and

20 controls
- SOLiD Sequencing (qRT-PCR)

MiR-29a was significantly elevated in the
serum of breast cancer patients (p < 0.05).

MiR-29a was elevated more than
5-folds by

SOLiD sequencing.
[130]

Tissue
samples

- 15 breast cancer patients and
15 healthy controls

- qRT-PCR

MiR-29a was significantly upregulated in
breast cancer as compared with their

respective healthy controls (p < 0.001).

MiR-29a
(AUC:0.969, Sensitivity: 93.3%,

specificity: 91.1%)
[131]

CI: confidence interval; AUC: area under the curve, qRT-PCR: quantitative real-time PCR.
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4. Conclusions and Perspectives

The miR-29s are crucial regulators in numerous types of human cancer, which can
act as either tumor suppressors or inducers. By regulating multiple target genes, they are
indirectly involved in controlling different cellular pathways including cell proliferation,
apoptosis, migration and invasion, and chemotherapeutic sensitivity, thereby contributing
to cancer progression, metastasis, and drug resistance. The profound dysregulation of
miR-29s in numerous types of cancer and their correlation to the patients’ OS and metastasis
have strongly signified them as potential diagnostic and prognostic biomarkers for specific
types of cancer. However, due to its flexibility, the application of miR-29s as biomarkers
and the development of miR-29s-based therapies need to be verified further for each type
and stage of cancer specifically.

Fortunately, the recent advances in sequencing technologies (next generation of se-
quencing and long-read sequencing) and genome editing allows better validation of the
target genes of miR-29s as well as an understanding of the roles of miR-29s in each can-
cer type. In addition, the rapid adoption of exosomes for the miRNA’s delivery could
also support the development of miR-29s for miR-29s-based therapies. In summary, exo-
somes have several desirable characteristics for delivering miRNAs including small sizes
(30–200 nm), being able to cross the blood barriers, being specific to the target cells, and
being relatively easy to be engineered. Consequently, the delivery by exosomes of miR-29s
to unhealthy/abnormal cells will be adapted for a potential therapeutic approach.
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Abstract: Actinic keratosis (AK) is a carcinoma in situ precursor of cutaneous squamous cell carci-
noma (cSCC), the second most common cancer affecting the Caucasian population. AK is frequently
present in the sun-exposed skin of the elderly population, UV radiation being the main cause of
this cancer, and other risk factors contributing to AK incidence. The dysregulation of microRNAs
(miRNAs) observed in different cancers leads to an improper expression of miRNA targets involved
in several cellular pathways. The TaqMan Array Human MicroRNA Card assay for miRNA expres-
sion profiling was performed in pooled AK compared to healthy skin scraping samples from the
same patients. Forty-three miRNAs were modulated in the AK samples. The expression of miR-19b
(p < 0.05), -31, -34a (p < 0.001), -126, -146a (p < 0.01), -193b, and -222 (p < 0.05) was validated by
RT-qPCR. The MirPath tool was used for MiRNA target prediction and enriched pathways. The
top DIANA-mirPath pathways regulated by the targets of the 43 miRNAs are TGF-beta signaling,
Proteoglycans in cancer, Pathways in cancer, and Adherens junction (7.30 × 10−10 < p < 1.84 × 10−8).
Selected genes regulating the KEGG pathways, i.e., TP53, MDM2, CDKN1A, CDK6, and CCND1,
were analyzed. MiRNAs modulated in AK regulate different pathways involved in tumorigenesis,
indicating miRNA regulation as a critical step in keratinocyte cancer.

Keywords: actinic keratosis; cSCC; microRNA; biomarkers

1. Introduction

Actinic keratosis (AK) is currently recognized as a carcinoma in situ precursor of
cutaneous squamous cell carcinoma (cSCC) [1], the second most common keratinocyte
cancer affecting the White population worldwide, and its incidence has increased with
the population aging [1–3]. Several risk factors influence this neoplasia of keratinocytes,
such as genetic factors, family history for cSCC, immune system status, prolonged sun
exposure, artificial UV tanning, male sex, fair skin, radiotherapy, and exposure to specific
chemicals [4]. Recently, specific beta human papillomaviruses (HPV) have emerged as
cofactors in the development of AK and cSCC [5], but cumulative UV exposure is the
main risk factor for cSCC. In addition, immunosuppression (e.g., transplant recipients and
patients with hematologic cancers such as chronic lymphocytic leukemia) is associated
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with a higher incidence and more aggressive course of cSCC. AK frequently occurs in older
individuals; it can spontaneously regress or evolve into cSCC [1]. The epidemiology of AKs
reflects their causation by cumulative sun exposure, with the highest prevalence seen in
pale-skinned people living in low latitudes and in the most sun-exposed body sites, namely
the hands, forearms, and face.

In recent years, significant progress has been made in the detection of specific biomark-
ers for accurate cancer diagnosis and prognosis in cancer, and to guide personalized therapy
by estimating outcome risks. In this context, microRNAs (miRNAs) have been shown to be
attractive candidates as biomarkers in cancer pathophysiology and diagnosis [6]. The role
of miRNAs in controlling the activity of cutaneous stem cells and in driving skin develop-
ment and regeneration has been demonstrated. Some miRNAs are involved in controlling
the expression of key genes of stem cell activity in healthy skin and hair follicles; therefore,
the research of cSCC biomarkers has focused on these miRNAs [7]. The majority of cSCC
arise from AK: it has been reported that certain miRNAs are differentially expressed in AK
and in cSCC [7–9] and that this difference could be correlated with the progression from
AK to invasive cancer [10].

In this study, the miRNA profiles of pooled AK scraping samples were compared to
those obtained with pooled HS skin scraping samples from the same patients. Among these
miRNAs, the expression of miR-19b, -31, -34a, -126, -146a, -193b, and -222 was validated.
The analysis of the pathways regulated by miRNA target genes was performed by the
DIANA tool mirPath v.3 with all the miRNAs modulated in AK samples. In addition,
the expression of selected miRNA target genes, i.e., TP53, MDM2, CDKN1A, CDK6, and
CCND1, was analyzed.

2. Materials and Methods

2.1. Clinical Samples Collection

The collection of clinical samples for this study was carried out in conjunction with
our previously published studies, approved by the Ethical Committees of NIHMP (2014)
and the San Gallicano Dermatological Institute (CE943/17; RS/1090/18) [11,12]. The
investigations were carried out following the rules of the Declaration of Helsinki of 1975
(https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/, accessed
on 14 January 2019), revised in 2013. Samples were from 20 patients (median age of 72) with
a single lesion eligible for laser surgery. The AK samples were collected by scraping the
lesions with a sterile spatula without reaching the dermis. The HS samples were collected
with a second sterile spatula from the glabellar area, a source of thick skin, of each patient.
Both AK and HS samples were immediately stored at −80 ◦C until processing.

2.2. MicroRNA Extraction and TaqMan Array Human MicroRNA A Card Analysis

Scraping skin samples were pooled (two different pools of 10 samples for each ex-
perimental group) and lysed by the mirVana miRNA detection kit (Applied Biosystems,
Waltham, MA, USA), following the manufacturer’s procedure. The extracted RNA was
retro-transcribed by using the TaqMan Micro-RNA Reverse Transcription Kit, and the
Megaplex RT Primers and TaqMan Array Human MicroRNA A Card (Applied Biosystems,
Waltham, MA, USA) was used to analyze the expression of multiple miRNA sequences
in AK compared to HS samples. The obtained data were analyzed by using qPCR on
Thermo Fisher Cloud (Thermo Fisher Scientific, Waltham, MA, USA) by setting global
normalization, 35 as the maximum threshold cycle (Ct) and HS as reference.

2.3. Real Time RT-PCR

The results obtained by miRNA profiling were individually validated using specific
TaqMan Small RNA assays following the manufacturer’s instructions (Applied Biosystems,
Waltham, MA, USA). Data were normalized using U6 as endogenous control and expressed
using the 2−ΔΔCT method [13].
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A total of 1 μg of extracted RNA of the AK and HS samples was retro-transcribed
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystem, Waltham,
MA, USA), and cDNA products were analyzed by real-time RT-PCR using the SensiMix
SYBR Hi-ROX Kit (Meridian Bioscience, Cincinnati, OH, USA). Data were normalized
using as endogenous control HPRT-1 and expressed using the 2−ΔΔCT method. Primers
used are reported (Table 1).

Table 1. Primers used in Real Time RT-PCR.

Gene FWD 5′–3′ REV 5′–3′ Ref.

TP53 CCTCAGCATCTTATCCGAGTGG TGGATGGTGGTACAGTCAGAGC [14]
MDM2 TGGGCAGCTTGAAGCAGTTG CAGGCTGCCATGTGACCTAAGA [15]

CDKN1A GGCAGACCAGCATGACAGATT GCGGATTAGGGCTTCCTCTT [16]
CDK6 GCTGACCAGCAGTACGAATG GCACACATCAAACAACCTGACC [17]

CCND1 CCGTCCATGCGGAAGATC GAAGACCTCCTCCTCGCACT [18]

2.4. Principal Component Analysis (PCA)

PCA was performed using the ClustVis website and the “PCA method” of the R
package (https://biit.cs.ut.ee/clustvis/#editions, accessed on 9 February 2023) [19]. Shortly,
the analysis was conducted on ΔCt of all the miRNAs that were eligible for selection from
the TaqMan Array Human MicroRNA A Cards analysis of AK samples. To allow for a
comparison, the ΔCt from the analysis on miRNAs of HS samples were used.

2.5. MiRNA Target Prediction and Enriched Pathways

The mirPath tool (version 3.0) was used to predict target genes of the differentially
regulated miRNAs using the microT-CDS v.5.0 database and to retrieve KEGG (i.e., Kyoto
Encyclopedia of Genes and Genomes) molecular pathways, considering p values lower
than 0.05 as significant for pathway enrichment.

2.6. Statistical Analysis

Two-tailed p value Mann-Whitney t test was performed to compare two sample groups.
*: p < 0.05; **: p < 0.01; ***: p < 0.001. The presented data are mean ± standard deviation
(SD).

3. Results

3.1. MicroRNA Profiling of AK Samples and Matched Healthy Skin

The skin scrapings were collected from patients with one AK lesion at an early stage.
As only a small amount of RNA could be extracted from these samples, miRNA profiling
was performed with a pool of scraping extracts. Real-time PCR array analysis of 384 miR-
NAs, mainly expressed in the human genome, was performed with two different pools of
10 samples collected from AK and HS, as described in Materials and Methods.

The principal component analysis (PCA) of the miRNA profiles was performed using
the ClustVis website on ΔCt of all the miRNAs that were eligible for selection (Figure 1a).
The miRNA dataset for each pool of samples was analyzed, and its variability was reduced
and represented as a single dot on a first principal component PC1 vs. PC2 scatterplot. The
PCA shows that the miRNA profiles of the two AK sample pools are different from the
profiles of the two HS sample pools from the same donors. The PC1, which describes the
majority of the variance, indicated that the miRNA datasets from the two AK pools were
similar to each other but different from the miRNA datasets obtained from the HS pools.
This suggested that the number of miRNAs with an altered expression in AK compared to
HS was sufficient to allow for discrimination in PCA.
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Figure 1. (a) Principal component analysis performed on ΔCts derived from the analysis of two
couples of different pools of skin scrapings from AK and HS. Each dot represents the variance of the
miRNA dataset for each sample type. PCA was performed by using ClustVis (https://biit.cs.ut.ee/
clustvis/, accessed on 9 February 2023) algorithm. (b) MiRNA expression analysis performed in AK
compared to HS. Total RNA from each sample was purified as described in Materials and Methods.
Results were expressed as fold of induction or decrease using the 2−ΔΔCT method [13] using RNU6
as a calibrator and HS as a control. The reported values represent the mean of three independent
experiments ± the SD. p-values (p) are indicated with asterisks. *** p < 0.001; ** p < 0.01, * p < 0.05.

The miRNA profiles of AK and HS pools were analyzed using the Thermofisher Cloud
to determine the differentially expressed miRNAs. Table 2 shows the complete list of
miRNAs dysregulated in AK compared to the HS samples and the relative quantification.

Table 2. List of dysregulated miRNAs in AK compared to HS, detected by TaqMan Array Human
MicroRNA A Card analysis.

MicroRNAs Accession Number Fold Change

1 hsa-miR-16-5p MIMAT0000069 238.911
2 hsa-miR-150-5p MIMAT0000451 177.837
3 hsa-miR-494-3p MIMAT0002816 177.398
4 hsa-miR-31-5p MIMAT0000089 177.057
5 hsa-miR-203a-5p MIMAT0031890 160.851
6 hsa-miR-191-5p MIMAT0000440 130.259
7 hsa-let-7e-5p MIMAT0000066 110.853
8 hsa-miR-222-3p MIMAT0000279 99.651
9 hsa-miR-146a-5p MIMAT0000449 85.494
10 hsa-miR-19b-3p MIMAT0000074 75.58
11 hsa-miR-200c-3p MIMAT0000617 58.549
12 hsa-miR-320a MIMAT0000510 56.054
13 hsa-let-7b-5p MIMAT0000063 51.857
14 hsa-miR-24-3p MIMAT0000080 48.505
15 hsa-miR-374-5p MIMAT0000727 48.309
16 hsa-miR-126-3p MIMAT0000445 47.816
17 hsa-miR-422a MIMAT0001339 44.507
18 hsa-miR-146b-3p MIMAT0004766 43.107
19 hsa-miR-486-5p MIMAT0002177 40.989
20 hsa-miR-193b-3p MIMAT0002819 40.612
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Table 2. Cont.

MicroRNAs Accession Number Fold Change

21 hsa-miR-454-3p MIMAT0003885 34.13
22 hsa-miR-484 MIMAT0002174 24.427
23 hsa-miR-186-5p MIMAT0000456 23.968
24 hsa-miR-504-5p MIMAT0002875 20.504
25 hsa-miR-342-3p MIMAT0000753 19.67
26 hsa-miR-487a-3p MIMAT0002178 16.643
27 hsa-miR-195-5p MIMAT0000461 16.126
28 hsa-miR-518f-3p MIMAT0002842 15.495
29 hsa-miR-200a-3p MIMAT0000682 15.161
30 hsa-miR-636 MIMAT0003306 13.205
31 hsa-miR-618 MIMAT0003287 12.183
32 hsa-miR-218-5p MIMAT0000275 11.297
33 hsa-miR-302c-3p MIMAT0000717 7.095
34 hsa-miR-214-3p MIMAT0000271 3.675
35 hsa-miR-145-5p MIMAT0000437 3.417
36 hsa-miR-519e-3p MIMAT0002829 1.342
37 hsa-miR-182-5p MIMAT0000259 1.296
38 hsa-miR-211-5p MIMAT0000268 1.143
39 hsa-miR-518b MIMAT0002844 1.023
40 hsa-miR-208b-3p MIMAT0004960 0.272
41 hsa-miR-34a-5p MIMAT0000255 0.173
42 hsa-miR-127-5p MIMAT0004604 0.108
43 hsa-miR-370-3p MIMAT0000722 0.083

Fold change: 2−ΔΔCT.

Among the miRNAs differentially expressed in the AK samples, we selected seven
miRNAs, i.e., miR-19b, -31, -34a, -126, -146a, -193b, and -222, based on their higher modu-
lation with respect to the HS samples. Their altered expression was validated by specific
TaqMan Small RNA assays. This analysis confirmed the results obtained by TaqMan Array
Human MicroRNA A Card, showing that all these miRNAs were significantly upregulated,
except for miR-34a, that was down-regulated in AK compared to HS (Figure 1b).

3.2. Pathways Regulated by Target Genes of miRNAs Modulated in AK Samples

In order to predict miRNA target and enriched pathways, the analysis with the DIANA
tool mirPath v.3 was performed with all the 43 AK dysregulated miRNAs detected by the
array. A total of 66 pathways were found to be regulated by target genes of these miRNAs,
as reported in Table 3. Pathways are listed according to increasing p-value.

Table 3. MiRNA pathway analysis by DIANA mirPath v.3 on KEGG pathways linked to the 43 se-
lected miRNAs.

KEGG Pathway p-Value # Genes * # miRNAs **

1. TGF-beta signaling pathway (hsa04350) 7.30 × 10−10 62 34
2. Proteoglycans in cancer (hsa05205) 7.30 × 10−10 136 36
3. Pathways in cancer (hsa05200) 3.36 × 10−9 251 37
4. Adherens junction (hsa04520) 1.84 × 10−8 58 35
5. Axon guidance (hsa04360) 1.84 × 10−8 91 37
6. Hippo signaling pathway (hsa04390) 2.70 × 10−7 99 37
7. Fatty acid biosynthesis (hsa00061) 1.62 × 10−6 7 12
8. Ras signaling pathway (hsa04014) 4.68 × 10−6 142 36
9. ErbB signaling pathway (hsa04012) 1.32 × 10−5 61 35
10. Glioma (hsa05214) 1.65 × 10−5 46 34
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Table 3. Cont.

KEGG Pathway p-Value # Genes * # miRNAs **

11. Wnt signaling pathway (hsa04310) 1.78 × 10−5 95 35
12. Melanoma (hsa05218) 3.69 × 10−5 53 32
13. Signaling pathways regulating pluripotency of stem cells (hsa04550) 3.69 × 10−5 94 37
14. Rap1 signaling pathway (hsa04015) 5.55 × 10−5 134 35
15. GABAergic synapse (hsa04727) 0.0001604280 54 35
16. Thyroid hormone signaling pathway (hsa04919) 0.0001726085 77 36
17. Estrogen signaling pathway (hsa04915) 0.0002032496 62 34
18. MAPK signaling pathway (hsa04010) 0.0002242160 160 37
19. Renal cell carcinoma (hsa05211) 0.0002295720 48 33
20. Glycosaminoglycan biosynthesis—heparan sulfate/heparin (hsa00534) 0.0005046348 18 21
21. Choline metabolism in cancer (hsa05231) 0.0005046348 69 34
22. Neurotrophin signaling pathway (hsa04722) 0.0005046348 81 37
23. Focal adhesion (hsa04510) 0.0007711823 129 36
24. Glycosphingolipid biosynthesis—lacto and neolacto series (hsa00601) 0.0009080097 17 19
25. FoxO signaling pathway (hsa04068) 0.0009080097 85 35
26. Prostate cancer (hsa05215) 0.0010195428 60 33
27. Glutamatergic synapse (hsa04724) 0.0020494968 71 34
28. PI3K-Akt signaling pathway (hsa04151) 0.0020578098 199 37
29. Regulation of actin cytoskeleton (hsa04810) 0.0032897905 131 35
30. Amphetamine addiction (hsa05031) 0.0033806984 43 28
31. Thyroid hormone synthesis (hsa04918) 0.0040209555 44 31
32. Colorectal cancer (hsa05210) 0.0040209555 42 33
33. Oocyte meiosis (hsa04114) 0.0040209555 72 35
34. Prolactin signaling pathway (hsa04917) 0.0043891560 47 33
35. Insulin secretion (hsa04911) 0.0052671844 56 35
36. cAMP signaling pathway (hsa04024) 0.0059360368 120 35
37. Chronic myeloid leukemia (hsa05220) 0.0060741359 48 35
38. Pancreatic cancer (hsa05212) 0.0066389106 45 32
39. Thyroid cancer (hsa05216) 0.0068643563 22 28
40. Endometrial cancer (hsa05213) 0.0078889298 35 31
41. Phosphatidylinositol signaling system (hsa04070) 0.0078889298 52 34
42. Adrenergic signaling in cardiomyocytes (hsa04261) 0.0078889298 89 34
43. Vasopressin-regulated water reabsorption (hsa04962) 0.0079518053 31 26
44. Oxytocin signaling pathway (hsa04921) 0.0081386021 99 35
45. Non-small-cell lung cancer (hsa05223) 0.0082341417 37 32
46. cGMP-PKG signaling pathway (hsa04022) 0.0082341417 100 36
47. Transcriptional misregulation in cancer (hsa05202) 0.0083247611 104 38
48. Long-term potentiation (hsa04720) 0.0097964993 45 32
49. mTOR signaling pathway (hsa04150) 0.0104774872 42 32
50. Endocytosis (hsa04144) 0.0105456910 121 36
51. Long-term depression (hsa04730) 0.011338320 39 32
52. Viral carcinogenesis (hsa05203) 0.011338320 102 36
53. Vascular smooth muscle contraction (hsa04270) 0.011568669 69 34
54. Gap junction (hsa04540) 0.015258034 51 35
55. Ubiquitin mediated proteolysis (hsa04120) 0.021158638 81 37
56. Hepatitis B (hsa05161) 0.021158638 84 37
57. Biotin metabolism (hsa00780) 0.022422627 2 4
58. Morphine addiction (hsa05032) 0.027484035 53 36
59. Inflammatory mediator regulation of TRP channels (hsa04750) 0.028782594 60 31
60. N-Glycan biosynthesis (hsa00510) 0.032645322 27 24
61. Nicotine addiction (hsa05033) 0.034469917 26 28
62. Hedgehog signaling pathway (hsa04340) 0.035921144 34 24
63. Gastric acid secretion (hsa04971) 0.036593705 48 34
64. Melanogenesis (hsa04916) 0.038811067 63 33
65. Tight junction (hsa04530) 0.038811067 81 37
66. Bacterial invasion of epithelial cells (hsa05100) 0.043438632 47 32

# represents the number of genes affected * and of miRNAs involved ** for each pathway.
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The first two pathways regulated by target genes of the selected miRNAs are TGF-
beta signaling and Proteoglycans in cancer, followed by Pathways in cancer and Adherens
junction. Interestingly, among the regulated pathways there are also the Signaling pathways
regulating pluripotency of stem cells and cAMP signaling pathway that, together with the
TGF-beta signaling pathway, have been observed to be regulated by targets of miRNAs
detected in peripheral blood samples of AK and cSCC patients by Dańczak-Pazdrowska
et al. [10]. On the other hand, Proteoglycans in cancer is the second most regulated pathway
by cSCC miRNAs according to this article and by AK miRNAs according to our work,
and other pathways have been commonly found, such as Pathways in cancer, Fatty acid
biosynthesis, MAPK signaling pathway, and mTOR signaling pathway.

Given the elevated number of the AK modulated miRNAs involved in all the KEGG
pathways, the significant overlap among miRNAs was confirmed by the Venn diagram,
which showed that 31 miRNAs are commonly present in the four top regulated pathways
(Figure 2a and Supplementary Table S1). Therefore, a Venn diagram was constructed to
analyze the overlaps among the genes regulating TGF-beta signaling, Proteoglycans in
cancer, Pathways in cancer, and Adherens junction. There is one high overlap of 60 genes
among the miRNA targets controlling Proteoglycans in cancer and Pathways in cancer,
but only 3 genes commonly regulate the top four pathways (Figure 2b and Supplementary
Table S2).

Figure 2. (a) Venn diagram representing the overlaps among the miRNAs regulating the first four
KEGG pathways from Table 3. (b) Venn diagram representing the overlaps among all the target genes
regulating the first four KEGG pathways from Table 3. Diagrams drawn using Venny 2.1 Internet site
(https://bioinfogp.cnb.csic.es/tools/venny/, accessed on 23 May 2023). The list of the miRNAs and
genes is reported in Supplementary Tables S1 and S2, respectively.

The expression of some targets controlling Proteoglycans in cancer and Pathways in
cancer, key factors in apoptosis and cell cycle, was analyzed by realtime RT-PCR: TP53,
MDM2, CDKN1A, CDK6, and CCND1. Interestingly, p53 is a regulator of miR34a, whereas
MDM2 and CDKN1A are common targets of miR-19b, -146a, and -193b. CDK6 is shared
by miR-19b, -34a, -186, -193b, and -214, and CCND1 is a target of miR-19b, -31, -34a, and
-193b. Except for MDM2, we observed the modulation of the mRNAs of these genes in AK
compared to HS samples (Table 4).
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Table 4. Gene expression analysis performed in AK compared to HS. Total RNA from each sample
was purified as described in Materials and Methods. Results were expressed as fold of induction
using the 2−ΔΔCT method using HPRT-1 as calibrator and HS as control.

Gene Fold Change SD p Value

TP53 39.946 3.603 <0.001

MDM2 0.898 0.234 0.224

CDKN1A 161.751 0.518 <0.001

CDK6 3.371 1.417 <0.001

CCND1 204.732 33.863 <0.001

The reported values represent the mean of three independent experiments ± the SD. Fold change: 2−ΔΔCT.

4. Discussion

A MiRNA profile of skin scraping samples was performed in RNA extracts obtained
from pools of AK lesions and healthy-looking skin of the same individual. The results
showed that 43 miRNAs are dysregulated in AK compared to HS samples, used as a control.
The expression of seven miRNAs reported to play a role in skin cancer, namely miR-19b,
-31, -34a, -126, -146a, -193b, and -222, was further analyzed by single qRT-PCR performed
in the same AK and HS sample pools. Interestingly, a role in skin cancer has been reported
for these miRNAs. MiR-19b belongs to the miR-17-92 cluster, known as oncomir since it is
differentially expressed in different types of tumors, including cSCC [20]. MiR-31 and -222
are upregulated, whereas miR-34a is downregulated in cSCC [8,9,21]. MiR-19 and -126 seem
to be early-stage specific markers of AK, while miR-193b is modulated throughout the
malignant evolution of AK to cSCC [21]. MiR-146a is a modulator of inflammatory immune
responses, and it has been reported to play a role in the development of both basal cell
carcinoma and squamous cell carcinoma [22].

Among the other miRNAs differentially expressed in AK samples, miR-186, -203, and
-214 also have been reported to be dysregulated in cSCC [23–25].

Our analysis with the DIANA tool mirPath v.3, performed with all the 43 miRNAs
differentially expressed between the AK and HS samples, highlighted 66 pathways, most of
which are regulated by targets of more than 30 miRNAs. Seventeen pathways are directly
involved in cancer, because they are fundamental for the specific cancer progression or the
principal pathways dysregulated in many cancers (i.e., Ras signaling, PI3K-Akt signaling,
cAMP signaling), indicating their role in tumor development and confirming that AK
could be a precursor of cSCC. In particular, the first two top regulated pathways are TGF-
β signaling and Proteoglycans in cancer, followed by Pathways in cancer and Adherens
junction. As expected, the miRNAs Venn diagram on these four pathways shows significant
overlaps among miRNAs (31 common miRNAs), whereas the target genes Venn diagram
highlights a significant overlap among the genes involved in the first two top pathways
(60 genes) but only 3 genes commonly regulating all four pathways, i.e., SMAD2, RHOA,
and MAPK1. The difference between the two Venn diagrams is due to the elevated number
of target genes regulated by each miRNA.

TGF-β signaling pathway has a dual function, since its activation in healthy cells and
in early-stage cancer induces cell-cycle arrest, whereas in late-stage cancer it can promote
metastasis and chemoresistance. In this pathway, either SMAD or non-SMAD signaling
can be activated. When activated, SMAD2 and SMAD3 are phosphorylated and form
heterodimeric and trimeric complexes with SMAD4 that regulate the expression of target
genes of the TGF-β signaling pathway [26]. As shown by the DIANA tool mirPath v.3
analysis, SMAD2 is a target of miR-186, SMAD3 of miR-214, and SMAD4 of both miR-34a
and -146a. As reported by Cottonham et al. [27], TIAM1 (T lymphoma and metastasis
gene 1) is a protein involved in the TGF-β signaling pathway, and it is a target of miR-31.
Suppression of this protein leads to increased migration and invasion of a colon rectal
cancer cell line, but its role in several types of cancer may be different. TIAM1 inhibits
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tumorigenesis in a Ras-induced skin cancer model, and miR-31 may be a negative regulator
of metastasis development in breast cancer.

Our analysis highlighted that miR-19b, -146a, -186, -193b, and -203 share the target
ErbB4, a member of the ErbB receptor family, also known as the EGF receptor family, which
is involved in human cancer. ErbB receptors bind to many signaling proteins, inducing the
activation of different signaling pathways, thus regulating several critical cellular processes,
such as cell proliferation, differentiation, survival, metabolism, and migration. ErbB4
has both oncogenic and tumor suppressor functions even if in tumors it has been more
frequently observed downregulated rather than upregulated [28]. ErbB4 is involved in the
chondroitin sulfate (CS) and dermatan sulfate (DS) proteoglycan pathway. Both CS and DS
regulate critical cellular processes, such as proliferation, apoptosis, migration, adhesion,
and invasion. The CS/DS side chains of chondroitin sulfate proteoglycans take part in
different interactions within the extracellular matrix and, therefore, have a key role in
the regulation of proliferation, apoptosis, migration, adhesion, and invasion [29]. High
levels of melanoma-associated chondroitin sulfate proteoglycans have been reported in
melanoma, resulting in increased integrin function, activation of Erk1/2, cell growth, and
motility [30]. ErbB2 is a well-established oncogene that is involved in different pathways
in cancer [28], and the DIANA tool mirPath v.3 analysis showed that ErbB2 is a common
target of miR-34a and -214, whereas miR-193b and -222 share the target PTEN, a known
potent tumor suppressor, frequently mutated in human cancer [31].

During UV-induced DNA damage, the regulation of factors involved in apoptosis,
cell growth, and cell cycle is pivotal to determine the fate of cells toward tumorigenesis.
The DIANA tool mirPath v.3 analysis shows that in Pathways in cancer converge different
pathways, among which are p53-signaling pathway and Cell cycle, regulated by common
genes, such as p53, MDM2, CDKN1A, CDK6, and CCND1. Interestingly, these factors are
targets of a group of miRNAs modulated in the AK samples. MDM2 and CDKN1A are
common targets of miR-19b, -146a, and -193b. CDK6 is shared by miR-19b, -34a, -186, -193b,
and -214. CCND1 is a target of miR-19b, -31, -34a, and -193b. The tumor suppressor p53 is a
regulator of miR34a that, in turn, regulates p53 through its target SIRT1 [32]. Except for
MDM2, the modulation of the mRNAs of p53, CDKN1A, CDK6, and CCND1 we observed
in the AK compared to HS samples.

It has been demonstrated that miR-34a regulates the activity of p53 in cells that undergo
palmitate-induced lipoapoptosis [33]. After exposure to saturated fatty acids, such as palmitate
acid, the expression of the transcription factor FOXO3 is upregulated, leading to an increment
in miR-34a levels. This miRNA downregulates SIRT1, an enzyme that inactivates p53 via
deacetylation, and cMET and KLF4, two anti-apoptotic factors. Consequently, the higher levels
of active p53 could lead to apoptosis, thus blocking cancer progression [33]. Palmitate-induced
apoptosis (PA) is a side process linked to the lipid biogenesis that can regulate miR-126
expression, whose target is the TNF receptor-associated factor, TRAF7. One of the main
effects of PA on cells is the production of ROS and other factors that lead to apoptosis, namely
through activation of the JNK and NF-κB pathways by TRAF7. MiR-126 blocks the translation
of TRAF7 and prevents its recognition by TNF-α, but when PA is present, miR-126 is inhibited
and the cell can undergo apoptosis [34]. In this study, we observed increased levels of miR-126
in AK-positive skin in comparison with healthy skin; therefore, it is possible to hypothesize
that AK cells could regulate palmitic acid biosynthesis to prevent apoptosis and maintain
tumor progression. Indeed, miR-126 is involved in fatty acid biosynthesis, regulating the
expression of FASN enzymes such as ACSL1 and Insig1. In particular, it has been shown that
in mammary luminal epithelial cells, inhibition of miR-126 leads to a decrease in both protein
levels and in the number of cytoplasmic lipid droplets [35].

The biosynthesis of fatty acids may also be influenced by miR-222 and miR-31-3p [36],
which share the target ACOX1, a catalytic rate-limiting gene in the β-oxidation of fatty
acids from triglycerides, in particular miR-31 during oral squamous cell carcinoma (OSCC)
and head and neck squamous cell carcinoma (HNSCC). Alterations in the lipidosome
of OSCC caused by ACOX1 silencing enhance the motility and fitness of these tumor
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cells [37]. In our experiments, both miR-222 and miR-31 were upregulated in AK cells.
Since AK could be considered a pre-malignant form of cSCC, it is possible to presume that
the upregulation of these two miRNAs could indicate a transition from in situ carcinoma to
full-blown epithelial cancer. Furthermore, considering that miR-34 and miR-126 are both
involved in the silencing of genes that regulate apoptosis through fatty acid biosynthesis
and catalysis [33,35], it is possible that the concertation between miR-222 and miR-31 to
dysregulate palmitate and other free fatty acids could promote cancer progression.

Qian et al. [38] reported that exosomes from adipose mesenchymal cells are capable of
paracrine gene regulation of cell renewal and proliferation during epithelial tissue healing.
The mechanism behind this process has to do with the silencing of SOX9 by miR-19b.
SOX9 is a crucial transcription factor that is involved in skin healing as it activates cell
proliferation and differentiation through the Wnt/β-catenin pathway. The elevated levels
of miR-19b that we observed in subjects with AK may be a physiological response to repair
skin lesions inflicted by AK.

Epithelial cells exhibit several types of cell–cell junctions that play a key role in the
maintenance of epithelial homeostasis. Dysregulation of molecules in the junctions pro-
motes cell migration and tumor metastasis. In the adherens junctions, the cytoplasmic
domain of E-cadherin forms a ternary complex with β-catenin and α-catenin, which in
turn binds to F-actin, linking the catenin-based complexes to the actin cytoskeleton [39].
α-catenin (CTNNA)1, which is widely expressed in normal human tissues and in many ma-
lignancies, inhibits adhesion, invasion, and induces apoptosis of tumor cells by promoting
or collaborating with E-cadherin. The expression of CTNNA1 is downregulated in different
types of tumors, and it is often associated with reduced expression of other proteins of
E-cadherin–catenin cell adhesion complex [40]. Among the top regulated pathways in our
DIANA tool mirPath v.3 analysis is Adherens junction, where CTNNA1 and CTNNA2 are
key factors. These two molecules are targets of miR-214 and -186, respectively, indicating
that the upregulation of such miRNAs detected by the TaqMan Array can contribute to
reduce the expression of catenin α and facilitate cell migration.

In skin cancer development, UV radiation is the main risk factor; however, virus infection,
in particular human papillomavirus (HPV) infection, also seems to play a significant role.
Progression of AK to cSCC is a multifactorial event, and many findings support the role of
β-HPVs in the early steps of the carcinogenetic process, in cooperation with UV radiation [41].
We previously showed a large spectrum of β- and γ-HPVs in healthy-looking and lesion skin
of patients affected by AK [11,12]. Interestingly, these samples belonged to the same cohort
of patients as the present work; therefore, it is likely that in the AK and HS analyzed for
miRNA expression, β- and γ-HPVs are abundantly present, contributing to modulate miRNA
expression. Indeed, we showed thatβ-38 and -49 HPV E6 and E7 protein expression in primary
human keratinocytes leads to the modulation of miRNAs involved in tumorigenesis [42,43].

5. Conclusions

Skin undergoes continuous renewal, and scrape cytology is a simple and cost-effective
technique useful for the rapid diagnosis of some tumors [12]. In this study, scraping samples
of actinic keratosis lesions proved to be useful in identifying different microRNAs that are
modulated compared to healthy skin samples. However, further studies involving large
numbers of samples are needed to confirm the hypothesis that the observed dysregulation
of miRNAs in the AK samples may represent the combined result of UV exposure and
human papillomavirus infection.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines11061719/s1, Table S1: MiRNAs in Venn diagram; Table S2: Target genes in
Venn diagram.

Author Contributions: Conceptualization, M.V.C., M.I., G.F. and P.D.B.; investigation, M.V.C.,
M.I., R.M.M., F.L., G.F. and P.D.B.; data curation, M.V.C., M.I., R.M.M., L.G., G.M. and P.D.B.;
writing—original draft preparation, M.V.C., M.I. and P.D.B.; writing—review and editing, M.V.C.,

183



Biomedicines 2023, 11, 1719

M.I., G.M., L.A., G.R. and P.D.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded in part by the Department of Infectious Diseases, Istituto
Superiore di Sanità, and by Sapienza University of Rome (“Bando di Ateneo Sapienza-2020”, Grant
no. RM120172B8B7B997).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the NIHMP (2014) and the San Gallicano
Dermatological Institute (CE943/17; RS/1090/18).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Samples were collected for a previous study [11] approved by the Ethics Committee of the
NIHMP (2014) and the San Gallicano Dermatological Institute (CE943/17; RS/1090/18).

Data Availability Statement: The row data are available upon specific request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Siegel, J.A.; Korgavkar, K.; Weinstock, M.A. Current perspective on actinic keratosis: A review. Br. J. Dermatol. 2017, 177, 350–358.
[CrossRef]

2. Siegel, J.A.; Luber, A.J.; Weinstock, M.A.; Department of Veterans Affairs Topical Tretinoin Chemoprevention Trial and Department
of Veterans Affairs Keratinocyte Carcinoma Chemoprevention Trial Groups. Predictors of actinic keratosis count in patients with
multiple keratinocyte carcinomas: A cross-sectional study. J. Am. Acad. Dermatol. 2017, 76, 346–349. [CrossRef] [PubMed]

3. Yang, D.D.; Borsky, K.; Jani, C.; Crowley, C.; Rodrigues, J.N.; Matin, R.N.; Marshall, D.C.; Salciccioli, J.D.; Shalhoub, J.; Goodall,
R. Trends in keratinocyte skin cancer incidence, mortality and burden of disease in 33 countries between 1990 and 2017. Br. J.
Dermatol. 2023, 188, 237–246. [CrossRef] [PubMed]

4. De Oliveira, E.C.V.; da Motta, V.R.V.; Pantoja, P.C.; Ilha, C.S.O.; Magalhães, R.F.; Galadari, H.; Leonardi, G.R. Actinic
keratosis—Review for clinical practice. Int. J. Dermatol. 2019, 58, 400–407. [CrossRef] [PubMed]

5. Rollison, D.E.; Amorrortu, R.P.; Zhao, Y.; Messina, J.L.; Schell, M.J.; Fenske, N.A.; Cherpelis, B.S.; Giuliano, A.R.; Sondak, V.K.;
Pawlita, M.; et al. Cutaneous Human Papillomaviruses and the Risk of Keratinocyte Carcinomas. Cancer Res. 2021, 81, 4628–4638.
[CrossRef] [PubMed]

6. Sohel, M.M.H. Circulating microRNAs as biomarkers in cancer diagnosis. Life Sci. 2020, 248, 117473. [CrossRef]
7. Konicke, K.; López-Luna, A.; Muñoz-Carrillo, J.L.; Servín-González, L.S.; Flores-de la Torre, A.; Olasz, E.; Lazarova, Z. The

microRNA landscape of cutaneous squamous cell carcinoma. Drug Discov. Today 2018, 23, 864–870. [CrossRef]
8. García-Sancha, N.; Corchado-Cobos, R.; Pérez-Losada, J.; Cañueto, J. MicroRNA Dysregulation in Cutaneous Squamous Cell

Carcinoma. Int. J. Mol. Sci. 2019, 20, 2181. [CrossRef]
9. Neagu, M.; Constantin, C.; Cretoiu, S.M.; Zurac, S. miRNAs in the Diagnosis and Prognosis of Skin Cancer. Front. Cell Dev. Biol.

2020, 8, 71. [CrossRef]
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Abstract: There is a consensus that epigenetic alterations play a key role in cancer initiation and its
biology. Studies evaluating the modification in the DNA methylation and chromatin remodeling
patterns, as well as gene regulation profile by non-coding RNAs (ncRNAs) have led to the devel-
opment of novel therapeutic approaches to treat several tumor types. Indeed, despite clinical and
translational challenges, combinatorial therapies employing agents targeting epigenetic modifica-
tions with conventional approaches have shown encouraging results. However, for rare neoplasia
such as uterine leiomyosarcomas (LMS) and endometrial stromal sarcomas (ESS), treatment options
are still limited. LMS has high chromosomal instability and molecular derangements, while ESS
can present a specific gene fusion signature. Although they are the most frequent types of “pure”
uterine sarcomas, these tumors are difficult to diagnose, have high rates of recurrence, and frequently
develop resistance to current treatment options. The challenges involving the management of these
tumors arise from the fact that the molecular mechanisms governing their progression have not been
entirely elucidated. Hence, to fill this gap and highlight the importance of ongoing and future studies,
we have cross-referenced the literature on uterine LMS and ESS and compiled the most relevant
epigenetic studies, published between 2009 and 2022.

Keywords: uterine leiomyosarcoma; endometrial stromal sarcoma; epigenetics mechanisms; ncRNA;
DNA methylation; histones modifications

1. Introduction

The body of the uterus is composed of a mucosa muscular interface derived from
the Müllerian embryonic ducts and constituted of internal endometrium and external
myometrium (MM) tissue layers [1–4]. The internal endometrium is composed of luminal
epithelium, glandular epithelium, and endometrial stroma whereas the MM consists mainly
of smooth muscle cells [2–4]. Cellular and molecular alterations in the endometrial stroma
and smooth muscle cell layers can lead to uterine sarcoma (US) development [4–6].

US accounts for 3–9% of all uterine malignancies and shows high rates of recurrence
and metastasis [7,8], occupying the second place among all gynecological tumors [7,9]. The
American Cancer Society (ACS) registered a total of 66,570 new cases of uterine tumors
with about 12,940 related deaths in 2021 [10] and estimates 65,950 new cases for 2022
(Figure 1) [11].

“Pure” sarcomas are composed exclusively of mesenchymal cells and include the
leiomyosarcomas (LMS) and endometrial stromal sarcomas (ESS), which are morpholog-
ically classified mainly based on the tumor cells phenotype [12]. LMS arises from the
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smooth muscle compartment, while ESS arises from the stroma supporting the endometrial
glands [8]. LMS and ESS are the most frequent uterine mesenchymal tumors in adult
age [13].

Figure 1. The estimated incidence of gynecological tumors for 2022 according to the ACS.

For LMS and ESS, the disease stage is the single most important prognostic factor [14].
The International Federation of Gynecology and Obstetrics (FIGO) classification and staging
system has been specifically designed for these tumors [15]. In 2018, the ACS published
the latest revision of the definitions and clinical staging of LMS and ESS (Table 1), based
on the FIGO system and the American Joint Committee on Cancer (AJCC) TNM staging
system [14,16–18].

It is well known that several molecular events may lead to tumor development. Among
these, epigenetic mechanisms such as DNA methylation, post-translational modifications
(PTMs), and non-coding RNA (ncRNA) regulation (e.g., microRNAs) can significantly
affect the expression of relevant genes, leading to dramatic cell changes [19–21]. Epigenetic
alterations are characterized by reversibility and susceptibility to external factors and are
the main regulatory events governing the development and progression of uterine sarco-
mas [19,20,22]. Here, we reviewed and summarized the scientific and clinical reports from
the past twelve years regarding epigenetic events and their role in the pathophysiology of
the ESS and LMS. The most relevant articles written in English were meticulously reviewed
and included in this review, and no restrictions for geographic location were applied.
Articles without tumor type description or any identification as “uterine” were excluded.

1.1. LMS Etiology, Prognosis, and Treatment

LMS arises from the myometrium (MM) and often does not reach the endometrial
cavity surface [9,23]. Its incidence is 0.36 per 100,000 women a year, affecting mainly
women of ≥40 years of age, and representing approximately 70% of all US [24–29]. LMS
is a very heterogeneous tumor and represents the most common sarcoma of the uterine
body [14,17,25,26,30–32]. Its pathogenesis is poorly understood, but several studies focus-
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ing on tumor clonality indicate that many of these tumors are de novo entities [33–38].
Even though it is an extremely rare event [37], some authors defend the hypothesis
that LMSs could arise from the malignant transformation of a pre-existing leiomyoma
(LM) [15,30,35,39,40]. However, most of the patients do not exhibit predisposing factors
such as prior radiation therapy to the pelvis (10–25%), tamoxifen use (1–2%), genetic syn-
dromes (e.g., retinoblastoma and Li–Fraumeni syndrome), postmenopausal status, and
ethnicity (African American) [41].

Table 1. Staging of LMS and ESS (FIGO 1 and AJCC 2).

Stage Features Description

I
T1

Tumor limited to the uterus (T1).N0
M0

IA
T1a

Tumor restricted to the uterus (less than 5 cm) (T1a).N0
M0

IB
T1b

Tumor restricted to the uterus (more than 5 cm) (T1b).N0
M0

II
T2

Tumor growing outside the uterus but is restricted to the pelvis (T2).N0
M0

IIIA
T3a

Tumor growing in a single tissue located in the abdomen (T3a).N0
M0

IIIB
T3b

Involvement of other extrauterine pelvic tissues, 2 or more sites (T3b).N0
M0

IIIC
T1–T3 Tumor invades abdominal tissues (does not protrude from the abdomen) but does not

grow into the bladder or rectum (T1 to T3). The cancer has spread to nearby lymph
nodes (N1).

N1
M0

IVA
T4 Tumor spread to the rectum or urinary bladder (T4). It might or might not have spread

to nearby lymph nodes (Any N).Any N
M0

IVB
Any T Tumor spread to distant sites (lungs, bones, or liver) (M1). It may or may not have

grown into tissues in the pelvis and/or abdomen (any T) and it might or might not have
spread to lymph nodes (Any N).

Any N
M1

1 FIGO: International Federation of Gynecology and Obstetrics classification (2009). 2 AJCC: American Joint
Committee on Cancer TNM staging system (2018).

Clinically, LMS is associated with a poor prognosis even when diagnosed in the
early stages, consequently leading to a significant increase in uterine cancer-associated
deaths [13,17,26,28,29]. The recurrence rate of LMS reaches 53–75%, even at the initial stages
of the disease, with locoregional or distant recurrence in the first two years after diagno-
sis [7,14,26,28,42–46]. The overall survival expectancy of LMS is 2.6 years, and the survival
at 2, 5, and 10 years are approximately 57%, 24%, and 12%, respectively [26,28,42,44]. The
survival rates for patients with LMS decrease as the disease progresses; thus, for localized
disease (i.e., restricted to the uterus) the estimated survival rates are 64%, for regional
disease (afflicting nearby and adjacent tissues, i.e., lymph nodes) the survival rates are
36%, and for disseminated disease [44,47–50] or metastatic disease (i.e., lungs and liver) the
survival is 14% [51].

LMS-related symptoms are associated with vaginal bleeding in 56% of the cases, in-
creased pelvic mass in 54% of the cases, and/or pelvic pain in 22% of the cases [14,15,17,37,39].
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Typically, 75% of the patients present a large tumor mass with an average diameter of
10 cm at the time of diagnosis [14,17]. Although LMSs occur primarily in postmenopausal
women [52], both progesterone receptor (PR) and estrogen receptor (ER) are found to be
expressed in 40% and 70% of the cases, respectively [43,52–56]. A recent review has sug-
gested that hormonal therapy applied to LMS expressing ER/PR is effective and presents
favorable tolerance and reliability [57].

There are preoperative methods that allow the differential diagnosis of benign and
malignant uterine disease. Magnetic resonance imaging (MRI) remains the optimal imaging
modality to characterize pelvic masses originating from the uterus, but distinguishing LMS
from LM remains a challenge [17].

LMS histopathological analysis is characterized by the presence of spindle cells, with
ruptured nuclei, perinuclear vacuolization, and eosinophilic cytoplasm arranged in inter-
secting fascicles within the analyzed sample. Meeting the Stanford criteria, LMS should
be deemed intrinsically as a high-grade tumor [58]. Cell atypia can vary from moderate
to severe, while nuclear atypia is always severe, large areas of tumor cell necrosis with
variable mitotic index and atypical mitosis are often observed [15,24,37,59,60]. There are
two uncommon subtypes of uterine LMS: myxoid and epithelioid LMS. These present
mild or focal nuclear pleomorphism and lower mitotic degree, compared to typical LMS.
Diagnostic mistakes between these types of LMS and other smooth muscle tumors are often
common [61,62].

Immunohistochemical co-expression of Desmin, h-Caldesmon, smooth muscle actin
(SMA), and HDAC8 can assist with LMS diagnosis [39,40,56,63–65]. Several other potential
biomarkers such as PDGFRA, WT1, GNRHR, BCL2, ESR, PGR, and LAMP2 have also
been evaluated to distinguish LMS from other tumors, mainly from LM [63]. The cell
proliferative index (determined by Ki-67 protein expression), the protein expression levels
of the tumor suppressors p16 and p53, and the expression of several isoforms of the CD44
(hyaluronan receptor) are, however, routinely used [8,65]. Additionally, some patients
show high amounts of lactate dehydrogenase (LDH) [12] and/or CA125 levels [13], but
these markers are quite unspecific [17].

Most recently, gene expression profile analysis has enabled the classification of LMS
into two subtypes according to their molecular signature. The subtype I recapitulated the
low-grade LMS and was enriched for LMOD1, SLMAP, MYLK, and MYH11, all of them
smooth muscle-specific markers. Subtype II of LMS included tumors with worse prognosis
and expressed genes associated with cell cycle, proliferation, and tumorigenesis (CDK6,
BMP1, MAPK13, PDGFRL, and HOXA1) [66,67].

The gold standard treatment for LMS is still the tumor surgical excision. Total hysterec-
tomy and bilateral salpingo-oophorectomy are recommended for early-stage tumors [17,
32,46–48,56,58,68]. Adjuvant chemo and radiotherapies are indicated to avoid recurrences,
or for early-stage disease, but their effectiveness is still unclear [17,44,49,69] and they do
not offer a significant advantage to improve overall survival [22,43,49,55,70,71]. Recently,
new chemotherapies, targeted therapies (pazopanib), and immunotherapies (nivolumab or
pembrolizumab) seem to be promising new approaches to treat drug-resistant LMS [41].

1.2. ESS Etiology, Prognosis, and Treatment

ESS is the second most common type of US [72] and arises from the uterine stroma.
It is composed of endometrial stromal cells reminiscent of proliferative phase en-
dometrium [7,13,15,73]. It is predominantly intramural, showing both a myometrial
invasion and myometrial lymphovascular space permeation [7]. ESS pathogenesis is
unknown, but tamoxifen exposure and some medical conditions (e.g., polycystic ovary
syndrome) may contribute to its development [73,74]. Although a rare tumor, representing
less than 1% of all uterine tumors, ESS accounts for up to 25% of all uterine sarcomas [58].
Symptoms related to ESS development and progression include abnormal uterine bleeding
(about 90% of patients), uterine enlargement (70% of cases), pelvic pain, and dysmenorrhea.
In 25% of the cases, however, the patients can be asymptomatic [73,75].
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The most recent World Health Organization (WHO) classification (2020) for ESS is
based on both cytogenetic and molecular analyses (i.e., gene fusion or alterations [76])
where the tumors are divided into benign endometrial stromal nodules (ESN), low-grade
endometrial stromal sarcoma (LG-ESS), high-grade endometrial stromal sarcoma (HG-
ESS), and undifferentiated uterine sarcomas (UUS) (Table 2) [76–78]. Morphologically,
ESN is differentiable from LG-ESS only for the absence of lymphovascular invasion and
myometrial infiltration. LG-ESS is usually positive for CD10, ER, and PR and can express
actin, keratins, and calretinin [79], which differ from the HG–ESS tumors carrying the
YWAE-NUTM2 fusion that do not express these markers. HG-ESS shows high expression
of Cyclin-D1, c-KIT, and BCOR, and when ZC3H7B-BCOR fusion is present, CD10 and
variable staining for ER and PR are also observed. Finally, UUS exhibits myometrial
invasion, severe nuclear pleomorphism, high mitotic activity and/or necrosis, and loss
of differentiation. This tumor, however, does not show a specific immunohistochemical
profile, instead showing a diffused and atypical staining for CD10 as well as heterogeneous
patterns of ER and PR staining [14,80].

HG-ESS and UUS can be difficult to diagnostically differentiate from LMS since the
latter can mimic both ESS and UUS. In this case, the immunohistochemical markers and
morphological features can be useful, but not accurate. Tumor location can also provide
important information because LMS is exclusively related to MM, while UUS may also involve
the endometrium. Furthermore, ESS is also diagnosed only post-surgery, but unlike LMS,
they present an indolent course with relapses occurring up to 20 years after diagnosis [81].

Overall, patients with ESS have a better life expectancy than other sarcomas. Their
five-year survival rates are higher than 80%. For disease stages I and II the five-year
survival is approximately 90% whereas for stages III and IV (i.e., advanced disease) the
survival rate for the same interval of time is significantly reduced, according to the FIGO
stage system [75,82].

Treatment protocols are defined based on the grade and stage of the tumor at the
time of diagnosis. Total hysterectomy with bilateral salpingo-oophorectomy remains the
standard treatment for ESS, and lymphadenectomy does not appear to improve overall
survival rates [83]. Adjuvant radiotherapy and hormone therapy are not well-established
therapeutic options yet, even though some studies have shown that hormonal agents can
be an alternative to the management of LG-ESS [82,84]. In contrast, HG-ESS is generally
detected in advanced stages with no effective adjuvant therapy available. In this case,
immunotherapy with adoptive T cells transfer, targeting tumor fusion proteins, can be
useful. Such an approach has been proved to be efficient in inhibiting tumor recurrences in
other cancer types, thus inducing long-term memory cells and the persistent presence of
these cells in the patient’s blood [85].

Table 2. Molecular features of endometrial stromal tumors (ESTs).

Category EST Fusion/Gene Alteration [72,86–101]

Endometrial Stromal Nodule (ESN) JAZF1-SUZ12 1 [86,87]
MEAF6-PHF1 [86,87]

Low-Grade Endometrial Stromal Sarcoma
(LG-ESS)

JAZF1-SUZ12 1 [88]
JAZF1-PHF1 [88]

MEAF6-PHF1 [88]
EPC1-PHF1 [89]

MBTD1-EZHIP [89]
JAZF1-BCORL1 [89]

MAGED2-PLAG1 [90]
MEAF6-SUZ12 [91]

EPC2-PHF1 [92]
BRD8-PHF1 [72]
EPC1-BCOR [72]
EPC1-SUZ12 [72]
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Table 2. Cont.

Category EST Fusion/Gene Alteration [72,86–101]

High-Grade Endometrial Stromal Sarcoma
(HG-ESS)

YWHAE-NUTM2A/B 1 [93]
BCOR-rearrangement [94]

ZC3H7B-BCOR [72,95]
EPC1-BCOR [96]
EPC1-SUZ12 [96]
BCOR-ITD [72]
LPP-BCOR [72]

BRD8-PHF1 [97]

Undifferentiated Uterine Sarcoma (UUS)

JAZF1-SUZ12 [97]
YWHAE-NUTM2 [97]
ZC3H7B-BCOR [97]

YWHAE-rearrangement [97]
HMGA-RAD51B [98]

SMARCA4-deficient [99]

NTRK-Rearranged Uterine Sarcomas (HG-ESS)

RBPMS-NTRK3 [100,101]
TPR-NTRK1 [100,101]

LMNA-NTRK1 [100,101]
TPM3-NTRK1 [100,101]
EML4-NTRK3 [100,101]
STRN-NTRK3 [100,101]

1 Most common alterations.

2. Genetics and Epigenetics Mechanisms in LMS and ESS

Genetic changes are related to alterations in the DNA sequences, whereas epigenetic
modifications involve specific regulatory events apart from DNA codification [102–108].
Epigenetic events play an important role in several normal cellular processes, including
embryonic development, genetic imprinting, and X-chromosome inactivation. When
altered, epigenetic mechanisms may lead to several diseases, including cancer initiation
and progression [106]. Epigenetic dysregulation affects gene functions by altering the gene
expression mainly by (1) DNA methylation, (2) PTMs, and (3) RNA-mediated gene silencing
by ncRNA (e.g., microRNA) (Figure 2) [102,109]. The main clinical and scientific interest in
epigenetic events resides in the fact that they are reversible mechanisms [110,111].

2.1. DNA Methylation

DNA methylation is the most studied and understood epigenetic event described to
date. Found in more than 70% of the human genome, DNA methylation is crucial for cellular
differentiation and normal development [112]. It consists of the addition of a methyl radical
(CH3) to the 5-carbon on cytosine residues (5mC) in CpG dinucleotides [103,104,108–114].
DNA methyltransferases (DNMTs)—enzymes responsible for DNA methylation—are
known to act in cancer cells by either hypomethylation or hypermethylation of specific
CpG regions in the DNA [114].

Global DNA hypomethylation or loss of methylation has been associated with genomic
instability as well as aneuploidy, loss of imprinting, reactivation of transposable elements,
and endogenous retrovirus (ERVs) [108,113,115]. In cancer, hypomethylation is commonly
followed by hypermethylation of localized CpG islands at the promoter and regulatory
regions of target genes, which remain unmethylated in normal cells [109,115,116]. Hyper-
methylation of regulatory regions leads to transcriptional silencing by directly blocking the
transcription factors binding to the promoter region, or by the binding of proteins with a
high affinity for methylated DNA that compete with the transcription factors binding sites
(Figure 3) [108,117].

DNMTs are commonly found overexpressed in tumors, constituting an attractive
target for specific therapy. The FDA has approved “epidrugs” such as 5-azacitidine
(5-Aza), 5-aza-2-deoxycytidine (DAC), and the second-generation of the demethylation
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agent guadecitabine [116,118]. In LMS, Fischer et al. (2018) assessed the therapeutic poten-
tial of nucleoside analogs 5-Aza, DAC, and guadecitabine, using both in vitro and in vivo
experiments. Their results show guadecitabine as a more effective inhibitor of both cell
survival and colony formation in vitro. Additionally, animals who received this treatment
showed a decrease in the tumor burden and increased survival [116].

Figure 2. Graphical representation of epigenetic events potentially involved in the initiation and
development of the tumors, including uterine LMS and ESS. The biogenesis of miRNAs starts in
the nucleus and ends in the cytoplasm. This process includes the participation of several enzymes
and protein complexes that regulate the production of mature molecules capable of regulating gene
expression, both through induction of mRNA degradation and translational repression. Likewise,
dynamic alterations of histone modifications, including acetylation, methylation, and phosphoryla-
tion, modify gene expression, thus affecting DNA replication and repair, chromatin compaction, and
cell cycle control. In addition, histone modification readers such as BRDs can recognize modified
histones, therefore altering gene expression and responding to different signals. Dysregulation in the
epigenetic machinery leads to malignant transformation of cells culminating in the development of
cancer. Created with BioRender.com.

Our group recently assessed the impact of DNMT inhibition on the Hedgehog (HH)
signaling pathway with 5′-Aza-dc, in uterine LMS cells. We observed a reduction in
the GLI1 mRNA, and SMO and GLI1 protein in response to the treatment. Moreover,
GLI1 and GLI2 nuclear translocation were also decreased while nuclear translocation of
GLI3 was increased. Our data showed that DNMT inhibitor, alone or in combination
with pharmacological treatment, was able to block the HH pathway and showed a high
inhibitory effect on the LMS malignant cells phenotype [119].

MGMT silencing due to its promoter hypermethylation has been commonly observed
in several malignancies, including uterine sarcomas [120,121]. The methylation of the
MGMT promoter region, which contributes to genome instability and sensitizes the cells
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to alkylating agents (such as Temozolomide (TMZ)), has been correlated with improved
prognosis and as a potential factor of response to TMZ-based therapy prediction [121].

Figure 3. Schematic representation of the DNA methylation process in LMS and ESS during cancer
development and progression. Methyl groups are added to the DNA molecule and change its activity.
Promoter hypermethylation has been shown to silence tumor suppressor genes in cancer cells, leading
to either dysregulation of cell growth or inducing resistance to cancer therapies. Hypomethylation
promotes genomic instability causing missegregation of chromosomes during cell division. Created
with BioRender.com.

Global DNA methylation studies have also found methylation patterns or signatures
that have been associated with different cancer hallmarks [122]. Braný et al. in 2019
observed differences in the methylation levels between MM and LM samples in the KLF4
and DLEC1 genes. Higher levels of methylation were found in LM compared to LMS cases,
suggesting that methylation of KLF4 and DLEC1 are potential biomarkers to distinguish
LM from LMS [123].

Hasan et al. (2021) identified differentially methylated and differentially expressed
genes associated with LMS. Among the 77 hypermethylated genes, chromatin-modifying
enzymes, including KAT6A, KMT2A and EZH2, and chromatin/DNA binding proteins
such as CTNNB1, PBX3, SATB1, MEIS and COMMD1-BMI1 were observed. The find-
ings indicate the possible involvement of chromatin modulation in regulating the DNA
methylation of these genes [124].

A higher DNA damage response and hypomethylation of estrogen receptor 1 (ESR1)
target genes were both observed when comparing uterine to extra uterine LMS [13].

Gene silencing through methylation can occur as frequently as mutations or deletions,
leading to aberrant silencing of tumor suppressor genes [125]. In an LMS experimental
model, the lack of BRCA1 function was associated with tumor initiation and develop-
ment. This protein expression was next investigated in human samples, and a loss of
29% was associated with promoter methylation [126]. Methylation in the CDKN2A gene,
using uterine LMS samples with a rhabdomyosarcomatous component, has also been de-
scribed [127]. The authors identified both methylated and unmethylated alleles, originating
mainly from the smooth muscle component. Moreover, the loss of heterozygosity in the
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rhabdomyosarcomatous component has been described exclusively in the cells expressing
p16 and p14 [127].

Hierarchical clustering based on the hypermethylation of ALX1, CBLN1, CORIN,
DUSP6, FOXP1, GATA2, IGLON5, NPTX2, NTRK2, STEAP4, PART1, and PRL allowed
differentiation among several uterine tumors with up to 70% accuracy [128,129]. Clusters
of distinct DNA methylation patterns have also been useful in distinguishing tumor types
regardless of the number of CpG sites. Thus, LM and LMS were separated into two different
clusters each, while ESS samples (LG- and HG-ESS) were grouped into two subtypes with
specific profiles. The HG-ESS cluster included YWHAE and BCOR-rearranged tumors,
distinct from LG-ESS and LMS [128,129]. Although LMS and HG-ESS are morphologically
similar, the results show that the DNA methylation profile may be useful to discriminate
against these closely related tumors [128].

DNA methylation plays a key role in gene expression regulation, inducing functional
changes in key genes that regulate endometrial homeostasis [113]. Li et al. (2017) showed
that the KLF4 promoter was hypermethylated in the ESS. They also found PCDHGC5 was
highly methylated in the ESS samples when compared to endometrioid and endometrial
serous carcinoma. sFRPs 1-5 are tumor suppressors that downregulate Wnt/β-catenin
signaling [130–133]. Their consistent promoter hypermethylation and subsequent gene
expression suppression were described in ESN, LG-ESS, and UUS.

Although the true role of DNA methylation patterns in the LMS and ESS initiation and
progression is not completely understood, DNA methylation in normal endometrial stromal
cells has been useful to identify signatures that indicate changes during decidualization or
cell transformations [134–137]. Further studies to determine the precise methylation profile
in pure mesenchymal tumors are certainly necessary to enable the characterization and
differentiation of these tumors as well as to establish new therapeutic options.

2.2. Chromatin Remodeling

The chromatin is composed of DNA molecules tightly coiled around proteins called
histones. This structure condensation degree is directly associated with greater or lesser
RNA synthesis, with greater condensation (higher chromatin closing) being the state of
more transcriptional repression [138]. The basic unit of chromatin, called nucleosome, is
constituted by two copies of each core histone (H2A, H2B, H3, and H4) enveloped by
DNA molecules [139]. Chromatin regulation occurs through PTMs of core histones and
can involve phosphorylation, acetylation, methylation, ubiquitination, SUMOylation, and
GlcNAcylation [139].

Currently, the two most studied and best understood mechanisms of chromatin regula-
tion are histones acetylation and methylation. Such events are regulated by very specialized
proteins called writers, erasers, and readers—which respectively add, remove, or recognize
these PTMs [110–112,140–142]. Included in the writers’ group are histone acetyltransferases
(HATs), DNA methyltransferases (DNMTs), histone lysine methyltransferases (HKMTs),
and histone methyltransferases (HMTs). The erasers’ group includes histone deacetylase
(HDACs) and histone demethylases (HDMs), ten eleven translocations (TETs), and histone
lysine demethylases (HKDMs). In the reader’s group are methyl-CpG-binding domains
(MBDs) and bromodomains [143].

Histone modifications affect the chromatin structure providing binding sites for several
transcriptional factors. Its modification has a direct influence on gene expression, DNA
replication and repair, chromatin compaction, and cell cycle control. Thus, loss of regulation
of the histone modifications can lead to cancer pathogenesis and several developmental
defects (Figure 4) [143].

The lysine residues of histones H3 and H4 are targeted for methylation by site-specific
enzymes, culminating in activation or repression of the gene expression. [144]. This molecu-
lar mechanism is uniquely able to originate three methylation levels: me1 (mono), me2 (di),
and me3 (trimethylation). Lysine methylations may lead to both transcriptional activation
and repression, depending on the lysine residue’s location [143].
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Figure 4. Chromatin remodeling process in LMS and ESS. Chromatin remodeling is an important
mechanism of gene expression regulation. In the histone acetylation induced by HATs, the condensed
chromatin is transformed into a more relaxed structure (euchromatin) that is associated with greater
levels of gene transcription, while histone hypoacetylation induced by HDAC activity is associated
with more condensed chromatin (heterochromatin), inducing gene silencing. Altered expression
and mutations of genes that encode HDACs have been linked to tumor development. Created with
BioRender.com.

In endometrial stromal cells, the transition from a proliferative to a decidual phenotype
occurs due to the loss of the EZH2-dependent methyltransferase activity, which is part of
the chromatin remodeling process [145]. The decidualization process in those cells down-
regulates EZH2, resulting in lower levels of H3K27me3 at the promoter region of PRL and
IGFBP1 (two decidual marker genes). The H3K27me3 loss, associated with acetylation
enrichment in the same lysine residue, indicates the transition from a transcriptionally
repressive chromatin form to a permissive one [145].

Little is known about the specific underlying mechanism of histone acetylation or
methylation associated with the “pure” sarcoma pathobiology. A unique study available
in the literature describes the fatty acid synthase (FASN)-enhanced expression inducing
cell proliferation, migration, and invasion, in transfected cells of uterine LMS. It has been
observed that FASN promotes H3K9me3 and H3K27ac by alteration in the HDAC, HDM,
HMT, and HAT trimethylation activity. Thus, in the uterine LMS cells, the epigenome repro-
gramming by chromatin remodeling seems to induce a higher malignant phenotype [146].

The polycomb group (PcG) proteins are well-characterized transcriptional repressors
that are essential for the regulation of physiological processes in several organisms. PcG
proteins are known to form two distinct complexes with defined enzymatic activities:
polycomb repressive complex 1 (PRC1), a histone ubiquitin ligase related to chromatin
compaction; and PRC2, an HMT that mediates both H3K27me3 and target genes repres-
sion [147–150]. In several cancer types, the expression and function of PcG proteins are
often found dysregulated [148,151–153], and their targeted deletions generally induce lethal
phenotypes [153].

PRC1 catalytic core has two related E3 ubiquitin ligases, the RING1 (RING1A) or
RNF2 (RING1B) that catalyze ubiquitination and BMI1 (polycomb ring finger oncogene),
and one of six PCGF orthologues. The latter constitutes a PRC1 variant containing
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BCOR and KDM2B [154–157]. Translocations or chromosomal rearrangements, involv-
ing fusion proteins have also been implicated in PRCs mechanisms. Fusions such as
KDM2B-CREBBP [158], ZC3H7-BCOR [79,155,156,159,160], JAZF1-BCORL1 [79,91,161],
EPC1-BCOR [72,95], LPP-BCOR [72] and BCOR internal tandem duplications (BCOR-ITD) are
frequently found in ESS, and have recently been also found in LMS samples [80,160,162,163].
Additionally, gene fusion such as MBTD1-CXorf67 [79,91,151,164], MBTD1-EZHIP [90] and
MBTD1-PHF1 in ESS are found as products of PRC1-associated protein [152].

PRC2 has in its core subunits the EZH2 (or its homolog EZH1), EED, SUZ12, and
RbAp46 (or 48). EZH1 and EZH2 are responsible for the H3K27me3 generation. EED binds
to H3K27me3, enhancing the EZH2 catalytic activity, while SUZ12 is essential for the PRC2
activity, and bAp46/48 acts as a chaperone. H3K27 trimethylation leads to the suppression
of several relevant genes, including tumor suppressors [165].

There are two well-characterized PcG proteins, the BMI1 and EZH2, which are required
for the regulation of the PRC activity but are also known to display oncogenic functions in
several cancers. BMI1 was the first identified PcG protein that was described as a proto-
oncogene, and although there are no specific studies regarding the BMI1 role in uterine
LMS [157,166]. Gao et al. (2021) have described one CD133 cell subpopulation that was
derived from SK-UT-1 (uterine LMS cells) with enhanced levels of this protein. The authors
found BMI1, among other CSCs-related (cancers stem cell) markers, up regulated in the
CD133+ cells when compared to the negative cell population [167].

Zhang et al. (2018) investigated both gene and protein expressions of the four PRC2
subunits (EZH2, SUZ12, EED, and RbAp46) in extra-uterine and uterine LMS samples. The
authors observed 91% of sensitivity and 100% of specificity for EZH2 positive staining
in well-differentiated LMS, suggesting this expression is a specific marker for this tumor.
Furthermore, the increased expression of EZH2 was inversely correlated with SUZ12 and
EED expressions, leading to PRC2 suppression and H3K27me3 decrease [168].

Chromosomal rearrangements in genes belonging to the PRC2 complex, or in pro-
teins that interact with them, have previously been described in the ESS [131]. JAZF1-
SUZ12 (previously named JAZF1-JJAZ1) has been frequently reported as the most com-
mon feature of ESS [131,164,169–172]. Additionally, several other modifications such as
EPC1-PHF1 [158,172,173], MEAF6-PHF1 [87,161,162,170], EPC1-ZUZ12 [72,95], MEAF6-
SUZ12 [91,174], BRD8-PHF1 [169], JAZF1-PHF1 [88,158] and YWHAE-NUTM2A/B (previ-
ously known as FAM22A/B) [79,132,175] have also been reported. Panagopoulos et al. in
2012 observed that the rearrangement of genes involved in acetylation and methylation
can be associated with ESS pathogenesis. LG-ESS harboring the EPC1-PHF1 fusion gene
has decreased levels of H3K27me3 and a concomitant increase of H3K36me3 [176]. PHF1
acts in cell proliferation through the modulation of histone H3 methylation [171].

EZH2 can interact with HDAC1 and HDAC2, through the EED protein, suggesting
that the transcriptional repression by the PRC2 complex may be mediated by HDACs [177].
These enzymes act in the acetylation control of transcription factors [178], and their classifi-
cation (Class I, IIa, IIb, III, and IV) is based on their activity, structural similarity, subcellular
localization, and expression patterns [179]. In LMS patients, strong expression of HDACs
1, 2, 3, 4, 6, and 8 were associated with unfavorable prognosis, while HDACs 5, 7, or 9
weak expressions, together with p53 expression, were associated with favorable disease-
free survival (DFS). HDACs 5, 7, and 9 were associated with better survival outcomes,
whereas HDAC5 expression was an independent predictor for DFS in epithelioid subtype
tumors [180]. In vitro analysis using SK-UT-1, SK-LMS-1, MES-SA, and DMR cell lines
demonstrated that HDAC9 (Class IIa) transcription is under MEF2D direct control, and
this axis sustains cell proliferation and survival through FAS repression [177].

In ESS, it has been observed that high expression of HDACs 1, 4, 6, 7, and 8 is associated
with lower DFS [181] whereas, in UUS, distant tumor recurrence was associated with a
strong expression of HDAC6 [140,182].

The increased HDAC activity often observed in cancers justifies the number of cur-
rent studies investigating HDAC inhibitors as novel therapeutic agents [183,184]. These
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studies have shown promising results for metastatic LMS [140,180,181,185]. In this context,
mocetinostat acts by turning on tumor suppressor genes, restoring their normal function,
and reducing tumor growth [140,180]. Its use as mono- or combinatorial therapy has been
evaluated in metastatic extra-uterine and uterine LMS with resistance to gemcitabine and
found to induce regression of tumors with acquired chemoresistance. Romidepsin, LBH589,
belinostat, SAHA, and valproate (other HDAC inhibitors) have shown good results alone
or in combination with decitabine [180,186].

Combinatorial therapy using SAHA, LY294002 (PI3K inhibitor), and rapamycin (mTOR
inhibitor) were tested in ESS cell culture [186]. The results show that SAHA combined with
either LY294002 or rapamycin, or both, reduce specifically phospho-p70S6K and 4E-BP1
levels, inhibiting the tumor cell proliferation [186,187]. A strong reduction of mTOR and
phospho-mTOR levels has been reported after treatment with either SAHA or rapamycin,
by targeting phospho-S6rp, in ESS cells [188]. Fröhlich et al. (2014) showed the benefit of
SAHA treatment associated with TRAIL/Apo-2L in two US cell lines [189].

Another study assessed the effects of combined therapy with valproic acid (VPA, a
weak histone deacetylase inhibitor), bevacizumab (mAb against VEGF), gemcitabine, and
docetaxel, for extra- and intrauterine unresectable or metastatic soft tissue sarcomas [184].
This study found partial response in one case of carcinosarcoma, two extrauterine LMSs, two
undifferentiated pleomorphic sarcomas, and one uterine LMS patient. This pharmacological
combination was well tolerated and overall safe, showing that the combination of traditional
medication and “epidrugs” may truly represent a new treatment strategy for sarcoma [184].

New therapeutic strategies to specifically treat US, such as regional hyperthermia,
combined with chemotherapy, radiotherapy, and/or immunotherapy have emerged in the
last few years. Pazopanib (a multitargeted tyrosine kinase inhibitor with antiangiogenic
effects) combined with hyperthermia has demonstrated synergistic effects mainly for LMS
growth inhibition, in vitro and in vivo [185]. This approach induces HAT1 downregulation
by suppressing Clock which, in turn, is responsible for H3 and H4 acetylation [190].

Histone phosphorylation, which takes place predominantly but not exclusively on
serine, threonine, and tyrosine residues at the histone tails [142], has gained considerable
attention, especially regarding the histone H3, due to its close association with mitotic
chromosome condensation in mammalian cells [191]. A preliminary study evaluating the
mitotic index, based on H3 phosphorylation in LMS, found Phospho Histone H3 (PHH3)
positive staining to be a promising mitosis-specific marker for this tumor [192].

Bromodomain-containing proteins (BRDs), as the “readers” of lysine acetylation are
responsible for transducing regulatory signals carried by acetylated lysine residues into
various biological phenotypes [193]. BRDs can exert a wide variety of functions via multiple
gene regulatory mechanisms [194] and the deregulation of BRDs is involved in many
diseases, including cancer [195–197]. BRD9 is a newly identified subunit of the noncanonical
barrier-to-autointegration factor (ncBAF) complex and a member of the bromodomain
family IV [198]. Studies have demonstrated that BRD9 plays an oncogenic role in multiple
cancer types, by regulating tumor cell growth. Furthermore, the connection of BRD9
with the PI3K pathway [199], microRNAs [200], and STAT5 [201] is implicated in cancer
progression. It has been shown that BRD9 is aberrantly overexpressed in uterine LMS
tissues, compared to adjacent myometrium. [202]. In addition, BRD9 expression was
upregulated in uterine LMS cell lines compared to benign LM and myometrium cell lines.
Notably, targeting the BRD9 with a specific chemical inhibitor (TP-472) can suppress the
LMS cell growth, concomitantly sculpting the transcriptome of uterine LMS cells, altering
the important pathways, reprogramming the oncogenic epigenome, and inducing the
miRNA-mediated gene regulation. These studies reveal that BRD9 constitutes a specific
vulnerability in malignant LMS and that targeting non-bromodomain and extra-terminal
BRDs in uterine LMS may provide a promising and novel strategy for treating patients
with this aggressive uterine cancer [202].

In summary, histone modifications are frequently found in US, thus representing
potential targets for new therapeutic strategies development. Several studies have demon-
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strated that HDAC inhibitors could modulate several signaling pathways, activating, or
inhibiting numerous cascades that lead to an antitumor response. Moreover, combination
with chemo- or targeted- therapies is likely to strengthen the activity of HDAC inhibitors.
However, it is still necessary to further elucidate how the histone modifications are regu-
lated, as well as to understand the mechanism of action of their available inhibitors in LMS
and ESS. This information will enable more efficient clinical trials, which could lead to an
improvement in patients’ response to treatment and overall survival [140].

2.3. Non-Coding RNA (ncRNAs)

ncRNA is known to regulate gene expression both at transcriptional and post-transcriptional
levels. ncRNAs play an important role in epigenetic processes, including modulation of het-
erochromatin, histone modification, DNA methylation, and gene silencing (Figure 5) [108].
These molecules can be divided into housekeeping and regulatory ncRNAs [110,203]. Reg-
ulatory ncRNAs are classified according to their size in small non-coding RNAs (sncRNAs),
with approximately 19-200 nucleotides (nt), and long non-coding RNAs (lncRNAs), with
more than 200 nt [105,108,113,204,205]. The sncRNAs have a wide range of structural
and functional roles in gene expression regulation, RNA splicing, and chromatin struc-
ture [206,207]. sncRNAs includes four different categories: (1) small interfering RNA
(siRNA), (2) microRNA (miRNA), (3) PIWI-interfering RNA (piRNA, with approximately
19-31 nt), and (4) small nucleolar RNA (snoRNA, with 60-300 nt) [111,203]. miRNA and
piRNA are probably the most studied sncRNAs categories to date, and their functions
are well established in the literature [206]. Due to miRNAs’ broad roles, mainly at the
post-transcriptional level, dysfunctions in their regulation have been associated with the
development of several diseases, including cancer [205,206,208].

Figure 5. Graphical representation of the ncRNAs dysregulation in LMS and ESS. ncRNAs have been
identified as oncogenic drivers or tumor suppressors in cancer. LncRNAs often affect the expression
of their target genes by interacting with miRNAs, which are the main post-transcriptional regulation
factors. Some lncRNAs act like sponges, thereby preventing miRNAs from binding to their target
mRNAs. As lncRNAs work as decoys for miRNAs, oncogene mRNA translation is allowed, starting
the LMS and ESS carcinogenesis. Created with BioRender.com.
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To understand the complex biology of sarcomas, numerous correlative and functional
studies aiming to integrate gene expression patterns and miRNAs have been carried
out [209]. As mentioned above, the differential diagnosis of LMS is still a challenge,
and studies focusing on new biomarkers to help distinguish uterine LMS from LM are
extremely important [210–213]. Yokoi et al. (2019) demonstrate the feasibility of circulating
serum miRNAs detection as a preoperative clinical assay to detect US. They identified two
miRNA signatures (miR-1246 and miR-191-5p) in uterine LMS (95% confidence interval
of 0.91–1.00) [214]. Dvorská et al. (2019), and later, Wei et al. (2020) reviewed how liquid
biopsies could increase the overall understanding of uterine LMS behavior and how its
molecular profile could contribute to more accurate discrimination from LM [210,211].

Comparing LMS, LM, and MM, Anderson et al. (2014) found 37 miRNAs differentially
expressed in uterine LMS. The lack of miR-10b in LMS samples was critical for tumor
growth and metastasis. Indeed, rescuing miR-10b expression in the cell lines resulted in
prominent inhibition of cell proliferation, migration, and invasion, and increased apoptosis.
Similarly, stable miR-10b expression significantly reduced the number and size of tumor
implants in vivo by reducing cell proliferation and increasing apoptosis [212].

Later, Schiavon et al. (2019) found that dysregulation of miR-148a-3p, 27b-3p, 124-3p,
183-5p, and 135b-5p expression was associated with tumor relapse, increased metastasis,
and poor survival rates in uterine LMS patients [213]. De Almeida et al. (2017) evaluated
the miRNAs expression profile in cell lines of MM, LM, and LMS. Thirteen molecules
presented differential expression profiles in LM and LMS, compared to normal tissue
(MM). Additionally, the authors observed that miR-1-3p, miR-130b-3p, miR-140-5p, miR-202,
miR-205, and miR-7-5p presented similar expression patterns between the cell lines and
16 patients’ samples [215].

Zhang et al. (2014) demonstrated that miRNAs were significantly dysregulated among
different types of uterine smooth muscle tumors (USMTs), including ordinary LM, mitoti-
cally active leiomyoma (MALM), cellular leiomyoma (CLM), atypical leiomyoma (ALM),
uterine smooth muscle tumor of uncertain malignant potential (STUMP), and LMS sam-
ples. The miRNA expression profile showed that ALM and LMS shared similar signatures
(including miR-34a-5p, miR-10b-5p, miR-21-5p, miR-490-3p, miR-26a-5p and miR-650). Un-
supervised analysis divided the tumors into three clusters: LMS/ALM, LM/STUMP, and
CLM/MM [216]. miR-200c was found to be significantly downregulated in LM, compared
to MM [217], acting directly in ZEB1/2, VEGFA, FBLNS, and TIMP2 regulation. Next, the
authors observed a significant reduction of miR-200c in the SK-LMS-1 cells, compared to
isolated LM cells, indicating this miRNA is an important marker for LM progression and
malignance risk [4,218].

To date, the differential expression (i.e., up- or down-regulation) of several miRNAs
has been directly correlated with US patients’ prognosis. In 2018, Dos Anjos et al. analyzed
the expression profile of 84 cancer-related miRNAs and associated their signatures with pa-
tients’ clinical and pathological data. In LMS, specifically, the authors found an association
between miRNA dysregulation and lower cancer-specific survival (CSS) and aggressive
tumor phenotype. In ESS samples, alterations in miRNA regulation were related to both
lower CSS and metastasis [219].

Shi et al. (2009) found a significant inverse correlation between endogenous HMGA2
levels and let-7 expression in uterine LMS. Their study revealed that the ectopic expression
of let-7a inhibits LMS proliferation by HMGA2 repression, suggesting that the let-7 loss of
expression can represent a worse prognostic factor [220]. Zavadil et al. (2010) identified the
way in which let-7s is responsible for the direct regulation of PPP1R12B, STARD13, TRIB1,
BTG2, HMGA2, and ITGB3 genes (involved in the cell proliferation and extracellular matrix
regulation) in LM samples. [221]. De Almeida et al. (2019), found that decreased expression
of let-7 family members was directly correlated with worse prognosis, affecting both the
overall survival (OS) and the DFS rates of the LMS patients [22].

Dysregulation of some miRNAs has also been correlated with acquired chemoresis-
tance in uterine neoplasm. For instance, the loss of miR-34a expression and its release from
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LMS cells via exosomes contribute indirectly to the tumor doxorubicin chemoresistance.
This mechanism seems to be mediated by MELK overexpression and the recruitment of M2
macrophages [216].

Although less studied than other ncRNAs, lncRNAs are known to interact with
either DNA, RNA, or proteins, and play a significant regulatory function in several
cellular processes [208]. lncRNAs are responsible for regulating transcription on three
different levels: pre-transcriptional (chromatin remodeling), transcriptional, and post-
transcriptional [203,222]. Some similarities can be found between lncRNAs and mRNAs,
including size, transcription by RNA pol-II, 5′-capping, RNA splicing, and poly(A) tail
(approximately 60% of all lncRNAs) [223]. LncRNAs can be stratified into five categories:
(1) intergenic (present between two protein-coding genes), (2) intronic (between the introns
of a protein-coding gene), (3) overlapping (a coding gene is located on the intron of a
lncRNA), (4) antisense (the lncRNA is transcribed from the opposite strand of a protein-
coding gene), and (5) processed lncRNAs (lacks an open reading frame ORF) [208,224].
lncRNA can be expressed in distinguished cell regions and their functions are directly
related to their sub-cellular location. However, these epigenetic regulators may suffer
molecular alterations that affect their expression and, consequently, their physiological
function. Accumulated evidence shows that several differentially expressed lncRNAs are
related to cancer development, progression, and metastasis [204,222].

Unfortunately, in uterine LMS and ESS, the molecular role of lncRNAs and their
regulation remains unclear. Yet, Guo et al. (2014) performed a microarray-based genome-
wide analysis of lncRNAs, including 35 LM and MM-matched samples. The authors
showed, for the first time, the differential expression profile of the lncRNAs between these
tissues. The expression pattern obtained was associated with the downregulation of the
cytokine–cytokine receptor interaction pathway in large LM, and the upregulation of the
fatty acid metabolism pathway in small LM. This study, although preliminary, sheds light
on future studies that will attempt to elucidate the role of lncRNAs specifically in uterine
mesenchymal tumors [225].

3. Conclusions

Uterine pure sarcomas constitute the most frequently diagnosed group of malignant
neoplasms in the uterine body. LMS and ESS are distinct tumors with a variety of features
similar to other uterine neoplasms. The high heterogeneity, morphological and molecular
variations pose challenges to subtypes differentiation and diagnosis. The origin of these
tumors remains unclear, as well as the molecular mechanisms that drive their clinical
and biological behavior. However, genetic, and epigenetic mechanisms have been shown
to directly and indirectly influence the USMT malignant transformation, but the high
complexity of this group of tumors still represents a barrier to diagnosis and disease
management. In this review, we provided insights into the most recent studies regarding
epigenetic events in LMS and ESS, and their potential as novel biomarkers or for developing
new therapeutic modalities to treat these tumors.
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Abstract: Circular RNAs (circRNAs) are a class of single-stranded closed noncoding RNA molecules
which are formed as a result of reverse splicing of mRNAs. Despite their relative abundance, only
recently there appeared an increased interest in the understanding of their regulatory importance.
Among their most relevant characteristics are high stability, abundance and evolutionary conserva-
tion among species. CircRNAs are implicated in several cellular functions, ranging from miRNA
and protein sponges to transcriptional modulation and splicing. Additionally, circRNAs’ aberrant
expression in pathological conditions is bringing to light their possible use as diagnostic and prognos-
tic biomarkers. Their use as indicator molecules of pathological changes is also supported by their
peculiar covalent closed cyclic structure which bestows resistance to RNases. Their regulatory role
in cancer pathogenesis and metastasis is supported by studies involving human tumors that have
investigated different expression profiles of these molecules. As endogenous competitive RNA, circR-
NAs can regulate tumor proliferation and invasion and they arouse great consideration as potential
therapeutic biomarkers and targets for cancer. In this review, we describe the most recent findings on
circRNAs in the most common pediatric solid cancers (such as brain tumors, neuroblastomas, and
sarcomas) and in more rare ones (such as Wilms tumors, hepatoblastomas, and retinoblastomas).

Keywords: circRNA; pediatric cancer; biomarker

1. Introduction

Circular RNAs (circRNAs) are single-stranded covalently closed RNAs that have been
identified in several species such as viruses, prokaryotes, unicellular eucaryotes, and mam-
mals [1–4]. Thanks to the advancements in sequencing techniques and the bioinformatics
approach, it has been recognized that circRNAs are highly enriched in the human transcrip-
tome and may play different functions. Indeed, they can act as protein scaffolds or miRNA
sponges and can be translated in polypeptides. These molecules are characterized by
high structural stability and are mainly localized in the cytoplasm of several cell types [5],
with tissue- and developmental stage-specific expression [6]. Furthermore, several reports
showed that circRNAs may play a key role in different pathological conditions, includ-
ing neurological disorders [7], diabetes mellitus, cardiovascular diseases, inflammatory
diseases, and tumors [8,9].

In particular, emerging body of evidence has shown that abnormal expression of
circRNAs is tightly related to tumorigenesis [10]. In this context, the elucidation of cir-
cRNAs’ functional role and the identification of pathways they regulate in cancer can be
fundamental for the discovery of new biomarkers and for the development of new targeted
therapies. In this review, we reported the most recent findings on the role of circRNAs in
solid pediatric tumors (Summarized in Table 1).

Biomedicines 2023, 11, 36. https://doi.org/10.3390/biomedicines11010036 https://www.mdpi.com/journal/biomedicines
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Biogenesis, Regulation, and Functions of CircRNAs

Splicing is the process by which introns are removed from pre-mRNA to connect
exons together to produce mature mRNA for the expression of most eukaryotic genes.
The different combination of exons in mRNA producing diversified mature mRNA is
called alternative splicing, which is a highly regulated mechanism depending on many
trans-acting factors and cis-acting elements. RNA splicing occurs within the nucleus and is
operated by an enzyme protein complex called spliceosome which recognizes the junction
of introns and exons. The spliceosome consists of several small nuclear ribonucleoprotein
particles (snRNPs) and numerous protein factors which recognize specific sequences at the
5′ and 3′ splice sites. The specific association of snRNPs to certain splice sites at the junctions
of exons and introns initiates a series of reactions which lead to the removal of the intron
and the union of two exons between which the intron was located to form linear mRNA
(canonical splicing, Figure 1). Alternative splicing is a ubiquitous regulatory mechanism
of gene expression that allows generation of more than one unique mRNA species from a
single gene. Alternative splicing can generate mRNAs that differ in untranslated regions
(UTR) or the coding sequence, with mechanisms including intron retention, exon skipping
(removal of specific exons, referred to as cassette exons, that can be either included or
excluded from the mature transcript depending on alternative splicing decisions), or the
usage of alternative splice sites (that affects the boundaries between the introns and exons
involved in this alternative splicing event contributing to transcript diversity) and intron
retention (alternative splicing, Figure 1).

Figure 1. Schematic diagram depicting canonical splicing and the various types of alternative splicing
(intron retention, exon skipping, and exon rearrangement following the use of alternative 3′ and 5′

splice sites).

Circular RNAs (circRNAs) include a large class of noncoding RNAs derived from a
noncanonical splicing event named back splicing where a downstream splice donor site
is covalently linked to an upstream splice acceptor site [8]. CircRNAs are composed of
1–5 exons and the introns flanking the exons are up to three times as long as their lin-
ear counterparts [11]. Several studies emphasized the existence of many complementary
inverter Alu repeats in intron segments, suggesting that such conditions facilitate and
promote circularization [12]. Alu elements, generally located in introns, are abundant and
constitute 11% of the reference human genome [13], and a recent analysis has indicated that
repetitive elements, such as Alu repeats flanking exons, are responsible for RNA circular-
ization and circRNA formation [14]. In fact, it has been reported that pairs of Alu repeats
are enriched in the introns flanking exons that produce circRNAs [12,15], which is further
confirmed by the fact that the majority of circRNA sequence is complementary to Alu
sequences [16]. This was also proved in vitro by mutagenized plasmids that express differ-
ent human circular RNAs, where the authors found that splicing sites and short inverted
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repeated sequences were sufficient to circularize RNA and that mutating some nucleotides
inside the Alu elements also prevented circularization [17]. Zhang et al. also confirmed that
the complementarity and pairing between Alu elements with reverse orientation regulates
the expression of circular RNAs [16,18]. In particular, the adenosine-to-inosine editing is
facilitated by double-stranded Alu sequences, thus promoting RNA circularization [16,19].

CircRNAs are subdivided into three classes depending on their synthesis: exonic
(EciRNAs), intronic (CiRNAs), and exon–intron circRNAs (EIciRNAs) [20]. The biogenesis
of circRNAs is closely linked to the alignment and the scrambling of exon and intron
parties [21]. EciRNAs are synthesized via back splicing of the 5′ splice site to a 3′ splice site.
CiRNAs are formed from intronic lariat precursors escaping from the debranching step
of canonical linear splicing while CiRNAs synthesis is different as it depends on GU-rich
sequences near the 5′ splice site and C-rich sequences near the branch point. To form
mature circRNA, during the back splicing event, first, the two segments bind to form a
circular structure followed by the incision of exonic and intronic sequences in the binding
portion of the spliceosome, and after that, the residual introns are stitched together [22].
CircRNA biogenesis relies on canonical splicing machinery, and their expression level can
be regulated in cells at three levels: precursor RNA transcription, post- or co-transcriptional
processing, and turnover. If canonical splicing happens first, it generates a linear RNA
with skipped exons and a long intron lariat containing these skipped exons, which are
then back-spliced to generate circRNA (exon skipping or lariat intermediate model). If
back splicing happens first, it directly generates circRNA together with an exon–intron(s)–
exon intermediate that can meet two fates: be further processed to produce linear RNA
with skipped exons or be degraded (direct back splicing model). In both models, the
expression of circRNA is associated with an alternatively spliced linear RNA with exon
exclusion, and the way in which the spliceosome chooses either canonical splicing or back
splicing to start the production of circRNA is still unclear (Figure 2A). These two steps may
happen stochastically or synergistically. To bring the downstream donor and upstream
acceptor sites close together to promote back splicing, both cis-elements and trans-factors
are required because back splicing is unfavorable for spliceosome assembly and is less
efficiently catalyzed. The majority of circRNAs are formed from one or more exons of
known protein-coding genes. Products resulting from all of the basic types of alternative
splicing of linear RNA can be found within circRNAs, and some circRNAs contain exons
that are not included in linear transcripts. Despite the lack of polyadenylation (poly(A)) and
capping, circRNAs generally localize to the cytoplasm. However, internal intron retention
may lead to the production of circRNAs that contain sequences derived from both exons and
introns [23]. Although they are expressed at low levels, recent discoveries have revealed a
wide range of regulatory functions performed by these circular molecules. CircRNA are
involved in gene expression regulation through distinct mechanisms: the processing of
circRNAs affects splicing of their linear mRNA counterparts, can regulate transcription
of their parental genes or splicing of their linear cognate. Some circRNAs containing the
internal ribosome entry site (IRES) can be translated into proteins through a process that
involves the N6-methyladenosine (m6A) RNA base modification, eukaryotic translation
initiation factor 4 gamma (eIF4G2), methyltransferase-like 3 (METTL3)/methyltransferase-
like 14 (METTL14), and the association of the ribosome. Furthermore, circRNAs can
act as endogenous competitive RNAs (ceRNAs) defined as miRNA sponges: they bind
to the corresponding miRNAs via their complementary sequences, thereby regulating
downstream target gene expression which is inhibited by miRNAs. CircRNAs can also
interact with different proteins to form specific circRNPs that subsequently influence modes
of action of the associated proteins (Figure 2B).
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Figure 2. (A) Biogenesis of circRNAs: circRNAs are created by noncanonical splicing process known
as back splicing. A downstream splice donor is joined to an upstream splice acceptor. Exonic
circRNAs (EciRNAs) are formed via back splicing (red lines) with multiple exons or a single exon,
the major forms of circRNAs. Exon–intron circRNAs (EIciRNAs) are circularized with the retained
intronic sequences between the circularized exons, predominantly in the nucleus (black lines). Intronic
circRNAs (ciRNAs) are formed from intronic lariat precursors escaping from the debranching step
of canonical linear splicing, abundant in the nucleus (blu lines). (B) CircRNA are involved in gene
expression regulation through distinct mechanisms: the processing of circRNAs affects splicing
of their linear mRNA counterparts, can regulate transcription and translation of their parental
genes. The association of translation initiation factor eIF4G2 with circRNA triggers its translation,
and this process can be enhanced by METTL3/14. Furthermore, circRNAs can act as sponges for
miRNAs through their binding sites or interact with different proteins to form specific circRNPs that
subsequently influence modes of action of the associated proteins.

2. CircRNAs in Cancer

CircRNAs have been found to be dysregulated in cancer and involved as oncogenes
or tumor suppressors in tumor development and progression. Since they have a differ-
ent expression in tumors compared to normal tissues [21–23], they represent potential
diagnostic/prognostic biomarkers and interesting targets for the development of new
therapeutic approaches. CircRNAs may affect tumor progression acting in different ways:
as miRNA sponges by sequestering specific miRNAs to regulate their downstream targets,
thereby suppressing or promoting tumor progression [24,25], or interacting directly with
specific proteins to regulate their or their targets’ function/translation. This mechanism
allows the activation or inhibition of downstream pathways to affect malignant behavior
of tumors [26,27]. Furthermore, it has been suggested that circRNA could be selectively
translated from the same linear RNA, though only few circRNA translation products have
been actually detected [28,29].
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2.1. Pediatric Brain Tumors
2.1.1. Medulloblastoma

Medulloblastoma (MB) is one of the most common malignant tumors affecting the cen-
tral nervous system (CNS) in children. Although considerable progress has been achieved
with the improvement of classic therapeutic approaches such as surgery, radiotherapy,
and chemotherapy, the prognosis of some patients with MB remains very poor. Therefore,
highly specific molecular targeted treatment, which can improve therapeutic efficacy and
reduce side effects in patients, has become a research hotspot. Among the molecules with
a potential prognostic/therapeutic value, circRNAs are also emerging in MB. The first
evidence of circRNA involvement in the regulation of proliferation and growth of MB
was reported in 2018 by Lv et al. With a next-generation sequencing approach on RNAs
extracted from four human MBs and four human normal cerebellum tissues, 44,184 distinct
circRNAs were identified, and among those, two were expressed differently between the
two groups: circ-SKA3 and circ-DTL. Silencing studies on DAOY cells using si-circ-SKA3
and si-circ-DTL plasmids demonstrated that the downregulation of expression of these two
circRNAs suppressed cell proliferation, migration, and invasion in human MB cell lines [30].
In order to deepen the role of circSKA3 in MB, Wang et al. confirmed a higher level of
these molecules in MB tissues compared to the adjacent normal tissues and demonstrated
the relationship between circSKA3 and its predicted target miR-383-5p, whose expression
is reduced in MB tissues. In particular, the authors showed that circSKA3 facilitated MB
progression through the suppression of miR-383-5p by acting as a sponge for this miRNA.
This action leads to the regulation of FOXM1 expression and accelerates MB progression. In
conclusion, these data suggest that circSKA3 depletion blocks MB progression by regulating
FOXM1 expression via miR-383-5p [31]. Last year, it was demonstrated that circ-SKA3
decoyed miR-326 to increase the ID3 expression leading to cell proliferation, migration,
and invasion in MB [32]. Moreover, it was observed that circSKA3 expression in MB tissues
was negatively correlated with the miR-520 expression and positively correlated with
the CDK6 expression, suggesting that circSKA3 facilitates MB progression through the
miR-520 h/CDK6 axis [33].

2.1.2. Ependymoma

Ependymomas represent one of the most common CNS tumors among children, even
though they are rare. This malignancy occurs predominantly intracranially (supratentorial
brain and posterior fossa) in children between 0 and 4 years of age, but it can also arise in
older children and adults. Patients with intracranial ependymomas have high morbidity
and mortality rates, and clinical management is challenging. A profiling of circRNAs was
performed in a cohort of 10 pediatric patients diagnosed with ependymoma and three
healthy controls in 2018. The authors found a significant downregulation of circRNAs in
the ependymoma tissues compared to the healthy control samples, with 1167 circRNAs that
showed a high abundance, of which 263 were detected in the ependymomas and 1126—in
the controls. Following bioinformatic analysis, five circRNAs were found to be upregulated:
circRMST, circLRBA circWDR78, circDRC1, and circBBS9 [34].

2.2. Neuroblastoma

Neuroblastoma (NB) is the most common extracranial solid cancer in childhood origi-
nating from primitive neuronal crest cells of the sympathetic nervous system and typically
develops in the adrenal medulla or the paraspinal ganglia. NB is a complex tumor capable
of rapid progression or spontaneous resolution, the latter usually occurring in under-one
children. In 25% of the cases, a solitary mass that may be cured by surgery is present,
whereas about 60% of the patients present disseminated disease at diagnosis, involving
mainly bone, bone marrow, lymph nodes, and liver. In patients with metastasis, survival
is poor, with a high mortality rate [35]. Despite scientific advances contributing to an in-
creased understanding of genetic, molecular, and cellular mechanisms in NB, the prognosis
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of children with regional or distant metastasis disease remains still poor. Thus, efforts are
being made to unveil the mechanisms underlying NB progression in order to identify new
therapeutic targets. Even though in the past decade some evidence showed that noncod-
ing RNAs have a role in the regulation of different cellular processes such as chromatin
remodelling, transcription, transduction, and post-transcriptional modification, the role of
circular RNAs in NB is just starting to emerge. In 2019, Chen et al. identified one circRNA,
circAGO2 (has_circ_0135889), that was upregulated in several cancer tissues, including NB.
In particular, they observed that the overexpression of circAGO2 is associated with the pro-
motion of growth and invasion of cancer cell lines in vitro and poor prognosis of patients.
The promotion of growth and invasiveness are related to the interaction between circAGO2
and the human antigen R (HuR) protein which implies the competitive enrichment on the
3′ untranslated region (UTR) of target genes, resulting in the reduction of AGO2 binding,
repression of AGO2/miRNA-mediated gene silencing, and promotion of tumorigenesis
and aggressiveness [36]. Shortly after this observation, CUX1-generated intron-containing
circular RNA (circ-CUX1) was identified by Li et al. as a circRNA with oncogenic properties
in NB cell lines. In particular, elevated circ-CUX1 promotes aerobic glycolysis, growth,
and aggressiveness of NB cells by binding to EWS RNA-binding protein 1 (EWSR1) and
facilitating its interaction with the MYC-associated zinc finger protein (MAZ); this results
in transactivation and transcriptional alteration of CUX1 [37]. CUX1 is a transcriptional
factor regulating glycolytic genes such as ENO1, GPI, and PGK1 in NB, and its elevated
expression has been reported to be associated with poor prognosis in several tumors [38].
Zhang et al. observed that miR-16-5p is downregulated in NB cells and tissues, and it
is a direct target of circ-CUX1. Thus, circ-CUX1 acts as a sponge for miR-16-5p, which,
in turn, no longer inhibits the messenger of DMRT2, which is upregulated, accelerating
proliferation, migration, invasion, and glucose uptake in NB cells [39]. The target prediction
approach revealed miR-388-3p as another possible target for circCUX1. In 2021, Wang et al.
confirmed the role of circCUX1 in triggering the progression and glycolysis of NB by
serving as competing endogenous RNA (ceRNA) for miR-388-3p and upregulating plant
homeodomain finger protein 20 (PHF20) [40]. Another circRNA upregulated in NB tissues
and associated with a poor prognosis is circDGKB (has_circ_0133622). Overexpression of
this molecule promotes proliferation, migration, and invasion of SK-N-SH cells, inhibits
apoptosis, and induces S phase arrest, while its downregulation reverts these effects. In par-
ticular, circDGKB targets miR-873, which is an oncosuppressor in several cancers. The loss
of the inhibitory effect exerted by miR-873 on its target GLI1 (glioma-associated oncogene 1)
leads to increased proliferation, migration, and invasion in NB cells [41]. Zhang et al. col-
lected RNA sequencing data of 39 NB cell lines and two normal cell lines (RPE-1 and fetal
brain) as the control and identified 39,022 functional circRNAs [42]. From their analysis,
it emerged that circRNAs located within the hotspot at 2p originated from the genes ad-
jacent to MYCN, probably deriving from MYCN amplification. In particular, they found
29 circRNAs dysregulated in NB; those located within the amplified regions of MYCN were
upregulated in the cell lines with MYCN amplification and a high activation level of MYCN
targets. Furthermore, they identified has_circ_0002343, which is implicated in the regula-
tion of PI3K/Akt/mTOR signaling, and has_cir_0001361 was associated with the genes
implicated in epithelial-to-mesenchymal transition (EMT), such as NOTCH2, SERPINHI,
LAMCI [43]. In 2021, Lin et al. performed high-throughput RNA sequencing of five paired
NB tumors and adjacent normal adrenal medulla samples and identified 4704 differentially
expressed circRNAs (2462 up- and 2242 downregulated). Among the differentially ex-
pressed circRNAs, 10 highly downregulated circRNAs were confirmed to be less expressed
in 20 NB specimens compared to the adjacent normal adrenal gland samples. Moreover,
the authors chose to extend the analysis to seven other circRNAs that target miR-21, which
plays an important role in the regulation of proliferation and apoptosis in NB [44]. Three
miR-21-related circRNAs (circRNA-TBC1D4, circRNA-NAALAD2, circRNA-TGFBR3) were
significantly downregulated in NB samples. In particular, circRNA-TBC1D4 was associated
with the MYCN status, circRNA-TGFBR3—with the histological classification. In order to
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investigate the biological functions of these circRNAs, the authors overexpressed circRNA-
TBC1D4 in the SH-SY5Y NB cell lines and observed a significant decrease in the migratory
properties of the cells [45]. Two papers published in 2021 illustrated that nuclear protein
4 like (NOL4L) was regulated by microRNAs, which were regulated, in turn, by circular
RNAs. In the first work, miR-362-5p, which has suppressive functions in NB progression,
was sponged by circRNA phosphodiesterase 5 A (circPDE5A, has_circ_0002474), which, in
turn, was upregulated in NB cells and tissues. Among the functional targets of miR-362-5p,
the authors identified NOL4L, whose expression correlates with the circPDE5A levels
in NB [46]. In the second work, NOL4L was negatively regulated by miR-432-5p and
positively regulated by circ_0132817. Inhibition of circ_0132817 restrained tumor growth by
upregulating miR-432-5p and downregulating NOL4L, suggesting that circ_0132817 knock-
down inhibits the progression of NB through the modulation of the miR-432-5p/NOL4L
axis [47]. In 2022, Tang et al. performed a high-throughput microarray for circRNAs on
three NB and three gangliocytoma tissues [48]. From their analysis, circ0125803 emerged
as the most upregulated circRNA. Circ0125803 interacts with miR-197-5p, which has E2F1
as the target, and the upregulation of this gene promotes NB progression. Yang et al.
observed that in NB tumor specimens and cells, circ_0135889 and neuronal differentiation 1
(NEUROD1) were upregulated while miR-127-5p was down-regulated. Cell proliferation,
migration, and invasion were suppressed following circ_0135889 silencing. Circ_0135889
acts as a sponge for miR-127-5p, and inhibition of miR-127-5p counteracts the inhibitory
impact of circ_0135889 knockdown on the malignant behavior of NB cells. Moreover,
NEUROD1 was a direct target of miR-127-5p, and miR-127-5p exerted antitumor activity
in NB cells by targeting NEUROD1 [49]. The expression level of circular RNA (circRNA)
kinesin superfamily protein 2A (circKIF2A, also known as hsa_circ_0129276) has been
reported to be upregulated in NB tissues, SK-N-AS and LAN-6 cell lines. Silencing of
circKIF2A inhibits cell proliferation, migration, invasion, and glycolysis, boosts apoptosis
in NB cells in vitro, and blocks the growth in vivo. CircKI2A acts as a sponge of miR-377-
3p, targeting phosphoribosyl pyrophosphate synthetase 1 (PRPS1), leading to an increase
in its expression that determines a decreased aggressivity of NB cells [50]. Karami Fath
et al. recently published a review where they reported the potential role of circRNA in
NB progression [51]. This body of evidence underlines the potential of these molecules
as possible biomarkers and therapeutic targets in NB, even though extensive validation is
needed, in particular in relation to the individual characteristics of patients.

2.3. Sarcomas
2.3.1. Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is the most-common soft tissue malignancy in children
and adolescents, accounting for up to 3–4% of childhood cancer cases and approximately
50% of all sarcomas [52,53]. Among the main RMS subtypes, embryonal (ERMS) and
alveolar sarcomas (ARMS) account for 60% and 20% of all RMS cases, respectively. ARMS
is associated to specific genetic alterations and generally has a worse prognosis due to its
low response to treatment [54]. In 2019, Rossi et al. reported that circ-ZNF609 is expressed
in growing myoblasts, showing that its depletion leads to cell proliferation modulation.
Indeed, circ-ZNF609 is upregulated in RMS cell lines, in particular in ARMS, and has a
role as a positive regulator of cell proliferation pathways. Knockdown of circ-ZNF609
induces the block of the G1–S transition, specifically in ERMS cells, with a decrease in the
p-AKT protein levels in both ERMS and ARMS cell types. Moreover, circ-ZNF609 has been
described to be overexpressed in RMS primary tissues [55]. In 2021, the same research
group described a high expression of circVAMP3 in ARMS cells lines and demonstrated its
involvement in cell cycle progression through the alteration of AKT-related pathways. In
particular, downregulation of circVAMP3 leads to the upregulation of CDKN1A and WEE1,
which directly regulate the CCNB1/CDK1 complex, controlling the G2/M checkpoint, as
well as the downregulation of AKT and ERK1, therefore leading to an accumulation of cells
in the G2 phase [56].
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2.3.2. Osteosarcoma

Osteosarcoma (OS) accounts for approximately 35% of primary malignant bone tu-
mors; its metastatic form presents the lowest survival rate out of all pediatric cancers
despite the use of multiple chemotherapeutic regimens [57]. The MNAT1 protein (menage
a trois 1, MAT1) is upregulated in different sarcomas (Ewing’s sarcoma, synovial sarcoma),
but in particular in OS tissues compared to normal bone tissue. Among the four miR-
NAs (miRNA-26a-5p, miRNA-26b-5p, miRNA-200a-3p, miRNA-141-3p) that are aberrantly
expressed in OS and are predicted to target MNAT1, miRNA-26a-5p expression shows nega-
tive correlation with MNAT1 expression. This effect is due to the action of has_circ-0001146
that promotes MNAT1 expression by sponging miR-26a-5p and promoting proliferation
and invasion ability [58]. Zhang et al. reported that in 10 pediatric OS tissue samples,
has_circ-0005909 was upregulated in respect to the adjacent normal tissue. This circRNA
was confirmed to also be upregulated in OS cell lines MG63, HOS, 143B, and U2OS. Knock-
down of circ_0005909 in OS cells demonstrated that this circRNA represses proliferation by
targeting miR-338-3p that could bring the 3′UTR of HMGA1 (high mobility group A1) [59].

2.4. Wilms’ Tumor

Wilms’ tumor (WT, nephroblastoma) develops before the age of 3 years and accounts
for 6% of childhood tumors and 95% of pediatric kidney tumors. In recent years, with the
improvement of therapeutic strategy, around 85% of the patients affected by this tumor are
cured, with a few children presenting relapse, metastasis, and chemoresistance who have
a poor prognosis. Thus, the identification of new molecules such as circRNAs would be
fundamental to improving the survival of patients with high-risk disease. In 2021, Cao et al.
conducted high-throughput microarray sequencing to screen circRNAs in Wilms’ tumor
cells and tissues [60]. Wilms’ tumor samples and the adjacent normal kidney samples were
collected and analyzed for circRNA expression. Circ0093740 was identified as upregulated
in the tumor samples in respect to the normal kidney samples and the Wilms’ tumor cell
lines. Silencing of circ0093740 inhibited the proliferation and migration ability of the Wilms’
tumor cells, and this mechanism is mediated by the sponging of miR-136/145 operated by
circ0093740 that leads to the upregulation of DNA (cytosine-5-)-methyltransferase 3 alpha
(DNMT3A), transcript variant 3. An opposite effect was observed for has_circ_0008285
(circCDYL) which was downregulated in WT tissues compared to normal adjacent tissues,
and its overexpression suppresses proliferation, migration, and invasion of WT cells in vitro
and in vivo [61]. These effects are due to the upregulation of the tight junction protein
1 (TPJI) expression following the ability to circCDYL to sponge miR-145-5p. In 2022.
Jiaju et al. observed that circSLC7A6 was upregulated in WT tumor samples and cells in
respect to the controls. Cell apoptosis was increased while cell viability, migration, and
invasion were repressed by circSLC7A6 silencing. Furthermore, miR-107 was a direct target
of this circRNA, and circSLC7A6 could upregulate ABL2 expression by serving as a ceRNA
of miR-107 [62].

2.5. Hepatoblastoma

Hepatoblastoma (HB), one of the major liver cancers in infants, accounts for about
1% of all pediatric cancers [63]. To date, surgical resection, adjuvant chemotherapy, and
liver transplantation are the methods mainly used for HB treatment. However, a high
percentage of patients have a high risk of relapse or metastasis, and the mortality rate in
those advanced cases is still over 35% [64]. Furthermore, in the field of HB, considerable
effort has been devoted to the identification of circRNAs. In 2018, Liu et al. compared
the HB expression profile with the paired adjacent normal tissue samples and identified
869 differentially expressed circRNAs. Among these molecules, has_circ_0015756 was
the most significantly upregulated both in tissues and in metastatic HB cell lines. A
reduction of viability, proliferation, and invasion ability in SMMC-7221 and HepG2 HB cells
was observed following the silencing of this circRNA. Predictive bioinformatic analyses
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suggested miR-6134, miR-7854-3p, miR-4778-3p, miR-1250-3p, and miR-4659a-3p as a
putative miRNA target on circ_0015756. Functionality experiments suggested that miR-
1250-3p directly regulates circ_0015756, and this was confirmed by the reduction of viability,
proliferation, and invasion following miR-1250-3p mimic transfection in HuH-6 cells [65]. In
2019, two papers were published on dysregulated circRNAs in HB. Song et al. demonstrated
by using qRT-PCR and in situ hybridization that has_circ_0000594 is upregulated in HB
samples collected during surgery. This circRNA directly regulates miR-217, which is a
well-recognized tumor suppressor miRNA, to act on SIRT1 (Sirtuin1) expression, this latter
being an oncogene implicated in the promotion of the malignant phenotype [66]. Zhen
et al. investigated by means of sequencing analyses the expression profile of circRNAs in
HB tissues and discovered that circHMGCS1 (has_circ_0072391) is strongly upregulated
in patients’ tissues and is negatively correlated with the prognosis. Furthermore, they
found that this circRNA exerts its oncogenic role via sponging tumor suppressor miR-503-
5p to upregulate the IGF–PI3K–Akt signaling and regulating glutamine metabolism [67].
Using circBase, Liu et al. looked at the circRNAs which are derived from the STAT3 gene
sequence and that were expressed in HepG2 and HuH-6 cells compared to a normal liver
cell line, THLE-3, and identified 14 sequences [68,69]. Among these sequences, circ_0043800
and circ_0043804 were highly expressed in cancer cells in respect to the control cell line
and were also detected in HB and the adjacent nontumor tissues. Only circ_0043800 was
significantly upregulated in cancer tissues, and the authors renamed it as circ-STAT3. The
silencing of circ-STAT3 led to the inhibition of HB (HepG2 and HuH-6) cell growth and
migration and a stem cell phenotype. Circ_0043800, that is predominantly located in
the cytoplasm, was found to upregulate STAT-3 and Gli2 (GLI family zinc finger 2) via
sponging miR-29a/b/c-3p, and this leads to the promotion of HB tumor growth [69]. In
2021, Chen et al. explored the role of circRNAs in stemness maintenance of HB cells.
CircRNA CDR1 was highly expressed in HB cancer stem cells (CSC)-enriched population,
and its knockdown decreased the proportion of stem cells. This effect was due to its
sponge activity on miR-7-5p, which leads to the increase in Kruppel-like factor 4 (KLF-4)
expression [70]. The expression of circSETD3 was investigated by Li et al. who observed a
significant reduction in HB tissues and cell lines (HepG2 and HuH-6) compared to normal
tissues and a liver cell line (THLE-3). Furthermore, low expression of circSETD3 has been
shown in advanced stages of disease and to be associated with poor survival in HB patients.
These results indicate that circSETD3 acts as a tumor suppressor in HB, and functional
experiments on this tumor demonstrated that its expression inhibits cell proliferation,
migration, epithelial-to-mesenchymal transition (EMT) and induces apoptosis via sponging
miR-423-3p to promote Bim expression [71].

2.6. Retinoblastoma

Emerging evidence suggests that abnormal expression of circRNA is very closely re-
lated to the development and progression of various ocular disorders, including retinoblas-
toma (RB). RB, a malignancy originating from embryonal retinal cells, is the most common
eye cancer occurring in the pediatric population. Several approaches have been employed
to treat RB, with survival rates currently exceeding 95%. However, in the presence of
resistant retinal, vitreous, or humor aqueous disease, the management of local tumor
control and the visual outcome are still challenging. Therefore, the understanding of
molecular events underlying the initiation and the progression of RB remains crucial for
the treatment of this cancer. First evidence of the involvement of circRNAs in RB pro-
gression was provided in 2018 by Xing et al. with a work illustrating the clinical value
and biological functions of has_circ_0001649. Has_circ_0001649 expression levels were
significantly downregulated in RB cell lines in respect to retinal pigment epithelial (RPE)
cell line ARPE-19 and in RB tissues compared with normal retinal tissues. Low expression
of has_circ_0001649 was associated with an aggressive phenotype of RB and predicted a
poor prognosis for RB patients after surgery [72]. Further functional studies demonstrated
the ability of has_circ_0001649 to induce changes in proliferation and apoptosis in RB
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cells through the regulation of AKT/mTOR signaling. In 2019, Jiao et al. investigated
the expression of circRNA in primary RB tissue samples compared to healthy retinas by
means of RNA sequencing. They identified 557 differentially expressed circRNAs, with
550 circRNAs downregulated and seven circRNAs upregulated in RB tissues compared
to the corresponding normal retinas. Gene Ontology (GO) enrichment analyses showed
that the host genes of differentially expressed circRNAs were associated predominantly
with chromatin modification and phosphorylation. In particular, among circRNAs whose
host genes participated in chromatin modification, TET1-has_circ_0093996 was signifi-
cantly downregulated in the RB samples. Prediction using TargetScat reveals that cluster
miR-96-182-186 is sponged by TET1-has_circ_0093996 and that programmed cell death 4
(PDCD4) is a potential candidate gene impacted in RB tissue as the target of miR-183 [73].
In another work, Fu et al. observed that among the potential targets of circTET1, there are
miR-492 and miR-494-3p in RB. The ability to sponge these miRNAs by circTET1 has as
a consequence the inhibition of the Wnt/β-catenin signaling pathway and the inhibition
of tumor progression [74]. In 2020, Wenbo et al. provided the evidence of the potential
role of circ_0075804 in regulating RB cell proliferation by binding to heterogeneous nuclear
ribonucleoprotein K (HNRNPK) and enhancing the stability of E2F3 mRNA [75]. Du
Shanshan et al. identified that circ_ODC1 is implicated in the regulation of RB proliferation
through a mechanism that involves miR-422a and S phase kinase-associated protein 2
(SKP2). In particular, they observed that circ_ODC1 sponging miR-422a, which targets
SKP2 mRNA, indirectly increases the SKP2 protein to promote cell growth in RB [76].
Circ_0000527 has been demonstrated to be expressed at a high level in RB tissues and cells
implicated in the promotion of RB progression. Specifically, circ_0000527, by sponging
miR-646, increases the expression of its target BCL-2 through the promotion of malignant
phenotypes on RB cells [77]. Among the messengers targeted by miR-646, there is also
LDL receptor-related protein (LRP)-6 mRNA. Zhang et al. demonstrated that upregulation
of miR-646 and knockdown of circ_0000527 induce a decrease in LRP6 expression in RB
cells; on the other hand, inhibition of miR-646 or overexpression of circ_0000527 enhance
LRP6 expression, promoting cell proliferation and migration [78]. Another mechanism by
which circ_0000527 facilitates RB progression is through the regulation of the miR-98-5p/X-
linked inhibitor of apoptosis (XIAP) axis. Indeed, the silencing of circ_0000527 suppresses
proliferation, migration, and invasion of RB cells and promotes apoptosis by increasing
expression of miR-98-5p that targets XIAP [79]. Recently, two papers have highlighted the
role of circular RNA circ_0000034 in the development of RB. Liu et al. showed that the
level of circ_0000034 and syntaxin (STX17) was increased in RB tissues and cells, while
miR-361-3p was decreased, suggesting a role of the miR-361-3p/STX17 axis in promoting
RB cell growth [80]. Sun et al. found that has_0000034 expression in RB tissues was high
compared to normal retinal tissues and correlated with advanced disease in RB patients.
Thus, they suggested that has_circ_0000034 may promote RB aggressiveness by sponging
miR-361-3p [81]. Le et al. evaluated the expression level of circMKLN1 in 55 RB tissue
samples, showing its downregulation compared to retinal tissue [82]. To evaluate the role
of this circRNA in RB development, they transfected into Y79 and WERI-RB1 cells a vector
overexpressed circMKLN1, showing inhibition of its target miR-425-5p and suppression
of proliferation and aggressiveness of RB cells. This anticancer effect is due to the upregu-
lation of oncosuppressor gene PDCD4 following the inhibition of miR-425-5p carried out
by circMKLN1. Conversely, it was observed that circ-FAM158A was overexpressed in RB
tissues and cells, and its knockdown inhibited RB cell growth, migration, and invasion.
Moreover, in RB specimens and cells, miR-138-5p was lowly expressed, while solute carrier
family 7 member 5 (SLC7A5) was highly expressed, suggesting a possible relationship be-
tween these two molecules. In fact, it was reported in RB that circ-FAM158A may act as an
oncogene by sponging miR-138-5p to regulate SLC7A5 expression [83]. In 2022, Guangwei
analyzed the expression of four different circRNAs identified with bioinformatics analysis
via the circBank database (circ_0084811, circ_0137212, circ_0137213, circ_0137214) in RB
cell lines. Among the four, only circ_0084811 was expressed at a high level in HXO-Rb44,
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Y79, SO-Rb50, and WERI-Rb-1 in respect to the human retinal pigment epithelial ARPE-19
cell line. Functional assays demonstrated that circ_0084811 facilitated cell proliferation but
inhibited cell apoptosis. Moreover, circ_0084811 regulated its host gene E2F transcription
factor 5 (E2F5) whose expression at the protein and mRNA levels was reduced following
circ_0084811 silencing. Furthermore, circ_ 0084811 deficiency induced cell apoptosis, and
this effect could be partially countervailed by the knockdown of miR-18a-5p or miR-18b-5p
while it could be greatly counteracted by E2F5 upregulation. These observations suggested
that circ_0084811 regulates E2F5 expression via sponging miR-18a-5p and miR-18b-5p [84].

Table 1. CircRNAs involved in various pediatric cancers.

Tumor CircRNA Related Network Function Reference

MB circ-DTL Promotion of proliferation [30]

miR-383-5p Promotion of proliferation [30]
Promotion of cancer progression [31]

MB circSKA3 miR-326 Increased proliferation [32]
miR-520 h Promotion of cancer progression [33]

EP circRMST, circLRBA circWDR78,
circDRC1, and circBBS9 [34]

NB circAGO2 (hsa_circ_0135889) Promotion of tumorigenesis
and aggressiveness [36]

NB circCUX1 EWS RNA-binding
protein

Promotion of glycolysis, growth,
and aggressiveness [37]

NB circCUX1 miR-16-5p/DMTR2 Promotion of proliferation, migration,
invasion, and glucose uptake [39]

NB circCUX1 miR-388-3p/PHF20 Promotion of cancer progression [40]

NB circDGKB (has_circ_0133622) miR-873/GLI1 Increased proliferation, migration,
and invasion [41]

NB has_circ_0002343 PI3K/Akt/mTOR
signaling Survival [42]

NB has_circ_0001361 NOTCH2, SERPINH1,
LAMC1 Epithelial-to-mesenchymal transition [44]

NB circTBC1D4, circNAALAD2,
circTGFBR3 miR-21 Decreased migratory properties [45]

NB circPDE5A (has_circ_0002474) miR-362-5p/NOL4L Promotion of proliferation
and migration [46]

NB circ_0132817 miR-432-5p/NOL4L Promotion of tumor progression [45]

NB circ0125803 miR-197-5p/E2F1 Promotion of tumor progression [48]

NB circ_0135889 miR-127-
5p/NEUROD1

Promotion of proliferation
and tumorigenicity [49]

NB circKIF2A (hsa_circ_0129276) miR-377-3p/PRPS1 Promotion of cell proliferation,
migration, invasion, and glycolysis [50]

ERMS circZNF609 AKT Regulation of cell proliferation [55]

ARMS circVAMP3 AKT Regulation of cell proliferation [56]

OS has_circ_0001146 miR-26a-5p/MNAT1 Promotion of proliferation
and invasiveness [58]

OS has_circ_0005909 miR-338-3p/HMGA1 Promotion of cancer development [59]

WT circ0093740 miR-
136/145/DNMT3A

Promotion of proliferation and
migration ability [60]
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Table 1. Cont.

Tumor CircRNA Related Network Function Reference

WT circCDYL miR-145-5p/TJP1 Reduction of cell proliferation,
migration, and invasion [61]

WT circSLC7A6 miR-107/ABL2 Cancer promotion [62]

HB circ_0015756 miR-1250-3p Increased viability, proliferation,
and invasion [63]

HB has_circ_0000594 miR-217/SIRT1 Promotion of proliferation, viability,
and migration [66]

HB circHMGCS1 (has_circ_0072391) miR-503-5p/IGF-PI3K-
Akt signaling Regulation of glutamine metabolism [67]

HB circ_0043800 miR-29a/b/c-
3p/STAT3/GLI1 Promotion of tumor growth [69]

HB CDR1as miR-7-5p/KLF4 Promotion of proliferation
and stemness [70]

HB circSETD3 miR-423-3p/Bim Inhibition of proliferation, migration,
and EMT and induction of apoptosis [71]

RB has_circ_0001649 AKT/mTOR Regulation of proliferation
and apoptosis [72]

RB TET1-has_circ_0093996 miR-183/PDCD4
miR-494/miR-494-3p

Chromatin modification
Inhibition of tumor progression

[73]
[74]

RB circ_0075804 HNRNPK Regulation of proliferation [75]

RB circ_ODC1 miR-422a/SKP2 Regulation of cell growth [76]

miR-646/BCL-2 Promotion of RB progression [77]

RB circ_0000527 miR-646/LRP6 Promotion of cell proliferation
and migration [78]

miR-98-5p/XIAP Promotion of cell proliferation
and migration [79]

RB has_circ_0000034 miR-361-3p/STX17 Promotion of cell growth [80,81]

RB circMKLN1 miR-425-5p/PDCD4 Inhibition of tumor progression [82]

RB circ-FAM158A miR-138-5p/SLC7A5 Regulation of cell growth
and migration [83]

RB circ_0084811 miR-18a-5p/miR-18b-
5p/E2F5

Promotion of proliferation and
inhibition of apoptosis [84]

MB, medulloblastoma; EP, ependymoma; NB, neuroblastoma; OS, osteosarcoma; ERMS, embryonal rhabdomyosar-
coma; ARMS, alveolar rhabdomyosarcoma; WT, Wilms’ tumor; HB, hepatoblastoma; RB, retinoblastoma.

3. Brief View on circRNAs in Blood Cancers

Although we focused our attention on the latest scientific evidence regarding the
identification and possible role of circRNAs in different solid pediatric tumors, a brief
consideration of their involvement in blood cancers must be made. Indeed, circRNAs could
be applied as new clinical biomarkers for blood cancers due to their close connections with
multiple biological functions in the disease, as well as their elevated levels of stability and
abundance in bone marrow and body fluids [85]. Several circRNAs have been used as
diagnostic and prognostic biomarkers in blood malignancies, such as multiple myeloma
(MM), acute lymphocytic leukemia (ALL), and juvenile myelomonocytic leukemia (JMML).
For example, in MM, circRNAs involved in cell proliferation and tumor progression (such
as circ-SMARCA5, hsa_circ_0007841, hsa_circ_0005273, hsa_circ_0007146, hsa_circ_0001947,
hsa_circ_0001910, circ-CDYL, circ-MYBL2, circ-ITCH, hsa_circ_0087776, circMYC, circ-
G042080, circ-ATP10A) [86] or in chemoresistance (such as circRNA_101237, circ_0007841,
circITCH, circ-CCT3, ciRS-7, circPVT1) were identified [87]. In ALL, circPVT1 was proposed
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to promote ALL leukemogenesis [88], while circPVT1, circHIPK3, and circPAX5 were
proposed to interfere with B cell maturation and promote disease progression [89]. In 2021,
Liu et al. identified circRNF220, which was specifically abundant and accumulated in
the peripheral blood and bone marrow of pediatric patients with AML. Interestingly, they
suggested the use of this circRNA as a prognostic biomarker because its elevated expression
correlated with relapse. Moreover, they found that circRNF220 knockdown specifically
inhibited proliferation and promoted apoptosis in AML cell lines and primary cells [90].
In JMML, CircMCTP, circLYN, and circAFF2 were highly upregulated, suggesting their
involvement in this tumor’s pathogenesis [91]. As in solid pediatric tumors, the search for
circRNAs in blood malignancies is still in its infancy and is an important resource for the
identification of biomarkers on which the spotlight is turned on.

4. Bioinformatic Tools and Resources for circRNAs

Identification of circRNAs in RNA sequencing data remains a major challenge, espe-
cially for their detection within pooled heterogeneous RNAs. In fact, circRNAs generally
lack poly(A) tails [19], even though some A-rich stretches can still be found within their
sequences. Random priming can be used in place of oligo(dT) priming to enrich circRNA
libraries. Moreover, despite circRNAs are retained in rRNA-depleted libraries, they could
require the use of RNase R to digest linear RNA. In addition, adaptor ligation could
represent an artifact in circRNA enrichment as two different cDNAs may be ligated in
a noncanonical order during the step of adaptor ligation. Another problem is template
switching that is promoted in case of long homologous sequences, such as those found
in the genes coding for multiple isoforms that share identical constitutive exons [92,93].
All of these experimental artifacts should be taken into account by the algorithms that are
used to identify circRNAs. To date, different algorithms have been developed to resolve
these issues [94], each one with its own methodologies. The most common algorithms are
listed in Table 2 [93]. These are used for single-end or paired-end data, with the latter being
more sensitive, especially when dealing with high read coverage [95]. Reads that are not
contiguously aligned to the reference genome and that align to back-splice junctions are
further processed by distinct algorithms in order to identify and count circRNAs. A list of
bioinformatic resources was developed to allow not only the discovery, but also the study
of the mechanism of function of circRNAs. These tools comprise both those for circRNA
identification and quantification and resources for circRNA annotation. Indeed, there are
several databases that collect circRNA information related to many aspects of this RNA’s
biology, such as interaction with other biological entities as well as expression data across
cells and tissues and tools for experiment design. Such resources were comprehensively
reviewed by Chen et al. [96].

Table 2. Tools for circRNA identification and annotation.

Algorithm Aligner Reference

find_circ Bowtie2 [6]

MapSplice Bowtie [97]

CIRCexplorer TopHat [16]

circRNA_finder STAR [98]

CIRI BWA [99]

Salzman 2012 Bowtie [100]

Salzman 2013 Bowtie2 [101]
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Table 2. Cont.

Algorithm Aligner Reference

CircRNAseq Bowtie [15]

Segemehl Segemehl [102]

Guo 2014 Bowtie [103]

KNIFE Bowtie2 [104]

DCC STAR [105]

5. Conclusions

In the past few years, the advancement of such high-throughput technologies as se-
quencing and omics techniques led to the identification of circRNAs. These conserved
endogenous RNAs have an extensive distribution, even though they present tissue-specific
expression, cell type specificity, and multiple functions. Intriguingly, dysregulated ex-
pression of circRNAs has been identified in various cancers. Even though little is known
about their function and molecular mechanisms during cancer initiation, progression, and
metastasis, circRNAs have a great potential as cancer biomarkers. Indeed, the emerging
involvement of circRNA deregulation in cancer pathogenesis has opened promising oppor-
tunities for their clinical application in tumor diagnosis, outcome prediction, and therapy.
Even though circRNAs arouse considerable interest and are under the magnifying glass,
their characterization and study are still in their infancy, and many questions still remain
unanswered. It is highly unlikely that any single circRNA, despite being highly sensitive
and specific, exists in all cancer types, and one specific circRNA is usually insufficient to
predict or monitor cancer; therefore, integrating a panel of cancer-associated circRNAs
as biomarkers or signatures might be a reasonable method in future clinical practice, in
particular in pediatric cancer. Indeed, the current challenges in the field of childhood cancer
diseases include identification of novel biomarkers that may allow a more accurate risk
stratification. These circular molecules, specific and extremely stable, implicated in the
regulation of physiological processes and deregulated in several pathologies, such as cancer,
serve as stable clinical biomarkers of disease and also provide new potential therapeutic
targets in the pediatric setting.
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Abstract: Brain development occurs until adulthood, with time-sensitive processes happening during
embryo development, childhood, and puberty. During early life and childhood, dynamic changes in
the brain are critical for physiological brain maturation, and these changes are tightly regulated by
the expression of specific regulatory genetic elements. Early life insults, such as hypoxia, can alter
the course of brain maturation, resulting in lifelong neurodevelopmental conditions. MicroRNAs
are small non-coding RNAs, which regulate and coordinate gene expression. It is estimated that one
single microRNA can regulate the expression of hundreds of protein-coding genes.. Uncovering the
miRNome and microRNA-regulated transcriptomes may help to understand the patterns of genes
regulating brain maturation, and their contribution to neurodevelopmental pathologies following
hypoxia at Postnatal day 7. Here, using a PCR-based platform, we analyzed the microRNA profile
postnatally in the hippocampus of control mice at postnatal day 8, 14, and 42 and after hypoxia at
postnatal day 7, to elucidate the set of microRNAs which may be key for postnatal hippocampus
maturation. We observed that microRNAs can be divided in four groups based on their temporal
expression. Further after an early life insult, hypoxia at P7, 15 microRNAs showed a misregulation
over time, including Let7a. We speculated that the transcriptional regulator c-myc is a contributor
to this process. In conclusion, here, we observed that microRNAs are regulated postnatally in the
hippocampus and alteration of their expression after hypoxia at birth may be regulated by the
transcriptional regulator c-myc.

Keywords: microRNAs1; hippocampus; hypoxia

1. Introduction

Human brain development begins in the 3rd week of gestation and continuing until
adulthood [1], with dynamic changes in the brain happening through childhood and ado-
lescence. The complex process that is postnatal brain maturation involves the formation
and maturation of tracts, combined with regressive processes including apoptosis of brain
cells [2,3]. Whilst the generation and migration of neurons is mainly a prenatal event, the
neuron-glia interactions and the functional organization of neural circuits happens during
postnatal life [4]. In particular, in humans during school-age years (4–11 years old), matura-
tion of the brain’s connectivity tract is prominent [5]. In the postnatal period, neurogenesis
is limited and focused within specific areas, such as the olfactory bulb and the dentate
gyrus of the hippocampus [6]. Gliogenesis, on the other hand, is very prominent during
the postnatal period. Glial progenitors proliferate in the forebrain subventricular zone
(SVZ) and migrate to the cortex, striatum, and hippocampus. Here, they differentiate into
oligodendrocytes and astrocytes, forming the myelin sheaths and providing homeostatic

Biomedicines 2022, 10, 2740. https://doi.org/10.3390/biomedicines10112740 https://www.mdpi.com/journal/biomedicines
228



Biomedicines 2022, 10, 2740

support to neurons and enabling the maturation of neuronal circuits [7,8]. Furthermore,
synaptic pruning and production of neuronal connections happen prominently during
the first years of life. In fact, across the whole brain, the number of synapses is double in
childhood than in adulthood, demonstrating that the processes of synaptic remodelling are
very active during childhood and adolescence, and these processes involve the generation
and, removal of synapses [4]. Despite the current understanding of the overall process, the
molecular mechanisms dictating postnatal brain are not well understood.

MicroRNAs are small non-coding RNAs (22–24 nucleotides) that regulate gene ex-
pression post-transcriptionally, by inhibiting translation or promoting mRNA degradation
through 3′UTR binding of the target mRNA [9]. One single microRNA can regulate the
translation of hundreds of protein-coding mRNAs. Although, bioinformatics predictor
models show that most of the protein-coding genes are regulated by combinations of
microRNAs, rather than one single microRNA, therefore, unravelling microRNA transcrip-
tomes are necessary to understand gene regulation of complex processes [9]. Importantly,
microRNAs can be grouped in families, these microRNAs share target genes, and have
reductant functions [10].

MicroRNAs are essential for normal development, using genetic techniques it was ob-
served that disruption of microRNA production results in embryonic lethality in zebrafish,
worms, flies, and mice, mainly due to neuronal deficits [11–14]. MicroRNAs are widely
implicated in the regulation and homeostasis of early brain development, including embry-
onic neurogenesis and neuronal differentiation. The complexity of brain maturation, with
several processes happening over years in humans, suggests that families of microRNAs
may be involved in directing brain development and maturation [15,16], however only
few studies have analysed the role of microRNAs in specific areas of the brain postnatally,
e.g., hypothalamus [17]. Nevertheless, the specific function of a single microRNA may
not be critical, as these microRNAs may have very high temporal specificity and cellular
expression, and their function may be compensated by other cells in complex multicellular
organisms [18]. To fully understand the normal development of complex organs, such the
brain, it is important to analyse the expression of microRNAs at several time points.

C-myc is a highly conserved transcription factor belonging to the MYC family of
basic helix-loop-helix transcription factors and controls the transcriptional networks that
govern cell growth, division, differentiation, and death [19]. MYC regulates extensive
transcriptional programs and drives cells to pre-determined cellular states by amplifying
cell-specific transcriptional programs [19]. MYC mRNA has been identified in all multiple
neural cell types including, neurons, radial glia cells, and oligodendrocytes, suggesting
it has a key function in the formation of brain circuits. Transcriptional control by MYC is
complex, it can promote and repress transcription depending on the cellular context [19].
In this aspect, MYC protein inhibits the transcription of several microRNA clusters [19],
demonstrating that activation of MYC will result in the amplification of signaling pathways.
In fact, in human hepatocellular carcinoma cells, MYC represses the expression of the let-7a
cluster by binding to the non-canonical E-box [20] and, in the brain, MYC represses the
expression of the miR-23 cluster, which may result in a reduction in myelination [21].

In this study, we aim to evaluate how microRNA expression changes over time in the
hippocampus and how an early life insult, hypoxia at Postnatal day 7 may result in the
misregulation of microRNAs and contribute to the neurological outcomes. To this aim we
analyzed the microRNA profile in the hippocampus from Postnatal day 8 (P8) to Postnatal
day 42 (P42) in mice, and how microRNA expression changed after perinatal stress using a
mouse model of hypoxia at Postnatal day 7 (P7). In control, we observed that microRNAs
can be divided into 4 different groups, microRNAs with stable expression during aging,
microRNAs with either increased or decreased expression between ages, and microRNAs
with a peak in the middle time point (P14) compared to P8 and P42. Additionally, we
observed that after hypoxia at Postnatal day 7, a sub-set of microRNAs changed the
expression over time, including the let-7a cluster. Here, we speculated that while these
happen at specific time points, the overall summation and accumulation may contribute
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to the pathology after hypoxia in the neonatal period. Finally, bioinformatics tools were
validated using chromatin immunoprecipitation (ChiP) assay, and we identified that the
transcriptional controller c-myc may regulate the expression of two of these microRNA
clusters, let-7a and miR-23.

2. Materials and Methods

2.1. Mouse Model of Neonatal Hypoxia

A total of 70 mice were used in this study. All animal procedures were performed in
accordance with the principles of European Communities Council Directive (86/609/EEC,
2010/63/EU), under license (REC#1203b or REC#P140) from the Department of Health
and Health Products Regulatory Authority (Ireland) and procedures were approved by the
Research Ethics Committee of the Royal College of Surgeons in Ireland and Trinity College
Dublin. Neonatal litters of C57BL/6J mice [weight, 4–6 g; age, postnatal day 6.5–7.5 (P7)],
were obtained from the Biomedical Research Facility, RCSI or CMU at TCD. Pups were
kept with their dams in a barrier-controlled facility on a 12 h light–dark (7 a.m.–7 p.m.)
standard cycle with access to food and water ad libitum. All experiments were performed
during the light cycle.

Hypoxia in mouse pups was carried out as previously described [22]. Male and female
pups from the same litter were randomly placed in a clear hypoxic chamber and exposed
to a premixed gas containing 5% O2/95% N2 for 15 min at 34 ◦C and 80% humidity. Under
these conditions, 97% of the pups develop behavioural seizures during and after hypoxia.
All animals were observed during the 15 min of hypoxia and 15 min post-hypoxia before
returning to the dam. Both sexes were used for consecutive studies.

2.2. RNA Isolation and Open Array

For each time point and experimental condition, mice were perfused with cold PBS and
both hippocampi were isolated and pooled together for RNA extraction. Total RNA was
extracted using the Trizol method [22–24]. The quality and quantity of RNA were measured
using a Nanodrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and samples
with an absorbance ratio at 260/280 between 1.8–2.2 were considered acceptable.

500 ng of RNA was processed by reverse transcriptase and pre-amplification steps
following the manufacturer’s protocol (Applied Biosystems, Waltham, MA, USA). The
pre-amplification reaction was mixed with TaqMan OpenArray Real-Time PCR Master mix
(1:1). The mix was loaded onto the OpenArray custom-designed panel (215 mature highly
expressed in brain miRNAs) and ran using a QuantStudio 12 K Flex PCR (Life Technologies,
Carlsbad, CA, USA). The number of miRNA identified in each sample showed good
consistency: 136, 132, and 146 in control samples (P8, P14, and P42 respectively), and
153, 131, and 147 in hypoxia samples (P8, P14, and P42 respectively). Any microRNA
with a Ct value above 28 was considered “not detected” and it must be expressed in 3
out of 4 samples to be considered detected within a group. After this selection criteria,
157 microRNAs were detected from the original 215 miRNA. The mean of the Ct values
was (i) in control samples, P8: 20.87, P14: 20.15, and P42: 20.92 and (ii) in hypoxic samples,
P8: 20.64, P14: 20.35, and P42: 19.29 (Figure 1A).

The Geometric Mean Normalisation Method (GMN) and 2−ΔΔCT was used to deter-
mine the relative quantification of each target miRNA expression, using for each microRNA
the average of control samples at P8 as a reference to calculate the ΔΔCT.

miRNAs with a fold change value of under 0.6 or over 1.5 were deemed significant.
Heatmaps were compiled to represent the fold change values for each miRNA sample
group over the three time points, allowing miRNAs to be grouped according to their trends
in expression over time (Figure 2).

230



Biomedicines 2022, 10, 2740

2.3. Ambulation Score

Pups were placed in a flat, enclosed area and recorded for three minutes. Immobile
pups were encouraged to move by gently prodding the back of the pup. The ambulation
scoring scale was adapted from Feather-Schussler et al. [25]: 0 = no movement, 0.5 = lots of
turning, encouragement needed, little or no straight crawling, 1 = crawling with asymmetric
limb movement, 1.5 = crawling, mostly asymmetric with sporadically symmetric limb
movement, 2 = slow crawling with symmetric limb movement, 2.5 = fast crawling with
symmetric limb movement, and 3 = walking with symmetric limb movement. Symmetric
limb movement was noted when the pups’ hind paws met the front paws when moving
in a fluid and continuous motion. Asymmetric limb movement was described as erratic
placement of front and hind paws when moving, in addition to a lack of fluidity. Crawling
was differentiated from walking based on what portion of the hindlimb was in contact with
the ground when ambulating. During crawling, the entire hind paw and heel make contact
with the ground. While only the toes come into contact with the ground. The maximum
score during the 3 min was given [25].

2.4. RT-PCR of Primary Let-7a Cluster Sequence

250 ng of total RNA was retro transcribed using the High-Capacity cDNA Reverse
Transcription kit (Thermo Fisher, Cat n: 4368814) following the manufacturer’s protocol.
Two microlitres of RT product were amplified using TaqMan Fast Universal Master Mix 2x
(Thermo Fisher, Cat n: 4352042) following manufacturer instructions. Pre-designed primers
for the primary sequence and the housekeeping gene (actin) were purchased from Thermo
Fisher (Let7a primers: Mm03306744pri and Actin: Mm00306184pri). Let7a levels were
normalized to actin (housekeeping gene) and data was represented as a relative expression
to the control group using the 2−ΔΔCt method [23].

2.5. Identification of c-Myc Binding Sites in the Promoter Regions

The promoter region from the 15 misregulated microRNAs over time in the hypoxia
group compared to the control was examined for potential Myc binding sites. Potential
C-Myc binding sites were identified by searching for Myc-binding motifs within 5000 bases
upstream of the transcriptional start sites of genes of interest, using the UCSC genome
browser (version: GRCm39/mm39). Primers were then designed to flank the predicted
Myc binding sites.

2.6. Chromatin Immunoprecipitation (ChIP)

ChIP was performed as previously described [23]. Briefly, both hippocampi were
extracted 72 h after hypoxia or normoxia conditions. Both hippocampi were pooled and
homogenized in 1% formaldehyde (Thermo Fisher Scientific, Rockford, IL, USA) and
incubated at room temperature for 10 min. Formaldehyde was quenched with 0.125 M
glycine (Sigma-Aldrich Ltd., Wicklow, Ireland). Samples were then incubated in a hypotonic
buffer (20 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2), lysed in a dounce homogenizer and
rotated at 4 ◦C for 20 min. 1% NP-40 (MP) was added to each sample, then samples were
centrifuged at 15,000 rpm for 5 min at 4 ◦C and chromatin was sheared in a Diagenode Pico
sonicator. To ensure appropriate shearing profiles, DNA was analyzed on a 2% agarose
gel and visualized on a UV box (VWR International Ltd., Dublin, Ireland). Then, samples
were incubated with magnetic Dynabeads® (Thermo Fisher Scientific, Rockford, IL, USA)
which had been pre-incubated overnight with 5 μg of c-myc antibody (Merck Millipore,
Billerica, MA, USA) or IgG control (Cell Signaling, Danvers, MA, USA). Beads and DNA
were incubated at 4 ◦C for 1 h. Magnetic beads and bound material was washed with
RIPA buffer to remove loosely bound DNA/proteins. Beads were then separated from
complexed DNA using Chelex reagent (Sigma-Aldrich Ltd., Wicklow, Ireland) and heated
to 100 ◦C for 10 min. Samples were then incubated at room temperature for a further 10
min before being centrifuged at 15,000 rpm for 5 min. The supernatant was transferred to a
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new tube, stored at 4 ◦C and quantified by qPCR with gene-specific primers. Transcription
factor occupancy in control and post-hypoxia were normalized to IgG binding to the DNA
and calculated as a percentage of total input.

Primer sequence: miR23b-27 site 1 (F: 5′GCAGTGGGTGCCTGTAAG3′, R: 5′CTGTTT-
GGCTCCGTTTCG3′); miR23b-27 site 2 (F: 5′GGGACTTGATGAAATGAGC3′, R: 5′TGAAC-
TTAACTGTGGGTTG3′); Let-7a-1 site 1 (F: 5′TCTCAGGGCCAGAACACTTG3′, R: 5′TGG-
TGCTAAAAGGCAACCCA3′); Let-7a-1 site 2 (F: 5′TGTCTCATGAACATCTTTTCCTACT3′,
R: 5′GCTGGTGTGTGATATCGAGC3′).

2.7. Statistical Analysis

All data are presented as box and whiskers. Two group comparisons were made using
an unpaired Student’s two-tailed t-test (GraphPad Prism). Multiple group comparison was
made using One-way Anova, and Bonferroni post hoc test. Significance was accepted at
p < 0.05.

3. Results

3.1. MicroRNA Expression Profiles in the Postnatal Hippocampus

Postnatal brain development is critical for the formation and maturation of neuronal
circuits. Whilst the overall process of postnatal brain maturation is understood, little is
known about the molecular mechanisms guiding postnatal brain maturation. Here, we
examined the regulation of 215 microRNAs on postnatal days 8, 14, and 42 to evaluate
their expression over the first weeks of life. 155 microRNAs were expressed within at least
one condition (Figure 1A), and from those 130 microRNAs were detected in all samples
(Figure 1B). One microRNA was only detected at P8 (miR-10b-5p (Figure 1B)), 5 microRNAs
were only detected at P14 (e.g., miR-191-3p, miR-216a-5p (Figure 1B)), and one microRNA
was only detected at P42 (miR-770-5p (Figure 1B)). Furthermore, 5 microRNAs were
detected at the earlier time points (P8 and P14, (Figure 1B)) and, 13 microRNAs were
detected at the later timepoints, P14 and P42 (Figure 1B). No microRNAs were detected in
both P8 and P42 exclusively.

3.2. MicroRNAs Regulation between Ages in the Postnatal Hippocampus in Mice

Then, we analyzed if we could observe trends in the expression of microRNAs between
ages (Figure 2). Detected microRNAs were divided into four distinct groups: Group I,
microRNAs with stable expression across all ages (Figure 2A); Group II, microRNAs with
increased expression at P14 and P42 compared to P8 (Figure 2B); Group III, microRNAs with
a peak in expression at P14, with higher or lower expression at P14 compared to P8 and P42
(Figure 2C); and Group IV, microRNAs with peak expression at P8, i.e., lower expression in
the latest time point compared to P8 (Figure 2D). Among the 155 microRNAs expressed in
all samples, 43 microRNAs were in Group I, and had stable microRNA expression between
ages (Figure 2A) including miR-142-3p and miR-148a-3p (Figure 2E). 43 microRNAs were
included in Group II with a higher expression in the later time points compared with
the earlier ones (Figure 2B), for example, miR-150-5p and miR-219a-5p (Figure 2F); 25
microRNAs had a peak at P14 (higher or lower expression than in P8 and P42) (Group III,
Figure 2D), including miR-323a-3p and miR-369-3p (Figure 2G). Finally, in Group IV, 27
microRNAs had a decreased expression over time (Figure 2D), such as miR-106b-5p and
miR-19a-3p (Figure 2H).
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Figure 1. MicroRNA profile in the hippocampus and comparison between ages. (A) Graphs show
the average number of detected microRNAs (blue) and non-detected (grey), in each experimental
group. Con: Control; Hyp: Hypoxia; 24 h: 24 h post-hypoxia (Postnatal day 8, n = 4); 1 week: 1 week
post-hypoxia (Postnatal day 14, n = 4); 6 weeks: 6 weeks post-hypoxia (Postnatal day 42, n = 4).
(B) Ven diagram shows the average of number of detected microRNAs at P8 (green), P14 (orange)
and P42 (blue) in the control group.
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Figure 2. Expression of microRNAs between ages. (A) Heat map shows relative expression levels of
microRNAs with stable expression at postnatal age 8, 14 and 42 (n = 4/group). (B) Heat map shows
relative expression of microRNAs with increase expression between ages (n = 4/group). (C) Heat
map shows relative expression of microRNAs with a peak in expression at P14 compared to P8 and
P42 (n = 4/group). (D) Heat map shows relative expression of microRNAs with decrease expression
between ages (n = 4/group). (E) Graphs show relative expression of two microRNAs with stable
expression between ages miR-142-3p (left) and miR-148a-3p (right) (n = 4/group). (F) Graphs show
the relative expression miR-150-5p (left) and miR-219a-5p (right) which shows an increase expression
between ages (n = 4/group). (G) Graphs show the relative expression of miR-323a-3p (left) and
miR-369-3p (right) at P8, P14 and P42 (n = 4/group). (H) Graphs show the relative expression of
two microRNA with decrease expression between ages, miR-106b-5p (left) and miR-19a-3p (right)
(n = 4/group). One-way ANOVA, * p < 0.05.

3.3. Differentially Regulated microRNAs after Hypoxia at P7 in Mice

Subsequently, we evaluated if early life stress may disrupt normal developmental
miRNA expression profiles. Previously we have shown that pups under hypoxia develop
long-term neurological outcomes, including, anxiety-like behavior, hippocampal dysfunc-
tion, and a lower threshold to develop seizures [22]. Corroborating these results, P7 pups
were subjected to hypoxia (Figure 3A),ambulation test was performed 72 h post-procedure
to evaluate neurodevelopment, pups post hypoxia received lower ambulation scores than
the control pups (Figure 3B). This demonstrates that hypoxia induces a delay on neurode-
velopment. In a separate set of mice, P7 pups were subjected to hypoxia, and hippocampi
were dissected 24 h, 7 days, and 5 weeks post-hypoxia corresponding to P8, P14 and P42,
respectively, in the control group (Figure 3A). 32 microRNAs were differentially regulated
at any given time point. Not surprisingly, the greatest changes in expression were observed
24 h after hypoxia; 22 microRNAs were up-regulated, and no microRNAs were observed to
be down-regulated (Figure 3C). Among these microRNAs, we observed an increase in the
levels of miR-146b-3p, an inflammation regulated microRNA (Figure 3D), and let-7a-5p,
a developmentally regulated microRNA (Figure 3E). 7 microRNAs were differentially
expressed 1-week post-hypoxia (Figure 3F); 3 microRNAs were up-regulated, and 4 microR-
NAs were down-regulated, including miR-29c-5p and miR-532-5p (Figure 3G,H). Finally,
3 microRNAs were dysregulated 5 weeks post-hypoxia (Figure 3I); 2 microRNAs were
up-regulated, let-7f-5p (Figure 3K) and miR-124-3p (Figure 3K), and one microRNA was
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down-regulated. Further analysis showed that the majority of these microRNAs showed a
similar trend in expression over time in the control group, such as miR-532-5p (Figure 3H).
However, a subset of microRNAs showed a different trend in expression overtime post-
hypoxia compared to the control group, even if they were dysregulated in one single
time point.

Figure 3. MicroRNA expression post-hypoxia compared to control at different age. (A) Schematic
showing the timeline of the experimental procedures. (B) Pups subjected to hypoxia have a lower
ambulation score 72 h post-hypoxia compared to the control pups, demonstrating that hypoxia
results in a neurodevelopmental delay. (C) Venn-Diagram shows the number of down-regulated
(left green), no-regulated (middle, green and red area) and up-regulated (right red) 24 h post-
procedure. (D,E) Graphs show relative expression of miR-146b-3p (D) and let-7a-5p (E), two of
the microRNAs up-regulated 24 h post procedure (n = 4/control group; n = 4, 24 h and 1 week
post-hypoxia; n = 3, 5 weeks post-hypoxia. (F) Venn-Diagram shows the number of down-regulated
(left green), no-regulated (middle, green and red area) and up-regulated (right red) 1 week post-
procedure. (G,H) Graphs show relative expression of miR-29c-5p (n = 3–4/group) (G) and miR-532-5p
(n = 4/control group; n = 4, 24 h and 1 week post-hypoxia; n = 3, 5 weeks post-hypoxia) (H), two
microRNAs with lower expression 1 week post procedure. (I) Venn-Diagram shows the number
of down-regulated (left green), no-regulated (middle, green and red area) and up-regulated (right
red) 6 week post-procedure. (J,K) Graphs show relative expression of let-7f-5p (n = 4/control group;
n = 4, 24 h and 1 week post-hypoxia; n = 3, 5 weeks post-hypoxia) (J) and miR-124-3p (n = 4/control
group; n = 4, 24 h and 1 week post-hypoxia; n = 3, 5 weeks post-hypoxia) (K), the two microRNAs
up-regulated 5 week post-procedure. (n = 4/control group; n = 4, 24 h and 1 week post-hypoxia;
n = 3, 5 weeks post-hypoxia). One-way Anova, * p < 0.05. **** p < 0.001.
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Following this, we decided to analyze if microRNA showed an overall different trend
in regulation through the ages post-hypoxia compared to the control group (Figure 4A).
We observed that 15 microRNAs, including let-7a (Figure 3E), let-7f (Figure 3J), let-7g, and
miR-222 have increased levels over time or showed a peak at P14 in the control group,
however, after hypoxia, these microRNAs had a stable expression or decreased expression
over time (Figure 4B,C).

Figure 4. C-myc repress the expression of let-7a and miR-23a cluster. (A) Schematic diagram
representing the main response of microRNA regulation post-hypoxia, even if the microRNA in
up-regulated at one single time point, e.g., 24 h, overall the microRNA expression is stable or down
regulated, in contrast these microRNAs have an increase expression between ages in the control
group. (B) List of published microRNAs regulated by c-myc, either enhance (green) or repress (red)
their expression. (C) Schematic showing c-myc E-Box consensus sites in the Let7a cluster promoter
region in the mouse genome. (D) Increased c-myc occupancy of c-myc consensus sites in the let-7a
promoter in the hippocampus from control and hypoxia mice 72 h post-procedure (n = 4/group)
(E) Increased c-myc occupancy of c-myc consensus sites in the miR-23a promoter in the hippocampus
from control and hypoxia mice 72 h post-procedure (n = 4/group).Note: In both promoter c-myc has
a higher occupancy on the E-box 1 region and not in the E-box 2 region. (F). Relative expression of
the primary sequence of Let-7a in hippocampus in control and hypoxia group 72 h post procedure.
n = 6, control n = 9, hypoxia. Un-paired t-test, * p < 0.05.

3.4. MYC Has a High Affinity for Let-7a Promoter in the Hippocampus after Hypoxia

To evaluate if these 15 microRNAs have a common regulator, bioinformatics evaluated
common transcriptional sequences at the promoter sites. Bioinformatics analysis showed
that these 15 microRNAs had canonical and non-canonical binding sites for c-myc within
the promoter areas (Figure 4B). ChIP assays against c-myc were performed in hippocampus
72 h post-procedure (hypoxia or control) and the affinity to let-7a and miR-23 was analyzed.
As previously seen in other cell types, c-myc binding was increased post-hypoxia on the
first non-canonical Ebox within the Let7a cluster (Figure 4C), and similar results were found
when the miR-23a cluster was evaluated (Figure 4D). To further demonstrate that c-myc acts
as a transcriptional repressor, we evaluated the primary sequence of let7a, corroborating
c-myc affinity results, let7a primary sequence was downregulated in the hypoxia group
compared to the control group 72 h post-hypoxia (Figure 4E).
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4. Discussion

In the current study, we created a neurodevelopmental microRNA profile of 215 brain-
expressed microRNAs in hippocampus at 3 different ages, postnatal days 8, 14 and 42. We
showed that microRNAs cluster according to expression over time into 4 different groups,
stable, up-regulated, down-regulated and showing a peak at the middle time point. Further,
when pups were subjected to hypoxia at Postnatal day 7, the regulation of microRNAs was
altered, with 15 of these microRNAs regulated by the transcription factors c-myc.

Corroborating these results, previous studies analyzed the role of microRNAs on the
development of the layers of the medial entorhinal cortex postnatally, and age-specific mi-
croRNA regulation was identified in rats [26]. MiR-20a, miR-29c, miR-132 and miR-219-5p
in particular, were found to be up-regulated in the medial entorhinal cortex, suggesting that
these microRNAs may be crucial for neuronal and glial maturation postnatally, including
neuronal maturation, dendritic spines morphology and inhibit apoptosis in neurons [27,28],
interestengly miR-219 has a key role on myelin formation by regulating oligodendrocytes
maturation [29]. This suggests that these microRNAs may be key to the maturation and
establishment of neuronal circuits independent of the brain region and species.

Whilst, neurogenesis is more prominent during prenatal development, glia-genesis
mainly occurs during postnatal development. In our study and previously, miR-20a was
observed to be downregulated over time [26]. MiR-20a is critical for brain maturation
during embryogenesis by regulating axonal growth and dendritogenesis, and its expression
is time-dependent [30]. Current results support the idea that miR-20a is controlled during
early brain development and its expression is downregulated postnatally [30]. Let-7a
and miR-125, are microRNAs involved in astrocyte and microglia homeostasis and were
observed to be up-regulated between ages in our study, strengthening the hypothesis that
glia maturation is more prominent postnatally.

Postnatal brain development is a time-dependent process, genes are expressed in very
specific patterns, and the accumulation of malfunctioning genes may cause neurological
conditions. After neonatal hypoxia, we observed up-regulation or downregulation of mi-
croRNAs at one specific time, but more importantly, we determined patterns of expression
with microRNAs being up- or down-regulated over time. We suggest that these cumulative
effects may be more detrimental over time than at a single time point. Further, c-myc is a
master regulator of gene expression, and through c-myc, the detrimental signal may be am-
plified and alter several pathways in parallel, thus reducing the possibility of compensatory
signals to maintain homeostasis. Finally, c-myc is a transcription factor that previously has
been involved in hypoxic responses [31]. Whilst this work has been mainly done in cancer,
we speculate that will also be implicated in the brain.

The current study presents some limitations, first, we analysed a small number of
microRNAs, selected by their expression on the postanal brain, we cannot discard that
important microRNAs involved mainly in the maintenance of brain function, may have
a higher expression at P42, and were not evaluated in the current study. Future studies
should evaluate microRNA expression in elder mice to consider that microRNA expression
may also be regulated from adulthood to the elderly. In the current study we analyzed
male and female mice together, we observed no differences in expression between mice,
however we cannot discard sex differences. Further studies should evaluate sex differences
during postnatal brain development to evaluate the effect of sex in microRNA expression.
Finally, we focus on the hippocampus, a vulnerable region to hypoxia, similar changes in
specific microRNAs have been seen in other brain regions, e.g., entorhinal cortex [26], we
can speculate that common mechanisms are activated independent of the region, however,
it will be necessary to evaluate their regulation in parallel to determine if the time scale of
brain maturation is similar.
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5. Conclusions

Postnatal brain development is a sensitive time regulated process, and while acute
dysregulation of a single microRNA may be compensated by other pathways, the accumula-
tion effects of increasing dysregulation between ages could have deleterious consequences,
particularly, when microRNAs can regulate thousands of pathways and may amplify the
detrimental signals. In this study, we showed how microRNAs are expressed across dif-
ferent ages postnatally in the hippocampus, which may be critical for understanding the
underlying mechanisms behind the correct brain maturation and neuronal circuits. We
also observed that 15 microRNAs have an altered expression over time following hypoxia
possibly due to the activity of c-myc, and these changes may result in long-lasting changes
during brain maturation.
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Abstract: Arrhythmogenic cardiomyopathy (ACM) is an inherited cardiomyopathy histologically
characterized by the replacement of myocardium by fibrofatty infiltration, cardiomyocyte loss, and
inflammation. ACM has been defined as a desmosomal disease because most of the mutations causing
the disease are located in genes encoding desmosomal proteins. Interestingly, the instable structures
of these intercellular junctions in this disease are closely related to a perturbed Wnt/β-catenin
pathway. Imbalance in the Wnt/β-catenin signaling and also in the crosslinked Hippo pathway leads
to the transcription of proadipogenic and profibrotic genes. Aiming to shed light on the mechanisms
by which Wnt/β-catenin and Hippo pathways modulate the progression of the pathological ACM
phenotype, the study of non-coding RNAs (ncRNAs) has emerged as a potential source of actionable
targets. ncRNAs comprise a wide range of RNA species (short, large, linear, circular) which are able
to finely tune gene expression and determine the final phenotype. Some share recognition sites, thus
referred to as competing endogenous RNAs (ceRNAs), and ensure a coordinating action. Recent
cancer research studies regarding the key role of ceRNAs in Wnt/β-catenin and Hippo pathways
modulation pave the way to better understanding the molecular mechanisms underlying ACM.

Keywords: arrhythmogenic cardiomyopathy; ncRNA; lncRNA; miRNA; circRNA; pseudogene;
ceRNA; Wnt/β-catenin pathway; Hippo pathway

1. Arrhythmogenic Cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) is a rare disease with an estimated preva-
lence between 1:1000 and 1:5000 (OMIM #107970; ORPHA247) characterized by fibrofatty
replacement of the ventricular myocardium and a high ventricular arrhythmia burden
with increased risk of sudden cardiac death [1–6], sometimes as the first manifestation
of the disease. ACM has been defined as a desmosomal disease caused by mutations in
any of the five genes encoding desmosomal proteins: desmocollin-2 (DSC2), desmoglein-2
(DSG2), desmoplakin (DSP), plakoglobin (JUP), and plakophilin-2 (PKP2). Mutations in
these genes are responsible of more than 60% of genotyped ACM cases. However, mu-
tations in 14 non-desmosomal genes have also been identified in 5% of patients, namely
in α-actinin-2 (ACTN2), cadherin-2 (CDH2), αT-catenin (CTNNA3), desmin (DES), fil-
amin C (FLNC), LIM domain binding protein 20 (LDB3), lamin A/C (LMNA), transmem-
brane protein 43 (TMEM43), transforming growth factor beta 3 (TGFB3), tight junction
protein 1(TJP1), titin (TTN), RNA-binding motif protein 20 (RBM20), sodium voltage-gated
channel, alpha subunit 5 (SCN5A), and phospholamban (PLN) (Table 1) [1,3–7]. Historically,
ACM caused by mutations in desmosomal genes was associated with isolated or predom-
inantly right ventricular disease (RV-ACM). However, recent studies have highlighted a
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high prevalence of left ventricular involvement along with isolated and left-dominant ACM
forms (LV-ACM) in patients carrying FLNC, DSP, or DSG2 mutations, for instance [3,8–10].

Table 1. List of genes associated with arrhythmogenic cardiomyopathy.

Cell Structure Gene Protein
Chromosomal

Location
Anatomic
Affection

Related to
Wnt/β-Catenin

Desmosome

DSC2 Desmocollin-2 18q12.1 RV/BiV
DSG2 Desmoglein-2 18q12.1 RV/LV/BiV
DSP Desmoplakin 6p24.3 LV/BiV [11,12]
JUP Plakoglobin 17q21.2 RV/BiV [13]

PKP2 Plakophilin-2 12p11.21 RV/BiV [14–16]

Cytoskeleton

ACTN2 α-actinin-2 1q43 LV [17]
CDH2 Cadherin-2 18q12.1 RV/BiV

CTNNA3 Alpha-3 catenin 10q21.3 RV/BiV
DES Desmin 2q35 LV/BiV

FLNC Filamin C 7q32.1 LV
LDB3 LIM domain binding 3 10q23.2 RV

LMNA Lamin A/C 1q22 LV/BiV
TEMEM43 Transmembrane protein 43 3p25.1 RV/BiV

TGFB3 Transforming growth factor beta-3 14q24.3 RV
TJP1 Tight junction protein 1 15q13.1 RV/BiV
TTN Titin 2q31.2 RV/LV/BiV

RBM20 RNA-binding motif protein 20 10q25.2 LV

Sodium transport SCN5A Sodium voltage-gated channel alpha
subunit 5 3p22.2 RV/LV/BiV

Calcium
homeostasis

PLN Phospholamban 6q22.31 LV/BiV

RV: right ventricular involvement; LV: left ventricular involvement; BiV: biventricular involvement.

ACM is characterized by the fibrofatty replacement of the myocardium, typically
progressing from the epicardium to the endocardium, and transmural fibrofatty infiltration
can also be observed in advanced stages of the disease [1,4–6,10,18].

The electrical heterogeneity created by these pathological changes generates circuits
for re-entrant ventricular tachyarrhythmias. Thus, the hallmarks of ACM pathogenesis
include cardiomyocyte loss, fibrosis, adipogenesis, inflammation, and arrhythmogenesis [4].
All these cellular mechanisms are interrelated and are orchestrated by the same signaling
pathways, which in turn are also connected.

Desmosomes are crucial for myocardium integrity and function, because they ensure
cell-to-cell communication as well as intracellular signaling through the Wnt/β-catenin
and Hippo pathways [18].

2. Dysregulated Signaling Pathways in ACM

The inhibition of the canonical Wnt/β-catenin pathway and the activation of the Hippo
and TFGβ pathways appear to play key roles in ACM physiopathology by regulating the
adipogenic and fibrotic cascades [4,18–22].

2.1. Wnt/β-Catenin Pathway in ACM

The Wnt/β-catenin pathway orchestrates heart development and regulates cardiac
tissue homeostasis in adults.

Briefly, the activation of the membrane Frizzled receptor (Fz) by WNT ligands triggers
the recruitment of low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) and
Dishevelled (DVL). This macromolecular complex also assembles cytoplasmic proteins,
such as Axin and glycogen synthase kinase 3β (GSK3β), and releases free β-catenin in
the cytoplasm. In its unphosphorylated form, free β-catenin escapes destruction and

241



Biomedicines 2022, 10, 2619

translocates into the nucleus. Once there, it binds the transcription factors TCF/LEF
to activate the transcription of genes responsible for adipogenesis, fibrosis, cell cycle,
and cell differentiation (Figure 1a). In contrast, in the absence of WNT ligands, Fz and
LRP5/6 receptors remain uncoupled at the membrane, whereas Axin and GSK3β build the
degradation complex in the cytoplasm, together with adenomatous polyposis coli (APC)
and casein kinase 1 (CK1). This protein complex allows GSK3β to phosphorylate β-catenin.
Phosphorylation marks on β-catenin are detected by the ubiquitin ligase beta-transducin
repeat containing E3 (β-TrCP), and trigger its ubiquitination and subsequent degradation
(Figure 1b), so that no profibrotic or proadipogenic genes are expressed [4,18,19,21,23].

Figure 1. Wnt/β-catenin pathway. (a) Wnt/β-catenin pathway in the presence of Wnt ligand.
(b) Wnt/β-catenin pathway in the absence of Wnt ligand. APC: adenomatous polyposis coli; β-TrCP:
beta-transducin repeat containing E3 ubiquitin protein ligase; CK1: casein kinase 1; DVL: Dishevelled;
Fz: Frizzled receptor; GSK3β: glycogen synthase kinase 3β; LRP5/6: low-density lipoprotein receptor-
related proteins 5 and 6; PPARγ: peroxisome proliferator-activated receptor gamma; TCF/LEF: T cell
factor/lymphoid enhancer factor family.

The canonical Wnt signaling pathway has been fully accepted as partially respon-
sible for ACM pathogenesis [4,18,19,21,23–25] according to the “dysregulated signalling
hypothesis” postulated by Prof Marian et al. [26], and further supported by the structural
resemblance between β-catenin and plakoglobin (also known as γ-catenin). They demon-
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strated that the desmosomal plakoglobin translocated into the nucleus in an in vitro ACM
model, finally leading a shift in the expression of Wnt-dependent genes and an increase
in intracellular fat droplets [19]. The altered integrity of the desmosomes in ACM cases
may increase the pool of cytoplasmatic plakoglobin, which favors its nuclear translocation
and slow β-catenin degradation at the proteosome. Nuclear plakoglobin interacts with
transcription factors, with the final effect of an unbalanced Wnt/β-catenin pathway yield-
ing an increased transcription of proadipogenic and profibrotic genes [27]. In recent years,
direct and indirect evidence for suppressed Wnt signaling has been gathered from several
cellular and/or animal models of ACM-causing mutations in JUP, PKP2, DSG, and DSP
genes (Table 2) [13,16,19,24,25,28,29].

Table 2. Main findings supporting the role of the Wnt/β-catenin pathway in different genetic scenarios.

Gene Model Used Main Finding Wnt Alteration

PKP2

hiPSC-CM [14] PKP2 mutated is associated with increased
lipogenesis

↓ β-catenin in
nucleus

hiPSCs-CM from ACM patients
with PKP2 mutations [16]

PG translocates into the nucleus and
competes with β-catenin

↓ β-catenin
activity

PKP2 knock-down HL-1 [15] Activation of the Hippo
pathway

↓ Transcription of
canonical

Wnt target genes

DSP

DSP± mice [11] Adipocytes in ACM originate from second heart
field cardiac progenitors

Suppressed expression of
c-Myc

FAPs from DSP± mice [13]

FAPs express desmosome
proteins and differentiate into adipocytes

through Wnt
pathway-dependent

mechanisms.

↓ expression of
Wnt target genes

DSP dsp knock-down Danio rerio
(zebrafish) [24]

Wnt, TGFβ, and Hippo pathways
were deregulated

Wnt pathway was the
most affected pathway

JUP Mouse model overexpressing
truncated JUP [13]

Nuclear PG is essential for
differentiation into adipocytes ↓ Wnt target genes

DSG
DSG mut mice, Danio rerio

(zebrafish) and
ACM patients [25]

Reduced expression of
Lgals3/GAL genes

Lgals3/GAL regulate
Wnt, Hippo, and TGFβ

pathways

CM: cardiomyocyte; FAP: fibroadipose progenitor; hiPSC: human induced pluripotent stem cell; PG: plakoglobin;
PKP2: plakophilin-2; DSP: desmoplakin; GAL: galectin-3; ACM: arrhythmogenic cardiomyopathy. Arrows
denote trend.

2.2. Hippo Pathway in ACM

Closely linked to the Wnt/β-catenin pathway, the Hippo pathway has also been re-
garded [24] as an important regulator of adipogenesis, cell proliferation and differentiation.
Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ)
represent the core of this pathway, which is controlled by two Ser/Thr kinases, namely
Ste20-like kinase1/2 (MST1/2) and large tumor suppressor kinase 1/2 (LATS1/2), and their
cofactors Salvador1 (SAV1) and monopolar spindle-one-binder protein (MOB1) [30,31].
MST1/2 and its cofactor SAV1 phosphorylate LATS1/2 and MOB1, which in turn phospho-
rylate YAP and TAZ ensuring their degradation in the cytoplasm. Moreover, the activity
of MST1/2 and LATS1/2 is regulated by neurofibromin 2 (NF2) which, in turn, could
be inactivated by the phosphorylated form of PKCα [32]. Briefly, upon YAP Ser127 and
Ser381 phosphorylation, the ubiquitination and degradation of YAP is promoted through its
interaction with CK1 and the ubiquitin ligase β-TrCP [30,31] (Figure 2a). In contrast, if the
Hippo pathway is not activated, YAP/TAZ complex accumulates in the cytoplasm instead
of being degraded, allowing YAP/TAZ to translocate into the nucleus where it binds to the
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transcription factors TEAD/TEF or SMAD to promote the expression of proliferation and
differentiation genes (Figure 2b).

Figure 2. Hippo pathway. (a) Hippo pathway in the presence of stimulus. (b) Hippo pathway in
the absence of stimulus. CK1: casein kinase; β-TrCP: beta-transducin repeat containing E3 ubiquitin
protein ligase; SAV1: Salvador1; MST1/2: Ste20-like kinase 1/2; MOB1: monopolar spindle-one-
binder protein 1; LATS1/2: large tumor suppressor kinase 1/2; SMAD: suppressor of mothers against
decapentaplegic; TAZ: transcriptional coactivator with PDZ-binding motif; TEAD: transcriptional
enhanced associate domain Ub: ubiquitination marks; YAP: Yes-associated protein. Red points
indicate phosphorylation sites.

In ACM pathogenesis, the abnormal cell–cell interaction unbalances the Hippo path-
way, increasing the activity of the previously mentioned kinases [33]. Cell remodelling and
mechanotransduction signals further promote the phosphorylation of YAP/TAZ by the
ACM-related reduction PKCα in the membrane, and the subsequent higher level of NF2 ac-
tivity [15]. All these steps result in phosphorylated YAP/TAZ cytoplasmatic sequestration
and inhibition of the expression of the Hippo target genes. Several authors have studied the
crosstalk between the Wnt/β-catenin and Hippo pathways. Although not all the molecular
mechanisms are fully understood, the recognized effect in ACM can be summarized as
reduced Wnt/β-catenin and Hippo/YAP signaling with a subsequent increase in proad-
ipogenic gene expression [4,15,18,21,34]. Firstly, as previously mentioned, cytoplasmic
PG competes with β-catenin to bind TCF/LEF, although in a weaker manner, with a net
effect of suppressing of the Wnt/β-catenin pathway and inducing a shift from a myocardio-
genic to an adipogenic phenotype, by reducing the expression of cyclin-D1 and c-Myc and
enhancing the transcription of proadipogenic and apoptotic genes [13,19,29] (Figure 3a).
Secondly, experiments with coimmunoprecipitation demonstrated that phospho-YAP binds
phospho-β-catenin (Figure 3b) or PG (Figure 3c) in ACM, although the functional sig-
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nificance of these interactions remains unclear [15]. Finally, both pathways can also be
interconnected by TAZ activity. Varelas et al. demonstrated that phospho-TAZ binds and
blocks Dvl, negatively regulating the Wnt/β-catenin pathway [35] (Figure 3d).

Figure 3. Interconnection between Wnt/β-catenin and Hippo pathways in the pathologic ACM
scenario. (a) Free plakoglobin translocates into the nucleus and competes with β-catenin to bind the
transcription factors TFC/LEF, although in a weaker manner, thus producing a shift from myogenic
to adipogenic cell phenotype; (b) Free plakoglobin binds and blocks phospho-YAP, impairing its
degradation; (c) phospho-YAP binds phospho-β-catenin, avoiding its ubiquitination; (d) phospho-
TAZ binds Dvl, blocks β-catenin translocation to the nucleus, and impairs gene transcription. APC:
adenomatous polyposis coli; β-TrCP: beta-transducin repeat containing E3 ubiquitin protein ligase;
CK1: casein kinase 1; GSK3β: glycogen synthase kinase-3 beta; SAV1: Salvador1; MST1/2: Ste20-like
kinase 1/2; MOB1: monopolar spindle-one-binder protein 1; PG: Plakoglobin; LATS1/2: large tumor
suppressor kinase 1/2; NF2: neurofibromatosis type 2; TAZ: transcriptional coactivator with PDZ-
binding motif; Ub: ubiquitination marks; YAP: Yes-associated protein. Discontinuous arrows indicate
pathological ACM situations.

3. Non-Coding RNAs

Notwithstanding that 80% of DNA is transcribed, less than 2% encodes for proteins.
There is an increasing interest in unravelling the roles of the remaining 98% of the genome,
previously named junk DNA (including introns and spacer DNA). The potential role as reg-
ulator of a wide range of biological functions is well established for at least a fraction of this
junk DNA, i.e., the well-named non-coding RNAs (ncRNAs). Indeed, ncRNAs are known
to control cellular behavior through modulation of gene expression at a transcriptional
or post-transcriptional level. Moreover, ncRNAs orchestrate intracellular pathways in a
fine-tuned manner due to their ability to bind proteins and/or other RNA species [36–39].

Although ncRNAs do not encode for proteins, they can be transcribed, either constitu-
tively or under regulation (Figure 4). The housekeeping ncRNAs comprise several species,
including small nucleolar RNAs (snoRNA), ribosomal RNA (rRNA), or transfer RNA
(tRNA). snoRNAs (60–300 bp), usually encoded in intronic regions, are among the small
nucleolar riboproteins responsible for rRNA modifications. rRNA represents 80% of total
cellular RNA and together with tRNAs makes possible protein translation [36,38,40,41].
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Meanwhile, the regulatory ncRNAs are heterogeneous in size and form, including
small microRNAs (miRNAs) or piwi-interacting RNAs (piRNAs), and larger long non-
coding RNAs (lncRNAs), circular RNAs (circRNAs), or pseudogenes. Their characteristics
and functions are detailed in the following.

 
Figure 4. Classification of the non-coding transcriptome.

In recent years, a huge effort has been made by the scientific community to study the
effects of individual miRNAs on their target mRNAs, aiming to improve knowledge of the
complex mechanisms governing these interactions. However, the paradigm has changed,
and recent findings supporting the multiple and interconnected functions of different
ncRNAs species within the networks called competing endogenous RNAs (ceRNAs) have
shed light on the molecular mechanisms underlying certain complex diseases. ACM is a far
from simple disease and thus, ncRNAs may present a promising opportunity to harmonize
the complex interactions underlying the Wnt/β-catenin and Hippo pathways.

Salmena et al. postulated the hypothesis by which ncRNAs interact among themselves,
forming a regulatory network focused on communication mediated by MicroRNA response
elements (MREs) called ceRNAs (Figure 5) [42]. The canonical role of these MicroRNA
response elements (MREs) is to bind miRNAs and to interfere with the translation of
their target mRNAs (Figure 5a,b). However, the complexity of their mechanisms of action
required the definition of the new concept of ceRNAs, to better understand the interaction
among different types of ncRNAs. For example, lncRNAs (including circRNAs) may behave
like sponges for miRNAs, which then become unable to bind their target mRNAs so that
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the protein translation remains preserved (Figure 5c). The second model of ceRNAs would
apply in situations where miRNAs lose their inhibitory action on their target mRNAs
because the MREs present in the 3′UTR are occupied and blocked by lncRNAs (Figure 5d).
Finally, ceRNAs can include pseudogenes that present similar MREs to their original genes
and consequently are able to bind their target miRNAs, hampering their inhibitory effect
on the translation of the original gene (Figure 5e).

Figure 5. Main models of competing endogenous RNA (ceRNAs). (a) mRNAs are rich in MREs;
(b) miRNAs bind MREs in the 3′UTR of their target mRNAs and inhibit protein translation;
(c) ncRNAs such as lncRNAs or circRNAs are rich in MREs and can gather miRNAs, reducing the
MiRNAs’ inhibitory effect on the translation. (d) lncRNAs can block the MREs in mRNAs, impairing
the binding of miRNAs and reducing the negative influence on protein translation. (e) Pseudogenes
can also bind miRNAs, avoiding their effect on the original gene and allowing their translation.
circRNA: circular RNA; lncRNA: long non-coding RNA; miRNA: microRNA; MRE: MicroRNA
response element; mRNA: messenger RNA.

This plethora of functions has placed ncRNAs in the research spotlight, as promising
key molecules to increase knowledge and understanding of biological and pathophysiolog-
ical processes and to pave the way for design of new therapeutic strategies.

3.1. Biogenesis and Function of microRNAs (miRNAs)

The best-studied kind of ncRNA are the small single-strand sequences (20–22 nt)
named miRNAs [43].

They can be encoded in intronic regions of their target mRNAs or in intergenic po-
sitions. miRNAs are transcribed into the nucleus as pri-miRNAs (more than 1000 nt) by
the enzymes RNA polymerase II and III. Still in the nucleus, Drosha processes them into
60–120 nt pre-miRNAs. This stem-loop RNA is exported to the cytoplasm by exportin 5
and Ran-GTPase. Then, the pre-miRNA is processed by Dicer into a short double-strand
molecule, which is recruited by the RISC complex in order to select one of the strands to
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interact with Argonaute proteins (Ago) and finally exert its function by targeting the 3′UTR
of its target mRNA [36–38,44,45] (Figure 6).

miRNAs can bind their complementary MRE in the 3′UTR of their target mRNAs
to inhibit gene translation. However, they can also bind MREs in the 5′UTR or even in
coding regions, although less frequently. If the seed sequence and the MRE bind with
perfect complementarity, then the mRNA molecule’s fate is degradation. However, if the
complementarity is imperfect, which is more common, then the translation of the target
mRNA is inhibited [37,38,44,45].

 

Figure 6. Biogenesis of miRNAs. miRNAs are transcribed as hairpin pri-miRNAs (1000 nt) by the
RNA polymerases II and III. Drosha processes pri-miRNAs into shorter pre-miRNAs (60–120 nt). This
stem-loop RNA is exported to the cytoplasm by exportin 5 and Ran-GTPase. Then, the pre-miRNA is
processed by Dicer into a short double-strand RNA molecule, which is recruited by the RISC complex
to select one of the strands to interact with the protein Argonaute (Ago), to exert its function by
targeting the 3′UTR target mRNA.

Interestingly, their expression is cell-specific and their final effect is complex because
they can regulate different pathways in a coordinated manner by blocking the translation
of certain mRNAs at different levels of the same signaling pathway [45,46]. Furthermore,
several miRNAs can cooperate to target a given mRNA, and a single miRNA can target
several lncRNAs and different mRNAs from up- or downstream in the same pathway, thus
acting as master regulators of gene transcription [36,38,47].

Many studies have addressed the role of miRNAs in pathological cardiac processes
such as fibrosis after myocardium infarction (MI), hypertrophy, atrial fibrillation, or heart
failure [48–58]. Regarding ACM, very few studies have been published. Those that have
were focused on different samples and employed different technologies, making it diffi-
cult to draw conclusions about the effect of miRNAs on ACM pathogenesis. Remarkably,
none of the previous studies linked miRNAs with the Wnt/β-catenin or Hippo path-
ways. Firstly, Rainer et al. explored miRNA differences by using Taqman low-density
arrays (768 miRNAs included) on cardiac stem cells isolated from three biopsies from
ACM patients and three from explanted hearts, yielding three miRNAs with significant
differences in their expression (miR-520c-3p, miR-29b-3p, and miR-1183) [59]. Secondly,
Bueno Marinas studied nine ACM cases and four controls (RV tissue and plasma) by means
of an 84-miRNA cardiac-related array. After validation in a larger cohort of samples, they
concluded that a group of six miRNAs (miR-122-5p, miR-133a-3p, miR-133b, miR-142-3p,
miR-182-5p, and miR-183-5p) presented high discriminatory diagnostic power in ACM
patients [60]. Thirdly, Sacchetto et al. screened 754 miRNAs in 21 pooled plasmas from
ACM patients and 20 controls. They found five differently expressed miRNAs (miR-20b,
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miR-505, miR-250c, miR-590-5p, and miR-185-5p) [61]. Finally, Khudiakov et al. focused
their study on the miRNA composition of pericardial fluid from six ACM patients and
three controls by using small RNA sequencing. They identified five miRNAs (miR-1-3p,
has-miR-21-5p, miR-122-5p, miR-206, and miR-3679-5p) with different levels between the
two clinical groups [56].

3.2. Biogenesis and Functions of PIWI-Interacting RNAs (piRNA)

piRNAs are small ncRNAs (24–30 nt) that also regulate gene expression but without the
participation of DICER in their biogenesis. They can be encoded in transposable elements
in either non-coding or coding gene regions. RNAPol II is responsible for producing long
single-stranded RNA precursors which are matured into fragments of 25–40 nt by the
endonuclease MitoPLD/Zucchini (Zuc). The final length of the mature piRNA depends on
the target PIWI proteins to which the piRNA binds [38,62].

The wide range of ways by which piRNAs can regulate gene expression suggests
that these piRNAs are more powerful regulators than the better-known miRNAs. The
mechanisms of action of these ncRNAs require the association of ncRNA to the PIWI
proteins to suppress expression of transposable elements, and their transcription could be
regulated by DNA methylation or histone modification [62].

3.3. Biogenesis and Functions of Long Non-Coding RNAs (lncRNA)

lncRNAs are the longest ncRNAs, representing a heterogeneous group characterized
just by their length (more than 200 nt). There are many differences among them, according
to the location in which they are encoded, post-transcriptional modifications, binding
properties, final function, etc. (Figure 4). Similarly to protein-coding DNA, the DNA
fragments that encode these lncRNAs contain multiple exons (although less than protein-
coding transcripts). When the RNA Pol II transcribes the sequence, the resulting RNA
undergoes splicing and usually includes a 5′ cap and 3′ poly(A) tail [36,40,63,64]. The
expression of lncRNAs can be activated or inhibited by epigenetic mechanisms. Attending
to their location within the genome they can be identified with their own nomenclature
as enhancers, antisense, intronic, or intergenic, also known as long intergenic non-protein
coding RNA (LINCRNA) [36,38,65].

lncRNAs can exert local effects on sites close to their transcription sites, known as
cis effects. Thus, they are able to regulate the expression of neighboring genes at an
epigenetic, transcriptional, or post-transcriptional level. Due to their ability to bind proteins
(e.g., transcription factors, chromatin/DNA modifying enzymes, or RNA-binding protein
(RBPs)) or other nucleic acids (DNA, mRNA, or ncRNAs), they act as scaffold ensuring the
proximity among all payers in this complex regulation. Additionally, they can also act at
distant genomic or cellular locations (trans effect) as cell-to-cell communicators [40].

Many different functions have been attributed to lncRNAs (Figure 7) [40,47,65]. Firstly,
lncRNAs can regulate gene expression by controlling the recruitment of essential proteins
for transcription regulation (e.g., methyltransferases, demethylases, acetyltransferases, or
deacetylases) (Figure 7a,b). Secondly, lncRNAs can interact with other RNA species such
as mRNAs, regulating their splicing or stability and, as a consequence, their translation
into proteins (Figure 7c,d). Finally, the presence of repeated MREs in lncRNAs allows them
to act as sponges for miRNAs by hijacking them (and subsequently inactivating them) or
by blocking the binding sites in the 3′UTR of their target mRNAs (Figure 7e) [36,38,40,65].

An example of a well-known ceRNA orchestrated by a lncRNA is the overexpression of
MIAT (myocardial infarction-associated transcript) in myocardial infarction. This lncRNA can
sponge the negative regulator miR-24, and subsequently induce an overexpression of miR-24
target mRNAs, Furin and TGF-β1, in cardiac fibroblasts [66]. Another example is the ceRNA
coordinated by the lncRNA HOX transcript antisense RNA (HOTAIR), which acts as a sponge
for miR-613, negatively regulating the expression of connexin-43 in atrial fibrillation [67].
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Figure 7. Main mechanisms of action of lncRNAs. (a–c) lncRNAs bind key proteins to promote
epigenetic mechanisms such as (a) DNA methylatyion if lncRNA binds DNA transferases; (b) Histone
acetylation if it binds histone acetylases/deacetylases, or (c) stabilizing mRNA by binding ribopro-
teins. (d,e) lncRNA can bind other types of ncRNAs to regulate (d) alternative splicing, or (e) by
blocking MREs in mRNAs or sponging miRNAs. lncRNA: long non-coding RNA; miRNA: microRNA;
RBP: RNA binding protein.

3.3.1. Biogenesis and Functions of Circular RNAs (circRNAs)

circRNAs are a kind of covalently closed single-stranded lncRNAs generated by
reverse splicing of mRNA precursors (pre-mRNAs), which means that the 5′ splice site
is directly joined with a downstream 3′ splice site to be covalently bonded [44,68–72].
Notably, circRNAs can be hosted in coding genes whose levels are in turn regulated by
those circRNAs. This is the case for the most abundant circRNA in the heart, the circSLC8A1,
a single-exon circRNA codified in exon 2 of the SLC8A1 gene which encodes the Na+/Ca++

exchanger [63,73]. It is also worth noting the characterization of 402 circRNAs contained
within the huge TTN gene and containing from 1 to 153 exons [63].

Interestingly, circRNA expression is mostly tissue-specific due to the highly cell-type-
specific manner of interaction with RBP [68]. Due to their special circular conformation,
lacking 3′ poly(A) tail and 5′ cap structures, circRNAs are more resistant to degradation by
exonucleases than linear sequences. Consequently, they have a longer half-life suitable for
measurement in biofluids [44,68,74].

The most studied mechanism of action of circRNAs is their role as miRNA sponges.
This feature stems from their ability to present repeated MREs, acting as effective sponges of
miRNAs, or even blocking their complementary sequences in the 3′UTR of the target mRNAs
(Figure 7) [40,47,63,68,74]. In addition to behaving as a miRNA sponge, circRNAs can bind
proteins and so act as a scaffold to promote protein–protein interactions, or can sponge target
proteins to modify their fate [40,47,65,68,74]. Two circRNAs widely expressed in the heart are
heart-related circRNA (HRCR) and CDR1. Both act as miRNA sponges; HRCR was observed
to bind miR-223 in a murine model of cardiac hypertrophy and heart failure [75], while CDR1
mediates post-myocardial infarction damage in mice by sponging miR-7 [76].

Finally, as an exception to the pivotal definition of ncRNAs, cases have been described
in which circRNAs can be translated into proteins. This is the case with CircAXIN1,
which encodes for an axin-like protein named AXIN1-2955aa that promotes gastric cancer
development through Wnt/β-catenin pathway destabilization [77].
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3.3.2. Pseudogenes, Biogenesis and Functions

The pseudogenes represent another kind of lncRNA, including similar sequences to
those of coding genes but lacking the possibility of being translated. GENECODE v.31
identified 13,000 pseudogenes [78], although they could be considered relics of evolution
or unprofitable DNA. However, although these sequences resemble the original gene, they
usually harbor premature stop codons, deletions, insertions or even frameshift mutations
that impair their translation into proteins [78–80]. These are the non-processed pseudogenes.
In contrast, pseudogenes can also result from processed genetic elements such as the
insertion of the reverse transcription of the original mRNA (retrotransposition) [80,81].

The transcription of pseudogenes is regulated by proximal regulatory elements due to
the lack of canonical promoters, and their expression seems to be tissue-dependent and
associated with pathologic conditions (e.g., cancer) [40,81].

Their similar sequence to the original genes allows them to act as ceRNAs by modulat-
ing the effect of other ncRNAs on the expression of their target genes [40,47,65]. PTEN and
its pseudogene PTENP1 have been widely studied because of their implication in cancer
pathogenesis. The main difference between PTENP1 and PTEN results from the lack of an
initiation codon due to a missense mutation impairing its translation, and the 3′UTR of
the pseudogene is 1 kb shorter than in the original sequence. Despite the shorter length
of the 3′UTR, PTENP1 conserves MREs to bind miR-17, miR-21, miR-214, miR-19, and
miR-26. Thus, PTENP1 3′UTR functions as a sponge for PTEN-targeting miRNAs [81].
For this reason, copy number variations in pseudogenes can strongly interfere with the
pathogenesis of many diseases. Indeed, it has been reported that an increase in the copy
number of the pseudogene NOTCH2NL is associated with autism, whereas a reduction in
the copy number of this pseudogene is related to schizophrenia [82].

Study of the role of ncRNAs in pathophysiology requires a multifactorial approach to assess
the degree of implication of each player in these complex scenarios orchestrated by ceRNAs.

4. Non-Coding RNAs Databases

The scientific community has devoted huge efforts to better understanding and clas-
sifying ncRNA species and their potential interconnections. Recent developments have
rendered previous approaches too simple and obsolete. It is no longer valid to explain the
molecular pathogenesis of a complex disease only based upon the effect of a single miRNA
on its target mRNAs, as the first studies on the topic did. Nowadays, the study of ncRNAs
requires an open-minded approach in which proteins, RBP, nucleic acids, and ncRNAs act
within interconnected ceRNA networks.

In order to update the published information regarding the validated connections
among the aforementioned ncRNAs, many online databases have been created (Table 3).

Table 3. Online databases containing information about ncRNAs.

Database
ncRNA

Type
Year N◦ ncRNAs Species

General

NCBI
All

2021 From virus to Hsa
RNACentral [83] 2021 ±18,000,000 From virus to Hsa

RFam [84] 2021 ±14,800 From virus to Hsa

Small
ncRNA

miRbase [85] miRNA 2019 ±38,600 271 species
Diana-TarBase [86] miRNA 2018 ±1,000,000 18 species

CircBase [87] cicRNA 2014 ±50,000 6 species
CircInteractome [88] cirRNA 2016 ±117,000 Hsa

Snopy [89] snoRNA 2013 ±13,800 41 species

lncRNA
Noncode [90]

lncRNA
2021 ±645,000 Hsa, Mmu

Diana-LNBase [91] 2020 ±500,000 19 animals, 23 plants
Hsa: Homo sapiens; Mmu: Mus musculus.
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5. Non-Coding RNAs in ACM

Only a few studies have focused on the role of ncRNAs in ACM, and all have restricted
their results to one species, namely miRNAs, concluding that they emerge as potentially
useful biomarkers [51–57,59,61,92,93]. To the best of our knowledge, no studies have
addressed the regulation of the Wnt/Hippo pathway by ncRNAs in the scenario of ACM.
However, due to the importance of both pathways in the pathogenesis of many cancers,
other studies have shed light on the issue (Table 4).

Table 4. Main competing endogenous RNAs (ceRNAs) studied in cancer research that regulate the
most affected pathways involved in arrhythmogenic cardiomyopathy.

Direct Target Indirect Target Mechanism of Action
Potential Effect on
ACM Pathogenesis

MALAT1
miR-145 [94] TGFB miRNA sponge Fibrosis

miR-382-3p [95] Resistin miRNA sponge Adipogenesis

HOTAIR
miR-34a [96] Sirtuin 1 miRNA sponge Adipogenesis
miR-613 [67] Connexin-43 miRNA sponge Conexome structure

MIAT miR-24 [66] TGFB1, Furin miRNA sponge Fibrosis

KCNQ1OT1 miR-214-3p [97] TGFB1 miRNA sponge Fibrosis

MRLP23-AS1 miR-30b [98] β-catenin miRNA sponge Wnt pathway

lincRNA-p21 β-catenin (mRNA) [99] Inhibition of translation Wnt pathway

LSINCT5 miR-30a [100] β-catenin miRNA sponge Wnt pathway

LINC00467 Binding EZH2 [101] DKK1 Regulation of transcription by
epigenetic mechanisms Wnt pathway

DANCR

β-catenin (mRNA)
[102,103] Inhibition of translation Wnt pathway

miR-216a [104] β-catenin Inhibition of translation Wnt pathway
miR-214, -320a [102,103] β-catenin Inhibition of translation Wnt pathway

UCA1 miR-18a [105] YAP1 miRNA sponge Hippo pathway

FLVCR1-AS1 miR-513 [106] YAP1 miRNA sponge Hippo pathway

RP11-323N12.5
binding C-Myc to YAP1

promoter [107] Transcription of YAP1 mRNA Hippo pathway

circYap
YAP1 mRNA and
translation protein

complex [108]
Inhibition of translation Hippo pathway

circRNA_010567 miR141 [109] TGFB1 miRNA sponge Fibrosis

circAXIN1 [77] Translate into Axin protein named
AXIN1-29545aa Wnt pathway

DANCR: Differentiation antagonizing non-protein coding RNA; HOTAIR: lncRNA-HOX transcript antisense
RNA; MALAT1: lncRNA metastasis-associated lung adenocarcinoma transcript 1; MIAT: myocardial infarction
associated transcript; UCA1: urothelial cancer associated 1.

5.1. Non-Coding RNAs in the Wnt/β-Catenin Pathway

Recent research on osteosarcoma has suggested that lncRNA MRLP23-AS1 might be
overexpressed and act as a sponge for miR-30b, so that the miR-30b inhibitory effect on its
target mRNA (myosin heavy chain 9, MYH9) is reduced to provoke an increase of the final
level of this protein. Meanwhile, MYH9 is a trans-activator of the expression of β-catenin,
thus exerting a final activating effect on the Wnt/β-catenin pathway [98]. Moreover, β-
catenin is also indirectly regulated by lncRNA LSINCT5. This lncRNA has been shown
to be upregulated in breast cancer and is capable of sponging miR-30a, which inhibits β-
catenin translation [100]. DANCR (differentiation antagonizing non-protein coding RNA)
is one of the better studied lncRNAs, because of its implication in the regulation of the
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Wnt/β-catenin signalling pathway [102,110]. The lncRNA DANCR regulates β-catenin
translation not only indirectly by sponging miR-216a [104], miR-214, or miR-320a [102,103]
and modulating the inhibitory effect of these miRNAs on the mRNA of β-catenin, but also
directly by binding β-catenin mRNA so that MREs are blocked and there is no inhibitory
effect on translation [102,103].

Yang et al. went further in their study in which they corroborated that lncRNA long
intergenic non-protein coding RNA 467 (LINC00467) was upregulated in lung adenocarci-
noma mediated by STAT1. Moreover, LINC00467 was responsible for the downregulation
of the Wnt/β-catenin pathway inhibitor, DKK1, by recruiting the histone methyltransferase
EZH2 and epigenetically silencing its expression downstream. In this way, by reduction
of the inhibitory effect of DKK, the Wnt/β-catenin pathway was overactivated in lung
adenocarcinoma [101].

5.2. Non-Coding RNAs in the Hippo Pathway

The Hippo pathway has also been widely studied in the pathogenesis of several
cancers, because of its crosslink with the Wnt-β-catenin pathway. Several studies have
demonstrated that certain miRNAs are responsible for the regulation of YAP, such as
miR-550a-3-5p [111], -27b-3p [112], -195-5p [113], or TAZ by miR-9-3p [114].

Additionally, the Hippo pathway might be also regulated indirectly. The translation
of the kinase responsible for YAP phosphorylation, LATS2, is regulated by miR-103a-3p
and -429 in colorectal cancer, so YAP phosphorylation is reduced and subsequently its
nuclear localization increases [115]. Probably, as already mentioned, the regulation of the
final levels of these miRNAs are further regulated at a much higher level of complexity
by ceRNAs that accurately determine the finely tuned regulation of this pathway. In this
respect, the function of lncRNA FLVCR1-AS1 seems to regulate the Hippo pathway in
ovarian serous cancer by sponging a negative regulator of the translation of YAP, the
miR-513 [106].

Interestingly, YAP/TAZ can also modulate the transcription of other genes by binding
proteins or even their mRNAs. In gastric cancer, regulation of the expression of YAP1 and
lncRNA RP11-323N12.5 seems to be bidirectional. The expression of RP11-323N12.5 seems
to be regulated by YAP/TAZ/TEAD, while RP11-323N12.5 activates YAP1 transcription by
acting as scaffold and promoting the binding of the transcription factor c-MYC to the YAP1
promoter [107]. However, its circular RNA (circYap) negatively regulates YAP translation
due to its ability to bind YAP mRNA and the translation initiation proteins (eIF4G and
PABP), as has been described in breast cancer where overexpression of circYap reduces YAP
translation by suppressing the formation of transcriptional initiation machinery without
modifying YAP mRNA levels [108].

6. Concluding Remarks

From a clinical standpoint, the extraordinary complexity of ACM is supported by the
increasing list of causal genes, lists of major and minor diagnostic criteria, the discussion
about the criteria to be used (Task Force of Padua), and the wide range of phenotypic
features involving the right ventricle, the left ventricle, or both, with or without relevant
inflammation or even with associated non-compaction. From a molecular perspective, the
complexity grows exponentially in terms of interwoven pathways underlying the well-
known fibrofatty replacement of the ventricular myocardium, of which the most widely
accepted are the Wnt/β-catenin and Hippo pathways. The ultimate mechanisms orchestrat-
ing all the necessary elements to produce ACM remain broadly unknown. A few studies
have reported scarce results regarding measurement of miRNAs in ACM, and none of them
linked the singular differences with molecular pathways. However, the other ncRNAs
have not yet been addressed in ACM. Taking advantage of great efforts made in cancer
research, we have presented in this paper evidence of the role of ncRNAs in modulating
the Wnt/β-catenin and Hippo pathways. A challenge is thus presented. Can the presented
interactions or others in the same scenario help to improve understanding of ACM patho-
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physiology? Will revealing ceRNA networks involved in ACM be able to open avenues
leading to the development of new therapeutic options for patients? A new era of research
has just begun.
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Abstract: This study investigated the genetic association between recurrent pregnancy loss (RPL) and
microRNA (miRNA) polymorphisms in miR-10aA>T, miR-30cA>G, miR-181aT>C, and miR-499bA>G
in Korean women. Blood samples were collected from 381 RPL patients and 281 control partici-
pants, and genotyping of miR-10aA>T, miR-30cA>G, miR-181aT>C, and miR-499bA>G was carried
out by TaqMan miRNA RT-Real Time polymerase chain reaction (PCR). Four polymorphisms were
identified, including miR-10aA>T, miR-30cA>G, miR-181aT>C, and miR-499bA>G. MiR-10a dominant
model (AA vs. AT + TT) and miR-499bGG genotypes were associated with increased RPL risk (ad-
justed odds ratio [AOR] = 1.520, 95% confidence interval [CI] = 1.038–2.227, p = 0.032; AOR = 2.956,
95% CI = 1.168–7.482, p = 0.022, respectively). Additionally, both miR-499 dominant (AA vs. AG + GG)
and recessive (AA + AG vs. GG) models were significantly associated with increased RPL risk
(AOR = 1.465, 95% CI = 1.062–2.020, p = 0.020; AOR = 2.677, 95% CI = 1.066–6.725, p = 0.036, respec-
tively). We further propose that miR-10aA>T, miR-30cA>G, and miR-499bA>G polymorphisms effects
could contribute to RPL and should be considered during RPL patient evaluation.

Keywords: recurrent pregnancy loss; single-nucleotide polymorphism (SNP); microRNA

1. Introduction

Recurrent pregnancy loss (RPL) is generally defined as three or more consecutive losses
of pregnancy before 20 weeks of gestation. However, the American Society for Reproductive
Medicine recently redefined RPL as more than two consecutive pregnancy losses [1].
Worldwide, RPL is a serious health problem that is significantly associated with morbidity
and mortality. Factors contributing to the etiology of RPL include advanced maternal age,
maternal anatomic anomalies, placental anomalies, chromosomal abnormalities, endocrine
dysfunction, antiphospholipid syndrome, hereditary thrombophilia, psychological trauma,
and environmental factors, such as smoking, excessive alcohol consumption, and stress [2].
Additionally, women who miscarry during their first pregnancy are 5% more likely to
develop RPL than healthy women [3]. Although many relevant factors have been identified,
the root cause of most cases of RPL remains unknown. RPL is also associated with blood
clotting angiogenesis and immune disorders.
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MicroRNAs (miRNAs) are small (approximately 23 nucleotides), noncoding, single-
stranded RNA molecules that form base pairs with complementary target messenger RNAs
(mRNAs) [4]. It has been demonstrated that miRNAs modulate gene expression via desta-
bilization or translational repression of target mRNAs [5,6]. Furthermore, miRNAs have
been implicated in the regulation of several biochemical pathways in various eukaryotic
organisms [7,8]. RNA polymerase II transcribes miRNAs into long precursor transcripts
known as primary (pri)-miRNAs, which are subsequently converted into pre-miRNAs by
DROSHA, which is a ribonuclease type III enzyme that forms a functional complex with Di-
George syndrome critical region 8 [9,10]. The pre-miRNA is then exported to the cytoplasm
by the exportin5 (XPO5)-RAS–related nuclear protein (RAN)-guanosine-5′-triphosphate
(GTP) complex [11]. RAN is a small GTP-binding protein, and the RAN GTPase-XPO5
complex forms a heterotrimer with the pre-miRNA [12]. The pre-miRNA is processed by
RNase III DICER to release the miRNA duplex, which is a double-stranded RNA approxi-
mately 23 nucleotides in length. DICER also initiates the formation of the RNA-induced
silencing complex (RISC) [13], which is responsible for miRNA-mediated gene silencing
and RNA interference. The biological function of the miRNA is initiated by binding to
the 3′-untranslated region (UTR) of the target mRNA, thereby repressing its expression.
A single miRNA can regulate the expression of multiple target mRNAs, thus serving as a
master controller of gene expression.

Multiple studies have recently demonstrated the roles of miRNAs in the pathophysiol-
ogy of several ovarian diseases, including polycystic ovary syndrome (PCOS) and primary
ovarian insufficiency (POI) [14,15]. POI, which is also known as premature ovarian failure,
is characterized by insufficient or premature depletion of ovarian reserves, which leads to
infertility [16]. The findings of the present study suggest that miRNAs play an essential
role in the normal function and regulation of reproductive organs.

The expression of a given gene may be affected or regulated by its genetic variations,
and single-nucleotide polymorphisms (SNPs) are the most common genetic variation
affecting DNA [17]. SNPs or mutations in genes encoding miRNAs can affect miRNA
properties, resulting in their altered expression and/or maturation [18]. Sequence variations
around the processing sites of miRNAs or in the mature miRNA itself, particularly in the
seed sequence, can profoundly affect miRNA biogenesis and function [19]. Polymorphisms
in pre-miRNAs were first reported in 2005 [20], and several studies on the associations
of these polymorphisms have since been reported [21,22]. Aberrant miRNA expression
has been implicated in numerous diseases; therefore, considerable research efforts are
currently being made for miRNA-based therapies [23]. In the present study, we performed
a database search and identified four SNPs in pre-form miRNAs: miR-10aA>T (rs3809783),
miR-30cA>G (rs113749278), miR-181aT>C (rs16927589), and miR-499bA>G (rs3746444). All
of these miRNAs are reportedly associated with various reproductive diseases [24–27].
Therefore, we hypothesized that the SNPs miR-10a, miR-30c, miR-181a, and miR-499b play a
role in the development of RPL. The minor allele frequency of these SNPs is >5% in the
Asian population; however, whether they are genetically associated with RPL or whether
miRNA expression varies as a function of these pre-form polymorphisms remains unclear.
We, therefore, investigated the correlation between RPL and these miRNA polymorphisms.

2. Materials and Methods

2.1. Study Participants

Blood samples were collected from 381 RPL patients (mean age ± standard deviation
[SD], 33.00 ± 5.73 years) and 281 control participants (33.03 ± 4.36 years). Blood samples
were collected prior to 20 weeks of gestation based on human chorionic gonadotropin
(hCG) levels. The RPL patients were recruited from the Department of Obstetrics and
Gynecology or the Fertility Center at the CHA Bundang Medical Center in Seongnam,
South Korea between March 1999 and February 2010. Women in the control group were
recruited from CHA Bundang Hospital and met the following criteria: history of at least
one spontaneous pregnancy; current pregnancy; regular menstrual cycles; karyotype 46,

260



Biomedicines 2022, 10, 2395

XX; and no history of miscarriage. The study abided by the Declaration of Helsinki and was
approved by the Institutional Review Board of CHA Bundang Medical Center (IRB approval
no. BD2010-123D), and written informed consent was obtained from all participants. All
RPL patients had suffered a minimum of two consecutive spontaneous miscarriages at
an average gestational stage of 7.36 ± 1.93 weeks. Pregnancy loss was diagnosed based
on the results of hCG tests, ultrasound, and/or physical examination before 20 weeks of
gestation. None of the participants had a history of smoking or alcohol use. The following
parameters were also measured: activated partial thromboplastin time (aPTT), body mass
index (BMI), blood urea nitrogen (BUN), creatinine, estradiol (E2), follicle-stimulating
hormone (FSH), luteinizing hormone (LH), platelet (PLT) count, and prothrombin time
(PT), using participant blood samples.

Patients with the following conditions were excluded from the study: RPL or implan-
tation failure due to hormonal, genetic, anatomic, infectious, autoimmune, or thrombotic
causes. Anatomic causes were evaluated using hysterosalpingogram, hysteroscopy, com-
puted tomography, and magnetic resonance imaging to detect intrauterine adhesions,
septate uterus, and uterine fibroids. Hormonal causes, including hyperprolactinemia,
luteal insufficiency, and thyroid disease, were evaluated by blood analyses. Infectious
causes, such as the presence of Ureaplasma urealyticum or Mycoplasma hominis, were
evaluated by bacterial culture. Autoimmune causes, including antiphospholipid syndrome
or lupus, were evaluated using lupus anticoagulant and anticardiolipin antibodies. Throm-
botic causes, such as thrombophilia, were evaluated by identification of protein C and S
deficiencies and by detection of β-2-glycoprotein 1 antibodies.

2.2. Antibody Preparation

A total of 150μL of whole blood and fluorochrome-labeled monoclonal antibod-
ies against anti-CD3-FITC (1:100, 555339), anti-CD4-PE(1:100, 357404) anti-CD8-PE-cy5
(1:20, 344769) anti-CD19-APC (1:100, 392503), anti-CD56-PE-Cy7 (1;100, 392411) NK cells
were added to each tube. All antibodies were obtained from Biolegend (San Diego, CA,
USA). The tubes were vortexed and incubated in the dark at room temperature for 40 min.
Next, 2 mL of Lyse solution (diluted 1:10; BD Bioscience, Sunnyvale, CA, USA) was added,
and the tubes were vortexed again, incubated at room temperature for 30 min, and cen-
trifuged at 1200 rpm for 5 min. The cells were then washed three times with 2 mL of PBS
each wash, and the cells were suspended in 250 μL of PBS and analyzed by flow cytometry
(BD Bioscience).

2.3. Chromosome Analysis

Chromosome analysis was conducted according to standard cytogenetic methods.
Peripheral blood lymphocytes were cultured for 70 h, and then KaryoMAX Colcemid Solu-
tion (Gibco) was added when the chromosomes were at the metaphase stage. KCl (0.05 M)
was added as a hypotonic agent, and the cells were fixed for harvest using a fixative formed
by adding one volume of acetic acid to two volumes of methanol. Metaphase chromosome
preparations obtained after cell culture were stained using the Giemsa-Trypsin-Giemsa
(GTG) banding method.

2.4. Genotyping

Genomic DNA was extracted from anticoagulant-treated peripheral blood samples using
a G-DEX Genomic DNA extraction kit (iNtRON Biotechnology, Seongnam, Korea) [28,29].
Briefly, Proteinase K was added to a microcentrifuge tube, followed by 30 μL of blood.
Next, 300 μL of Lysis solution was added, and the samples were vortexed and incu-
bated at 55 ◦C for 10 min. A total of 350 μL of ethanol was then added to each sam-
ple, and the samples were bound, washed, and eluted according to the manufacturer’s
protocol. Four miRNAs (SNPs) were selected using the NCBI human genome SNP
database (dbSNP, http://www.ncbi.nlm.nih.gov/snp (accessed on 13 March 2019)). The
SNPs miR-10aA>T (rs3809783), miR-30cA>G (rs113749278), miR-181aT>C (rs16927589), and
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miR-499bA>G (rs37464444) are either mature-form (rs3746444, rs-formnp8978) or pri-form
(rs3809783, rs16927589). miR-10aA>T, miR-30cA>G, miR-181aT>C, and miR-499bA>G were
genotyped according to TaqMan® SNP Genotyping Assays system (Applied Biosystems,
Foster City, CA, USA). Based on the intensity of fluorescence signals of FAM and VIC,
samples were automatically classified into one of three groups corresponding to the geno-
types AA, AG, or TT of miR-10aA>T; AA, AG, or GG of miR-30cA>G; TT, TC, or CC of
miR-181aT>C; and AA, AG, or GG of miR-499bA>G. The basic principle of the assay is
as follows: when the allele-specific probe is fully hybridized to the template DNA, Taq
polymerase cleaves the reporter dye, leading to fluorescence emission. However, if a single
base mismatch exists between the probe and template DNA, hybridization is inefficient,
and reporter dye fluorescence is thus reduced. The sequences of the SNPs were as follows:
miR-10aA>T, CTCTT ATTTTTCCAG AAGAAAAAAA[A/T]ATATATATAT GTATATG-
TAG TATTT; miR-30cA>G, TACTTTCCACAGCTG AGAGTGTAGG[A/G]DTGTTTACAGT
ATCTGTCGCT CAGTG; miR-181aT>C, AAAAT AGCACAAAAT TATCCAATTG[T/C]
GACAGTTCTT ATCACATTTC ACTTT; and miR-499bA>G, ATGTTTAACT CCTCTC-
CACG TGAAC[A/G]TCACAGCAAG TCTGTGCTGC TTCCC. Information regarding
the miRNA probes was as follows: miR-10aA>T, wild type homozygous AA (VIC reaction
& FAM no reaction), heterozygous AT (VIC reaction & FAM reaction), mutant homozygous
TT (VIC no reaction & FAM reaction); miR-30cA>G, wild homozygous AA (VIC reaction &
FAM no reaction), heterozygous AG (VIC reaction & FAM reaction), mutant homozygous
GG (VIC no reaction & FAM reaction); miR-181aT>C, wild homozygous TT (VIC reaction &
FAM no reaction), heterozygous TC (VIC reaction & FAM reaction), mutant homozygous
CC (VIC no reaction & FAM reaction); miR-499bA>G, wild homozygous AA (VIC reaction
& FAM no reaction), heterozygous AG (VIC reaction & FAM reaction), mutant homozygous
GG (VIC no reaction & FAM reaction).

2.5. Assessment of Plasminogen Activator Inhibitor (PAI-1), Homocysteine, Total Cholesterol,
Uric Acid Levels, and Blood Coagulation Status

Plasma PAI-1, total cholesterol, uric acid, and homocysteine levels were measured
in participant blood samples. Plasma was separated by centrifugation of whole blood at
1000× g for 15 min. PAI-1 levels were determined using a human serpin E1/PAI-1 im-
munoassay (R&D Systems, Minneapolis, MN, USA). Uric acid and total cholesterol levels
were measured using enzymatic colorimetric tests (Roche Diagnostics, GmbH, Mannheim,
Germany). Homocysteine levels were measured using a fluorescence polarization im-
munoassay with an Abbott IMx analyzer (Abbott Laboratories, Abbott Park, IL, USA).

2.6. Statistical Analyses

The significance of differences in the frequencies of the miR-10aA>T, miR-30cA>G,
miR-181aT>C, and miR-499bA>G SNPs between the control and patient groups were as-
sessed using Fisher’s exact test and a logistic regression model. p-values were calculated
using two-sided t-tests for continuous variables and chi-square tests for categorical vari-
ables. Allele frequencies were calculated to investigate the deviation from Hardy–Weinberg
equilibrium. The genotype distribution of RPL patients and controls with ≥h or ≥o preg-
nancy loss was investigated. Odds ratios (ORs), adjusted odds ratios (AORs), and 95%
confidence intervals (CIs) were used to examine the associations between various miRNA
polymorphisms and RPL risk. Data are presented as the mean ± SD for continuous vari-
ables or a percentage for categorical variables. The results of the allele and genotype
combination analysis were consistent with those derived from Fisher’s exact test during
regression analysis.

Statistical analyses were carried out using MedCalc software, version 12.1.4 (MedCalc
Software bvba, Mariakerke, Belgium) or GraphPad Prism 4.0 software (GraphPad Software,
Inc., San Diego, CA, USA). Logistic regression analysis was applied to data regarding base-
line characteristics, genotype frequencies, genotype combinations, and allele combinations
for quantitative traits shown in Table 2, Table 3, Table 4 and Table 5. The HAPSTAT program
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(v.3.0, www.bios.unc.edu/~lin/hapstat/ (accessed on 10 April 2018)), which exhibits a
strong synergistic effect, was used to estimate the frequencies of polymorphic haplotypes.
A p-value < 0.05 indicated statistical significance. HAPSTAT allows testing of haplotype
(or allele combination) effects by maximizing the likelihood (from the observed data) that
properly accounts for phase uncertainty and study design. False-positive discovery rate
(FDR) correction was used to adjust multiple comparison tests and associations with FDR-
adjusted p-values < 0.05 were considered statistically significant [30]. FDR calculation is
also used for multiple hypotheses testing to correct for multiple comparisons. Multifactor
dimensionality reduction (MDR) analysis was used to determine the best-model gene-gene
interaction for RPL risk. The advantage of using MDR is that it overcomes the sample size
limitations often encountered during logistic regression analysis in studies of high-level
interactions. The MDR method consists of two main steps. First, the best combination of
multi-factors is selected, and second, genotype combinations are classified into high- and
low-risk groups [31]. We constructed all possible allelic combinations by MDR analysis
to identify combinations with strong synergy. Allelic combinations for multiple loci were
estimated using the expectation-maximization algorithm with SNPAlyze (v. 5.1; DYNA-
COM Co, Ltd., Yokohama, Japan), and those having frequencies < 1% were excluded from
statistical analysis. We also applied multiple regression models to further explain the results
of the allelic combination analysis. Genetic interaction analyses were performed using
the open-source MDR software package (v.2.0), which is available at www.epistasis.org
(accessed on 15 March 2018).

2.7. Expression Vector Construction (miR-10aA>T, miR-30cA>G, and miR-181aT>C)

The pre-miRs (miR-10a, miR-30c, and miR-181a) and their flanking regions were am-
plified from human genomic DNA and cloned into the vector pcDNA3.1(−) (Invitrogen,
Carlsbad, CA, USA). The primers used in the study included F: 5′-TGC GAA CTG GCT
ACT TGA AA-3′, R: 5′-TTC CAA TAA AGC CTC CCT GA-3′ (miR-10a); F: 5′-GCA CCA
TGT GTC ACA CAG GT-3′, R: 5′-CAA GTG TTG GGA AGA TGC TAT-3′ (miR-30c); and
F: 5′-ACA TTT TCT CAG ACA TTC AT-3′, R: 5′-ATG TGA GAA AAC TGA GAC AC -3′
(miR-181a). For single-point mutations, we used an Intron Muta-direct kit (Intron, Seoul,
Korea). The sequences of these three vectors were confirmed by direct sequencing, and the
SNPs were the only differences detected. To generate the miRNAs target gene::luciferase re-
porter constructs, similar to the cloning vectors, fragments of the PAI-1 gene corresponding
to the 3′-UTR region clone (OriGene, Rockville, MD, USA) were amplified and cloned into
the pGL4.13-luciferase vector (Promega, Madison, WI, USA). The resulting cDNAs were
PCR amplified using the following primers: forward 5′-CCC TGG GGA AAG ACG CCT
T-3′ and reverse 5′-TTC GTA TTT ATT TAT TTT ATT TTT T-3′ with XbaI (TCTAGA)and FseI
(GGCCGGCC) linker (New England Biolabs, Ipswich, MA, USA), and all constructs were
verified by sequencing. Cells from a human endometrial cell line (Ishikawa) were plated at
1 × 106 cells per well in 6-well plates and transfected 24 h later using JetPRIME transfection
reagent (Polyplus, France). Transfection reactions for miR-10a contained 500 ng of miR10a-
A (in pcDNA3.1-) or 500 ng of miR-10a-T (in pcDNA3.1-) with 500 ng of 3′-UTR-PAI-1
in pGL4.13 and 200 ng of pGL4.75 (Renilla-normalization control); for miR-30c, reactions
contained 500 ng of miR-30c-A (in pcDNA3.1-) or 500 ng of miR-30c-G (in pcDNA3.1-)
with 500 ng of 3′-UTR-PAI-1 in pGL4.13 and 200 ng of pGL4.75 (Renilla-normalization
control), for miR-181a2, reactions contained 500 ng of miR-181a-T (in pcDNA3.1-) or 500 ng
of miR-181a-G (in pcDNA3.1-) with 500 ng of 3′-UTR-PAI-1 in pGL4.13 and 200 ng of
pGL4.75 (Renilla-normalization control).

2.8. Quantitative Real-Time PCR (miR-10a, miR-30c, miR-181a Pre- and Mature-Form Primers)

TRIzol reagent (Invitrogen, Waltham, Massachusetts, USA) was used to isolate to-
tal RNA from Ishikawa cells that were transfected with 2.5 μg of vector after 16 h. To-
tal RNA was then reverse transcribed using an M-MLV reverse transcriptase PCR kit
(Biofact, Co., Ltd., Daejeon, Korea) and random or oligo dT20 primers (Invitrogen, Waltham,
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MA, USA) in addition to specific primers for PAI-1 and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). Quantitative real-time PCR (qPCR) was performed as 20 μL reactions,
containing each sequence-specific primer and quantitative PCR master mix (Solgent, Co.,
Ltd., Daejeon, Korea), using a Rotor-Gene 6000 real-time PCR system (Qiagen, Co., Ltd.,
Hilden, Germany). Expression levels were calculated according to the comparative thresh-
old cycle (Ct) method using the formula 2−ΔΔCt. Primer sequences for amplification were
as follows: has-miR-10a-pre forward: 5′-CCG AAT TTG TGT AAG GAA TTT TG-3′ and
reverse 5′-AAG AGC GGA GTG TTT ATG TCA A-3′; has-miR-10a-mature forward: 5′-TAC
CCT GTAG ATC CGA ATT T and reverse: universal primer (Qiagen Cat# 218193); has-miR-
30c-pre forward: 5′-TGT GTA AAC ATC CTA CAC TCT CAG C-3′ and reverse: 5′-CCA
TGG CAG AAG GAG TAA ACA-3′; has-miR-30c-mature forward: 5′-AAA CAT CCT ACA
CTC TCA GC-3′ and reverse universal primer (Qiagen Cat# 218193); has-miR-181a-pre
forward:5′-TAT CAG GCC AGC CTT CAG AG-3′ and reverse: 5′-AAT CCC AAA CTC
ACC GAC AG-3′; miR-181a-mature forward:5′- TTC AAC GCT GTC GGT GAG TT-3′ and
reverse: universal primer (Qiagen Cat# 218193); Human RNU6B (RNU6-2) forward:5′-ACG
CAA ATT CGT GAA GCG TT-3′ and reverse universal primer (Qiagen Cat# 218193).

2.9. Prediction of miRNA Binding and Luciferase Reporter Assay

An online search was conducted to identify targets for miR-10a, miR-30c, miR-181a,
and miR-499b using the TargetScan (http://www.targetscan.org (accessed on 21 May 2018))
and miRIAD databases (http://bmi.ana.med.uni-muenchen.de/miriad/ (accessed on 16
May 2018)). We used these databases to predict miRNAs that target overlapping regions of
PAI-1 mRNA transcripts. Target mRNA sequences, particularly within the 3′-UTR, are often
obtained from the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/
(accessed on 26 September 2018)). We found that miR-30c, miR-10a, and miR-181a were
predicted to be targets of the PAI-1 3′-UTR. Therefore, a luciferase reporter assay was used
to evaluate the roles of miR-30c, miR-10a, and miR-181a in regulating the expression of tar-
get genes, as previously described. Briefly, wild-type pGL4.13-luciferase vector (Promega,
Madison, WI, USA). constructs containing the 3′-UTRs of the PAI-1 gene were generated
by amplifying the 3′-UTR region clone (OriGene, Rockville, MD, USA) and cloning the
amplification products into the downstream region of the pGL4.13 vector (Promega, Madi-
son, WI, USA) using the XbaI and FseI endonucleases (New England BioLabs, Ipswich,
MA, USA). Positive clones were selected by sequence-specific PCR, restriction enzyme
digestion, and DNA sequencing. Ishikawa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Thermo Fisher Scientific, Inc. Waltham, Massachusetts, USA).
All medium was supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scien-
tific, Inc. Waltham, Massachusetts, USA) and 1% penicillin/streptomycin (Thermo Fisher
Scientific, Inc. Waltham, Massachusetts, USA). All cell lines were maintained in a CO2
incubator (5% CO2) at 37 ◦C. The Ishikawa cells used in this study were endometrial and are
commonly used in RPL studies. Next, miR-10a, miR-30c, and miR-181a mimics (50 nM) were
co-transfected into Ishikawa cells with 200 ng of the 3′-UTR of PAI-1 in pGL4.13 constructs
using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After 16 h of incubation, the
luciferase activity was measured using a dual-luciferase reporter assay system (Promega,
Madison, WI, USA). Each transfection was performed as triplicates.

3. Results

3.1. Baseline Characteristics of Recurrent Pregnancy Loss Patients and Control Subjects

The characteristics of RPL patients and control subjects are summarized in Table 1.
The mean age was approximately 33 years for both groups, and both groups were 100%
female. PLT count, aPTT, and concentrations of E2 and LH were greater in RPL patients
than in controls (p = 0.0007, p = 0.005, p = 0.001, and p = 0.011, respectively). There were no
significant differences in age, BMI, uric acid level, or FSH level between the two groups.
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Table 1. Baseline characteristics of recurrent pregnancy loss patients and control subjects.

Characteristics Controls (n = 281) RPL Patients (n = 381) p *

Age (years, mean ± SD) 33.00 ± 5.73 33.03 ± 4.36 0.94
BMI (kg/m2, mean ± SD) 21.58 ± 3.18 21.35 ± 4.04 0.558
Previous pregnancy losses None 3.01 ± 1.50

Average no. of gestational weeks 39.28 ± 1.67 7.36 ± 1.93 <0.0001
CD56 NK cells (%, mean ± SD) None 18.12 ± 7.98

Homocysteine (μmol/L, mean ± SD) None 6.98 ± 2.10
Folate (nmol/L, mean ± SD) None 14.18 ± 12.01

Total cholesterol (mg/dL, mean ± SD) None 187.73 ± 49.41
Uric acid (mg/dL, mean ± SD) 4.19 ± 1.44 3.80 ± 0.83 0.172

PLT (103/μL, mean ± SD) 235.17 ± 63.60 255.43 ± 59.22 0.0007
aPTT (sec, mean ± SD) 30.77 ± 4.60 32.23 ± 4.32 0.005

PAI-1 (ng/mL) None 10.53 ± 5.72
BUN (mg/dL) None 9.98 ± 2.76

Creatinine (mg/dL) None 0.72 ± 0.12
FSH (mIU/mL) 8.11 ± 2.84 7.51 ± 10.54 0.557
LH (mIU/mL) 3.32 ± 1.74 6.32 ± 12.11 0.011

E2 (pg/mL) 26.00 ± 14.74 35.64 ± 29.53 0.001
PT (sec, mean ± SD) 11.53 ± 3.10 11.58 ± 0.85 0.84

Abbreviations: aPTT, activated partial thromboplastin time; BMI, body mass index; BUN, blood. urea nitrogen;
E2, estradiol; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PLT, platelets; PT, prothrombin time;
RPL, recurrent pregnancy loss; SD, standard deviation. * p-values were calculated by a two-sided t-test for
continuous variables and a chi-square test for categorical variables.

3.2. Genotype Frequencies of miRNA Polymorphisms According to the Number of Recurrent
Pregnancy Losses

Table 2 shows the distribution of genotypes in RPL patients with ≥3 or ≥4 pregnancy
losses and control subjects. Significant differences in the miR-10a SNP were observed
between the RPL and control groups and were significantly correlated with RPL prevalence.
Consistently, the absence of these miRNA polymorphisms showed a negative correlation
with RPL. The associations of these polymorphisms were very interesting in RPL patients
because the miRNA polymorphisms were related to decreased RPL, but they were not
associated with RPL risk (Table 2). In addition, the number of RPL patients with risk factors
was very small. Therefore, the associations with RPL occurrence will require further investi-
gation. miR-10aA>T (chr17:48579816, rs3809783), miR-30cA>G (chr6:71377017, rs113749278),
miR-181aT>C (chr9:124692981, rs16927589), and miR-499bA>G (chr20: 34990400, rs37464444)
were all in the miRNA mature-form (rs3746444, rs-formnp8978) or pri-form (rs3809783,
rs16927589). The SNPs in miRNA genes, including pri-miRNAs, pre-miRNAs, and mature
miRNAs, could potentially influence the processing and/or target selection of miRNAs.
Since we selected four SNPs in pri-form or mature-form, we wanted to determine whether
all these miRNAs could influence the expression and regulation of target genes. Based on
the intensity of FAM and VIC fluorescence, samples were automatically classified into one
of three groups corresponding to genotypes AA, AT, or TT of miR-10aA>T; AA, AT, or GG
of miR-30cA>G; TT, TC, or CC of miR-181aT>C; and AA, AG, or GG of miR-499bA>G.
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3.3. Adjusted Odds Ratios for Risk of Recurrent Pregnancy Loss Associated with miRNA
Polymorphisms Combined with Clinical Factors

The miR-30cAG+GG genotype was associated with decreased risk of RPL for age < 33
years (odds ratio [OR] = 0.583; 95% confidence interval [CI] = 0.371–0.918; p = 0.022)
(Table 3). However, the miR-181aTC+CC genotype was associated with increased risk of RPL
for age < 33 years (OR = 1.677; 95% CI = 1.038–2.709; p = 0.035), and the miR-499bAG + GG
genotype was associated with increased risk of RPL for age ≥ 33 years (OR = 1.631;
95% CI = 1.028–2.588; p = 0.038). The miR-10aAT+TT genotype was associated with in-
creased risk of RPL for BMI ≥ 25 kg/m2 (OR = 2.840; 95% CI = 1.544–5.223; p = 0.001). The
miR-499bAG + GG genotype was associated with increased risk of RPL for BMI <25 kg/m2

(OR = 1.456; 95% CI = 1.029–2.059; p = 0.034) and with increased risk of RPL for BMI ≥25 kg/m2

(OR = 2.284; 95% CI = 1.377–3.789; p = 0.001). The miR-181aTC + CC genotype was associated
with increased risk of RPL for PLT count <255.62×103/μL) (OR = 1.779; 95% CI = 1.038–3.048;
p = 0.036). Finally, the miR-30cAG+GG was associated with decreased risk of RPL for
aPTT < 32.83 s (OR = 0.364; 95% CI = 0.185–0.717; p = 0.004).

Table 3. Adjusted odds ratios for risk of recurrent pregnancy loss associated with miRNA polymor-
phisms combined with clinical factors.

Variable
miR-10aAT + TT miR-30cAG + GG miR-181aTC + CC miR-499bAG + GG

AOR (95% CI) p AOR (95% CI) p AOR (95% CI) p AOR (95%CI) p

Age (years)
<33 1.476 (0.870–2.505) 0.149 0.583 (0.371–0.918) 0.02 1.677 (1.038–2.709) 0.035 1.329 (0.848–2.083) 0.216
≥33 1.566 (0.902–2.717) 0.111 1.124 (0.721–1.754) 0.606 0.996 (0.626–1.583) 0.985 1.631 (1.028–2.588) 0.038

Homocysteine
<6.97μmol/L 1.186 (0.127–11.086) 0.881 0.364 (0.040–3.344) 0.372 - - 3.063 (0.333–28.174) 0.323
≥6.97μmol/L 1.690 (0.190–15.041) 0.638 0.275 (0.032–2.399) 0.243 0.590 (0.124–2.816) 0.509 0.846 (0.177–4.050) 0.835

BMI
<25 kg/m2 1.399 (0.928–2.108) 0.109 0.834 (0.593–1.174) 0.298 1.401 (0.979–2.005) 0.065 1.456 (1.029–2.059) 0.034
≥25 kg/m2 2.840 (1.544–5.223) 0.001 0.949 (0.591–1.524) 0.829 1.194 (0.725–1.967) 0.485 2.284 (1.377–3.789) 0.001

Platelet
<255.62 × 103/μL 1.133 (0.624–2.057) 0.681 1.008 (0.606–1.678) 0.976 1.779 (1.038–3.048) 0.036 1.468 (0.878–2.455) 0.144
≥255.62 × 103/μL 2.019 (0.933–4.370) 0.075 0.539 (0.287–1.011) 0.054 0.820 (0.429–1.569) 0.55 1.256 (0.665–2.369) 0.483

PT
≥11.58 s 1.476 (0.870–2.505) 0.149 1.845 (0.468–7.277) 0.382 0.557 (0.145–2.139) 0.394 0.368 (0.090–1.514) 0.166
<11.58 s 1.566 (0.902–2.717) 0.111 0.699 (0.335–1.458) 0.339 1.031 (0.495–2.151) 0.935 1.023 (0.522–2.006) 0.947

aPTT
<32.83 s 1.476 (0.870–2.505) 0.149 0.364 (0.185–0.717) 0.004 1.714 (0.862–3.409) 0.125 1.409 (0.763–2.604) 0.273
≥32.83 s 1.566 (0.902–2.717) 0.111 0.976 (0.426–2.237) 0.954 1.069 (0.459–2.493) 0.877 0.639 (0.284–1.439) 0.279

Abbreviations: aPTT, activated partial thromboplastin time; AOR, adjusted odds ratio; BMI, body mass index;
CI, confidence interval; PT, prothrombin time; RPL, recurrent pregnancy loss. The aPTT was below the 15% cut-off
level in RPL patients and controls. Platelets were above the 15% cut-off level in RPL patients and controls.

3.4. Combination Analysis of miRNA Polymorphisms between Recurrent Pregnancy Loss Patients
and Control Subjects

The results of combined gene-genotype analyses are shown in Table 4. The miR-10a/miR-30c
combined genotype AT/AG was associated with increased RPL risk (OR = 2.156; 95%
CI = 1.120–4.151; p = 0.022). The miR-10aA>T/miR-181aT>C combined genotype AT/TT
was associated with increased RPL risk (OR = 1.974; 95% CI = 1.065–3.658; p = 0.031). The
miR-10aA>T/miR-499A>G combined genotype AT/AG was associated with increased RPL
risk (OR = 2.195; 95% CI = 1.156–4.169; p = 0.016). The miR-30cA>G/miR-181aT>C com-
bined genotype AG/TT was also associated with increased RPL risk (OR = 1.839; 95%
CI = 1.054–3.210; p = 0.032). Similarly, increased RPL risk was associated with the
miR-30cA>G/miR-499A>G combined genotypes AA/GG (OR = 4.324; 95% CI = 1.423–13.141;
p = 0.010) and AG/AG (OR = 1.921; 95% CI = 1.145–3.224; p = 0.013). The miR-181aT>C/miR-
499A>G combined genotype TT/GG was also associated with increased RPL risk (OR = 8.320;
95% CI = 1.043–66.384; p = 0.046). However, after false-discovery rate (FDR)-p correction,
there were no significant differences between RPL patients and controls in the ORs for
the combined genotypes, except for the miR-30cA>G/miR-499A>G combined genotypes
AA/GG and AG/AG.
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Table 4. Combination analysis of miRNA polymorphisms between recurrent pregnancy loss patients
and control subjects.

Genotype Combination Controls (n = 281)
RPL Patients

AOR (95% CI) p a FDR-p b

(n = 381)

miR-10aA>T/miR-30cA>G
AA/AA 162 (57.7) 190 (49.9) 1.000 (reference)
AT/AA 35 (12.5) 51 (13.4) 1.243 (0.770–2.008) 0.374 0.499
AT/AG 14 (5.0) 35 (9.2) 2.156 (1.120–4.151) 0.022 0.088
AT/GG 1 (0.4) 2 (0.5) 1.770 (0.159–19.773) 0.643 0.643
TT/AA 1 (0.4) 6 (1.6) 4.958 (0.589–41.748) 0.141 0.282

miR-10aA>T/miR-181aT>C
AA/TT 88 (31.3) 113 (29.7) 1.000 (reference)
AA/TC 121 (43.1) 142 (37.3) 0.915 (0.632–1.324) 0.637 0.812
AA/CC 21 (7.5) 30 (7.9) 1.079 (0.576–2.020) 0.812 0.812
AT/TT 18 (6.4) 45 (11.8) 1.974 (1.065–3.658) 0.031 0.124
AT/TC 22 (7.8) 37 (9.7) 1.272 (0.698–2.317) 0.433 0.812

miR-10aA>T/miR-499A>G
AA/AA 154 (54.8) 168 (44.1) 1.000 (reference)
AA/AG 71 (25.3) 102 (26.8) 1.317 (0.907–1.914) 0.148 0.197
AA/GG 5 (1.8) 15 (3.9) 2.719 (0.964–7.665) 0.059 0.118
AT/AA 34 (12.1) 47 (12.3) 1.264 (0.772–2.069) 0.351 0.351
AT/AG 15 (5.3) 36 (9.4) 2.195 (1.156–4.169) 0.016 0.064
AT/GG 1 (0.4) 5 (1.3) 4.508 (0.520–39.109) 0.172 0.344
TT/AG 1 (0.4) 1 (0.3) 0.922 (0.057–14.874) 0.954 0.954

miR-30cA>G/miR-181aT>C
AA/TT 79 (28.1) 101 (26.5) 1.000 (reference)
AA/TC 89 (31.7) 120 (31.5) 1.058 (0.707–1.583) 0.784 0.784
AA/CC 30 (10.7) 26 (6.8) 0.692 (0.377–1.268) 0.233 0.466
AG/TT 25 (8.9) 58 (15.2) 1.839 (1.054–3.210) 0.032 0.128
AG/TC 52 (18.5) 59 (15.5) 0.886 (0.551–1.425) 0.617 0.784

miR-30cA>G/miR-499A>G
AA/AA 137 (48.8) 146 (38.3) 1.000 (reference)
AA/AG 57 (20.3) 83 (21.8) 1.355 (0.898–2.044) 0.147 0.196
AA/GG 4 (1.4) 18 (4.7) 4.324 (1.423–13.141) 0.01 0.026
AG/AA 49 (17.4) 68 (17.8) 1.319 (0.852–2.041) 0.214 0.214
AG/AG 27 (9.6) 55 (14.4) 1.921 (1.145–3.224) 0.013 0.026
AG/GG 2 (0.7) 2 (0.5) 0.908 (0.124–6.641) 0.924 0.924

miR-181aT>C/miR-499A>G
TT/AA 72 (25.6) 98 (25.7) 1.000 (reference)
TT/AG 33 (11.7) 54 (14.2) 1.155 (0.677–1.970) 0.597 0.796
TT/GG 1 (0.4) 11 (2.9) 8.320 (1.043–66.384) 0.046 0.184
TC/AA 95 (33.8) 107 (28.1) 0.818 (0.542–1.236) 0.34 0.68
TC/AG 47 (16.7) 67 (17.6) 1.040 (0.642–1.685) 0.872 0.872

Abbreviations: AOR, adjusted odds ratio; CI, confidence interval; RPL, recurrent pregnancy loss. a Fisher’s exact
test. b False-discovery rate-adjusted p-value.

3.5. Allele Combination Analysis of miRNA Polymorphisms in Recurrent Pregnancy Loss Patients
and Control Subjects

The results of allele combination analyses of miRNA polymorphisms in RPL patients
and control subjects are shown in Table 5 and Supplementary Tables S2–S4. The allele com-
binations miR-10a/miR-30c/miR-181a/miR-499b A-T-G-G (OR = 1.952; 95% CI = 1.120–3.149;
p = 0.006), A-C-A-G (OR = 2.343; 95% CI = 1.111–4.942; p = 0.026), A-C-G-A (OR = 2.136;
95% CI = 1.095–4.165; p = 0.028), T-T-G-A (OR = 0.455; 95% CI = 0.215–0.962; p = 0.044), and
T-C-G-A (OR = 13.020; 95% CI = 0.739–229.300; p = 0.017) were associated with an increased
risk of RPL. However, after FDR-p correction, there were no significant differences between
RPL patients and controls in the ORs of the allele combinations, except for the A-T-G-G
and T-C-G-A allele combinations.
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Table 5. Allele combination analysis of miRNA polymorphisms in recurrent pregnancy loss patients
and control subjects.

Allele Combination
Controls RPL Patients

OR (95% CI) p a FDR-p b

(n = 281) (n = 381)

miR-10aA>T/miR-181aT>C/miR-30cA>G/miR-499A>G

A-T-A-A 236 (41.9) 271 (35.6) 1.000 (reference)
A-T-A-G 38 (6.9) 66 (8.6) 1.468 (0.953–2.263) 0.085 0.128
A-T-G-A 128 (22.9) 139 (18.2) 0.935 (0.695–1.257) 0.705 0.705
A-T-G-G 27 (4.9) 63 (8.2) 1.952 (1.210–3.149) 0.006 0.036
A-C-A-A 44 (7.8) 59 (7.7) 1.163 (0.759–1.784) 0.516 0.619
A-C-A-G 9 (1.7) 26 (3.5) 2.343 (1.111–4.942) 0.026 0.056
A-C-G-A 12 (2.3) 31 (4.1) 2.136 (1.095–4.165) 0.028 0.056
T-T-A-G 7 (1.2) 22 (3.0) 2.851 (1.202–6.764) 0.014 0.056
T-T-G-A 20 (3.7) 10 (1.4) 0.455 (0.215–0.962) 0.044 0.088
T-T-G-G 3 (0.7) 1 (0.2) 0.434 (0.079–2.391) 0.425 0.425
T-C-A-A 9 (1.6) 18 (2.3) 1.735 (0.765–3.937) 0.235 0.313
T-C-G-A 0 (0.0) 6 (0.9) 13.020 (0.739–229.300) 0.017 0.017

Abbreviations: CI, confidence interval; FDR, false-discovery rate; OR, odds ratio; RPL, recurrent pregnancy loss.
ORs and 95% CIs for each allele combination were calculated with reference to frequencies of all others using
Fisher’s exact test. a Fisher’s exact test. b FDR-adjusted p-value.

3.6. Differential Expression of the miR-10aA>T, miR-30cA>G, and miR-499bA>G Polymorphisms

The impact of SNPs on the interaction of miR-10aA>T, miR-30cA>G, miR-181aT>C, and
miR-499bA>G on their targets was investigated by constructing various expression plasmids
(pri-miR-10aA, pri-miR-10aG, pri-miR-30cA, pri-miR-30cG, pre-miR-181aT, pre-miR-181aG, pri-
miR-499bA, and pri-miR-499bG) under control of the cytomegalovirus (CMV) promoter with
either the major or minor allele. These plasmids were used in a dual luciferase assay performed
with the 3′UTR of PAI-1, one of the predicted targets of miR-10a, miR-30c and miR181a, in
Ishikawa human endometrial cells. A schematic diagram of a gene with a 3′-UTR of PAI-1
containing possible miR-10a and miR-30c binding sites in a conserved region is shown in
Figure 1A,B. The luciferase activity of the 3′UTR of PAI-1 was significantly lower in pre-miR-
10a having the A allele as compare to pre-miR-10a having the T allele (p < 0.05) (Figure 1C).
Similarly, the luciferase activity of the 3′UTR of PAI-1 was significantly lower in the pre-miR-
30c with the A allele as compared to pre-miR-30c with the G allele (p < 0.05) (Figure 1D).

Figure 1. Expression of miR-10aA>T, miR-30cA>G, and the regulation of 3′-UTR of PAI-1 by miR-10a and
miR-30c. (A,B) A schematic representation of gene with 3′-UTR of PAI-1 that contain possible miR-10a and
miR-30c binding sites in conserved regions. (C) Dual-luciferase reporter assays were performed to test the
interaction of hsa-miR-10aA>T and its targeting sequence in the PAI-1 3′-UTR using constructs containing
the predicted targeting sequence (pGL4.13-PAI-1 3′-UTR) cloned into the 3′-UTR of the reporter gene.
Luciferase expression levels were normalized against Renilla luciferase expression. Data represent three
independent exper-iments with triplicate measurements. ** p < 0.05. (D) Dual-luciferase reporter assays
were performed to test the interaction of miR-30cA>G and its target sequence in the PAI-1 3′-UTR using
constructs containing the predicted targeting sequence (pGL4.13-PAI-1 3′-UTR) cloned into the 3′-UTR
of the reporter gene. Luciferase expression levels were normalized against Renilla luciferase expression.
Data represent three independent experiments with triplicate measurements. ** p < 0.05.
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3.7. Differences of Various Clinical Parameters According to miRNA Polymorphisms in RPL Patients

Associations between miRNA polymorphisms and the levels of homocysteine, folate,
total cholesterol, uric acid, blood urea nitrogen (BUN), estradiol (E2), thyroid-stimulating
hormone (TSH), FSH, LH, prolactin, creatinine, platelets (PLT), as well as CD3+, CD4+,
CD8+, CD19+, and CD56+ NK cells, in addition to the PT and aPTT were assessed by ordinal
logistic regression analyses. We divided the risk factors into 10 grades and performed
ordinal logistic regression using a proportional odds model. We found that the genotype
frequency of miR-30cA>G was significantly associated with aPTT (AA: 32.46 ± 4.71, GG:
27.56 ± 3.59, p = 0.001), creatinine (AA: 1.19 ± 1.94, GG: 6.26 ± 3.71, p = 0.001), and E2
(AA: 1.19 ± 1.94, GG: 6.26 ± 3.71, p = 0.001). Levels of FSH differed significantly (p < 0.05)
between the miR-30cA>G AA (mean ± SD, 32.36 ± 4.30 and 6.96 ± 4.29, respectively)
and GG genotypes (30.49 ± 3.02 and 33.82 ± 55.85, respectively) (Table 6, Figure 2A,C,D).
Additionally, levels of hematocrit (Hct) and total cholesterol (T. chol) differed significantly
(p < 0.05) between the miR-30cAA and GG genotypes (36.65 ± 3.73 and 34.14 ± 4.49,
172.56 ± 64.85 and 38.15 ± 76.11, respectively). The miR-181aT>C genotype frequency was
significantly associated with levels of creatinine (TT: 2.38±3.24, TC: 1.17±1.76, p = 0.011),
Hcy (TT: 6.76 ± 2.01, CC: 9.98 ± 4.50, p = 0.001), LH (TT: 4.81 ± 2.74, CC: 4.20 ± 0.71,
p = 0.038), PT (TT: 11.43 ± 1.14, CC: 10.20 ± 0.28, p = 0.048), and T. chol (TT: 136.96 ± 86.18,
TC: 185.65 ± 76.23, p = 0.001). The miR-499bA>G genotype frequency was significantly
associated with aPTT (TT: 31.20 ± 4.29, GG: 32.10 ± 4.18, p = 0.026) (Table 6, Figure 2B).

Figure 2. Analysis of variance of aPTT levels according to miRNA polymorphisms (PL ≥ 3) and
analysis of variance of E2 and FSH levels according to miRNA polymorphisms. (A) The aPTT level
was significantly different (p = 0.001) between miR-30cA>G AA (mean ± SD, 32.46 ± 4.71), AG
(31.92 ± 4.11), and GG (27.56 ± 3.59). (B) The aPTT level was significantly different (p = 0.026)
between miR-499 AA (mean ± SD, 31.20 ± 4.29), AG (32.62 ± 4.69), and GG (32.10 ± 4.18). (C) The
E2 level was significantly different (p < 0.05) between miR-30cA>G AA (mean ± SD, 43.02 ± 38.58),
AG (30.80 ± 19.30), and GG (15.10 ± 10.66). (D) The FSH level was significantly different (p < 0.05)
between miR-30A>G AA (mean ± SD, 6.96 ± 4.29), AG (6.98 ± 8.47), and GG (33.82 ± 55.85).
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4. Discussion

Increasing evidence suggests that miRNAs play critical roles in the pathophysiology of
various reproductive disorders [14,15,32]. Here, we investigated whether four pre-miRNA
SNPs (miR-10a, miR-30c, miR-181a, and miR-499b) were associated with the risk of RPL in a
cohort of Korean women. Specifically, we focused on the genotypes and allele combination
of the selected miRNA polymorphisms and aimed to determine how they affected the risk
of RPL. Using a genotype-based analysis method, we found that the GG and dominant
(AA vs. AG + GG) miR-499b genotypes were significantly more common in RPL patients
(PL ≥ 3 and PL ≥ 4, p < 0.05) than control subjects. In allele combination analyses, the
AA/GG and AG/AG genotypes of miR-30cA>G/miR-499A>G were significantly more
common in RPL patients than in controls.

As the activities of many genes are interconnected in complex conditions such as
RPL, gene-gene interactions may affect gene-disease associations. The MDR method en-
ables the detection of gene-gene interactions, regardless of the chromosomal locations
of the genes [33]. We used a novel genotype-based MDR approach to examine the ef-
fects of potential interactions between different miRNAs on RPL risk. These results of
these analyses, which examined the effects of four miRNA polymorphisms associated
with RPL, suggested that gene-gene interactions involving these four miRNA polymor-
phisms also play roles in determining the risk of RPL. Allele combination MDR analyses
indicated that the two combination conferred by the miR-10aA>T/miR-181aT>C/miR-
30cA>G/miR-499A>G (A-T-G-G and T-C-G-A), the two combination conferred by the
miR-10aA>T/miR-181aT>C/miR-30cA>G (T-T-A, T-C-G), the two combination conferred by
the miR-10aA>T/miR-30cA>G/miR-499A>G allele combination (C-A-G, C-G-A), and the
genotype conferred by the miR-10aA>T/miR-30cA>G allele combination (T-A) occur more
frequently in patients with RPL than control subjects, suggesting a significant association
with increased risk of RPL (all p < 0.05). In addition, the miR-10aA>T/miR-181aT>C/miR-
30cA>G allele combination T-T-G and the miR-10aA>T/miR-30cA>G/miR-499A allele com-
bination C-G-G were found to be less frequent in RPL patients than controls, suggesting
these combinations exert a protective effect (all p < 0.05).

SNPs that occur in miRNA genes, miRNA machinery genes, or miRNAs that target
genes involved in miRNA synthesis or function could adversely affect downstream gene
expression [34]. Several studies have provided evidence supporting the critical role of
miRNAs in RPL [35]. A previous study demonstrated that miR-499 was associated with the
transforming growth factor (TGF)-β signaling pathway [24]. Furthermore, the 3′-UTR of
the TGF-β3 gene has been shown to contain a putative binding site for miR-30c (rs928508)
(http://www.targetscan.org (accessed on 21 May 2018)), which targets the drug metabolism
gene SULT1A1 [25]. Several TGF-β superfamily members perform critical functions in the
female reproductive system. Specifically, these proteins regulate all processes of ovarian
follicle development, including granulosa and theca cell proliferation, primordial follicle
recruitment, gonadotropin receptor expression, ovulation, oocyte maturation, luteiniza-
tion, and corpus luteum formation [36]. Additionally, the 3′-UTR of the prostaglandin
F2 receptor inhibitor gene has been shown to contain a predicted binding target for
miR-604 (http://www.targetscan.org (accessed on 21 May 2018)), and prostaglandin F2 is
required for placenta retention [37]. Furthermore, the miR-10aA>T polymorphism has been
associated with regulation of IL-6 expression [26], and a previous study reported abnormal
IL-6 expression in both animal models and patients with recurrent spontaneous abortions [38].

An online search for miR-10a, miR-30c, miR-181a, and miR-499b targets using the Target
Scan and miRIAD databases (http://bmi.ana.med.uni-muenchen.de/miriad/ (accessed on
21 May 2018)) returned many putative mRNA targets. Among these targets, we focused
on PAI-1 for further functional analyses of miR-10a, miR-30c, and miR-181a because this
gene has been shown to play several important roles in pregnancy and infertility [27].
PAI-1 is the primary inhibitor of plasminogen activators, including tPA and uPA. In the
human placenta, PAI-1 is expressed in the extravillous interstitial and vascular trophoblasts.
During implantation and placentation, PAI-1 inhibits extracellular matrix degradation,
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which thereby inhibits trophoblast invasion. We reviewed the literature regarding various
reproductive diseases in which PAI-1 plays a role. Elevated PAI-1 levels have been detected
in patients with RPL, preeclampsia, intrauterine growth restriction, gestational diabetes
mellitus (GDM), endometriosis, and PCOS. Furthermore, both GDM and PCOS develop-
ment have been reported to be related to the genetic role of the 4G/5G polymorphism
in PAI-1. In general, elevated blood levels of PAI-1 are associated with an increased risk of
infertility and poor pregnancy outcomes. In contrast, deficiency of PAI-1 results in tran-
siently impaired placentation in mice [39], and deficiency of the PAI-1 gene is associated
with abnormal bleeding after trauma or surgery in humans [40]. PAI-1 functions as a major
inhibitor of fibrinolysis, and its overexpression leads to fibrin accumulation and placental
insufficiency during pregnancy. PAI-1 acts as a major inhibitor of fibrinolysis, resulting in
fibrin accumulation and insufficient placental formation due to overexpression. Previous
reports also suggested that elevation of PAI-1 levels is the most frequent hemostasis-related
abnormality associated with unexplained RPL [41]. Thus, increased expression of PAI-1
leading to inhibition of fibrinolysis is believed to be the main cause of RPL.

To determine whether polymorphisms in miR-10a, miR-30c, and miR-181a affect target
gene expression, we compared the expression levels of the 3′-UTR of PAI-1 harboring the
different polymorphisms of miRNAs in Ishikawa human endometrial cells. Aberrant PAI-1
expression resulting from the expression of miR-10a with the A allele was significantly
lower (p < 0.05) than aberrant PAI-1 expression resulting from the expression of miR-10a
with the T allele. In addition, the expression of miR-30c with the A allele was significantly
lower (p < 0.05) than expression of premature and mature miR-30c with the G allele.

Expression of genotypes of miR-30cG as well as those of miR-10aT led to reduced
expression of PAI-1 mRNA. These results suggest that SNPs in miR-30c and miR-10a regulate
the expression of the PAI-1 gene. PAI-1-mediated inhibition of fibrinolysis and fibrin
accumulation is currently believed to be the principal culprits for RPL; however, further
studies are required to fully elucidate the underlying mechanisms.

FSH is the primary gonadotropin responsible for regulating the progression of preg-
nancy [42]. Optimal levels of FSH, especially during the first few months of pregnancy,
are critical for proper formation of the placenta [43]. Our clinical data indicated significant
changes in FSH levels in RPL patients harboring the miR-30cA>G polymorphism. We,
therefore, hypothesized that abnormal regulation of PAI-1 expression mediated by mutant
miR-30c SNP results in aberrant FSH expression or disruption of the normal response to
FSH. Imbalances in homocysteine and folate levels in particular are thought to contribute
to low birth weight [44]. Specifically, higher homocysteine and lower folate concentra-
tions during early pregnancy have been reported to be associated with lower placental
weight and birth weight. However, we did not observe any associations between folate
and homocysteine concentrations and placental weight.

We found that the dominant miR-499b AG genotype (AA vs. AG + GG) was signif-
icantly more frequent in RPL patients (p < 0.05). Earlier studies used a global approach
to identify and profile miRNA expression at important stages during the estrous cycle
and found a role of miRNAs in ovulation. Additionally, one-way ANOVA analysis of
variance of data from RPL patients (Table 6) revealed that in comparison with miR-30cAA,
the miR-30cGG genotype was associated with significantly lower aPTT, E2 (pg/mL), Hct,
and T. chol (mg/dL) and significantly higher creatinine (mg/dL) and FSH (mIU/mL).
Compared with miR-181aTT, the miR-181aCC genotype was associated with significantly
higher homocysteine levels, suggesting this genotype is associated with increased risk of
RPL (p < 0.05). Compared with miR-181aTT, the miR-181aTC genotype was associated with
significantly higher T. chol levels, suggesting this genotype is associated with increased risk
of RPL (p < 0.05). However, in the case of creatinine levels, the miR-181aTC genotype was
associated with significantly lower levels than the miR-181aTT genotype, indicating a pro-
tective effect, although the results were inconsistent with OR and therefore, the difference
was not significant.
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5. Conclusions

We investigated the relationship between various miRNA polymorphisms and the
occurrence and risk of RPL. Several genotypes and allele combinations were positively
correlated with RPL occurrence and unfavorable prognoses according to reproductive
disease risk factors, including FSH, LH, and E2 levels. However, this study has several
limitations. First, how the miRNA polymorphisms in the PAI-1 gene affect the development
of RPL remains unclear. In addition to studies of PAI-1, future follow-up studies of other
RPL-related genes and the miR-10a and miR-30c targets are planned, particularly studies
of the role of genes related to the TGF-β signaling pathway. As TGF-β regulates cell
proliferation, apoptosis, and homeostasis, it plays a critical role in regulating the progression
of pregnancy. Second, the control subjects in our study were not completely healthy
because some of them had sought medical attention for other issues. Our experience
shows that recruiting healthy participants through imaging and laboratory testing results
in significantly reduced enrollment rates. However, enrollment of participants without
imaging and laboratory testing can introduce another challenge to risk factor assessment.
Lastly, the study population was restricted to Korean patients. Although the results of our
study provide the first evidence suggesting that miRNA polymorphisms in the PAI-1 gene
may serve as diagnostic and prognostic biomarkers for RPL, a prospective study involving
a larger cohort of patients is warranted to validate these findings. A genome-wide analysis
(using transcriptome-seq and miRNA-seq) is needed to identify the primary target genes,
particularly the common genes regulated by these miRNAs. Determining the expression
of these genes in the relevant gene-miRNA networks would provide stronger evidence in
support of the results of the present research.
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Abstract: In the past decade, RNA fragments derived from full-length small nucleolar RNAs (snoR-
NAs) have been shown to be specifically excised and functional. These sno-derived RNAs (sdRNAs)
have been implicated as gene regulators in a multitude of cancers, controlling a variety of genes
post-transcriptionally via association with the RNA-induced silencing complex (RISC). In this review,
we have summarized the literature connecting sdRNAs to cancer gene regulation. SdRNAs possess
miRNA-like functions and are able to fill the role of tumor-suppressing or tumor-promoting RNAs
in a tissue context-dependent manner. Indeed, there are many miRNAs that are actually derived
from snoRNA transcripts, meaning that they are truly sdRNAs and as such are included in this
review. As sdRNAs are frequently discarded from ncRNA analyses, we emphasize that sdRNAs
are functionally relevant gene regulators and likely represent an overlooked subclass of miRNAs.
Based on the evidence provided by the papers reviewed here, we propose that sdRNAs deserve more
extensive study to better understand their underlying biology and to identify previously overlooked
biomarkers and therapeutic targets for a multitude of human cancers.

Keywords: cancer; gene regulation; small nucleolar RNA (snoRNA); small nucleolar derived RNA
(sdRNA); microRNA (miRNA); RNA; snoRNA; sdRNA; miRNA; genetics

1. Introduction

Until the first association of microRNA (miRNA) dysregulation and cancer in 2002,
noncoding RNAs (ncRNA) in cancer were largely disregarded by many as “junk RNA” or
transcriptional noise [1]. miRNAs are ~22 nucleotide (nt) long small RNAs which form
part of the RNA Induced Silencing Complex (RISC) and suppress messenger RNA expres-
sion through miRNA-mRNA sequence complementarity. The pathway in which miRNA
facilitates post-transcriptional gene suppression of target mRNA is formally known as
RNA interference (RNAi). Elucidation of this RNAi pathway afforded the scientific com-
munity with a broader understanding of the existence of short ncRNA species and their
relevance with respect to regulation of protein coding gene expression, including tumor
suppressor genes in the context of human cancer. While a plethora of studies confirmed
roles for dysregulated miRNAs in cancer, others wondered if additional short ncRNA
species with distinct functions could similarly arise from full-length ncRNA transcripts.
In 2008, Kawaji et al. performed an unbiased investigation of small RNA sequencing
data obtained from HepG2 cells. In this study, miRNA-like fragments were aligned to the
human genome [2] which resulted in the first ever characterization of noncoding-derived
RNA (ndRNA) excised from other full length ncRNAs including transfer RNA, ribosomal
RNA, and small nucleolar RNA (snoRNA). Similar to miRNAs, many of the observed
ndRNA species were initially disregarded as degradation products or transcriptional noise
and were assumed to lack functional purpose. However, many studies have since demon-
strated that ndRNAs can be specifically excised from longer ncRNA species and can exert
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microRNA-like regulatory function on target genes. This distinguishes ndRNAs from
the canonical roles of the longer transcripts from which they were derived. That said,
annotation of these novel ndRNAs supports the belief that the human ncRNA regulatory
network is vastly larger than currently appreciated. Moreover, expansion of the repertoire
of tractable ncRNA targets for biomarker detection and drug discovery to include the
emerging classes of ndRNAs is imperative. Clinical recognition of ndRNAs which possess
comparable roles in gene regulation and disease pathogenesis to miRNAs will expand
our collection of diagnostic markers. This will hopefully contribute to earlier disease
detection and thereby confer improved clinical outcomes. In this review we describe the
functional role of ndRNAs which arise from snoRNA transcripts, henceforth referred to
as sno-derived RNAs (sdRNAs), and how dysregulation of these RNAs contributes to
oncogenesis and cancer progression. To date, sdRNAs have been identified to function
similar to miRNA and PIWI-associated RNA (piRNA). Given the profound role of miRNA
and piRNA with respect to post-transcriptional gene regulation and the extensive literature
characterizing their influence in cancer, investigation of sdRNAs and their role in cancer is
of utmost importance.

2. snoRNA Structure and Function

One class of ncRNA found to give rise to functional ndRNAs is the snoRNA. SnoRNAs
constitute a class of ncRNA localized to the nucleolus that can be further divided into two
main subgroups: C/D box and H/ACA box snoRNA [3]. C/D box snoRNA are structurally
distinguished by the presence of a 5′ box C motif (RUGAUGA, R = purine) and its C’ box
partner, as well as a 3′ box D motif (CUGA) with its D’ box partner. Self-complementarity
drives the formation of the C/D box snoRNA stem structure that in turn binds accessory
proteins NOP56, NOP58, 15.5 K, and fibrillarin to form the functional sno-ribonucleoprotein
(snoRNP) (Figures 1 and 2). Situated in the nucleolus, antisense domains located within
the C/D box snoRNA serve as guides for the snoRNP to bind target ribosomal RNAs
(rRNAs). The methyltransferase fibrillarin is then responsible for carrying out 2′-O-ribose-
methylation of the rRNA [4–6]. H/ACA box snoRNA contain a 3′ ACA box (ACANNN,
N = any nt) and two hairpins linked by an H box (ANANNA, N = any nt). The H/ACA
box snoRNP complex is formed by association with NHP2, NOP10, GAR1, and dyskerin
proteins (Figures 1 and 3). The H/ACA snoRNA hairpins guide the snoRNP to target
rRNAs where dyskerin carries out pseudouridylation [7–9]. Erroneous expression and/or
activity of either of these classes of snoRNA have been extensively linked to tumorigenesis.
However, reports have implied that several proteins comprising the snoRNP are required
for the biogenesis of distinct species of sdRNA [10].
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Figure 1. sdRNAs arise from full-length snoRNAs. (A) C/D box snoRNA structure and accessory
proteins. (Left) The C/D box snoRNA consists of a 5′ C box (RUGAUGA) motif, a 3′ D box (CUGA)
motif, and the C’ and D’ boxes located internally. Antisense domains identify target rRNAs (red)
via complementarity. (Right) The C/D box snoRNP complex consists of NOP56, NOP58, 15.5 K,
and fibrillarin proteins [4–6]. (B) H/ACA box snoRNA structure and accessory proteins. (Left)
The H/ACA box snoRNA consists of a 3′ ACA box (ACANNN, N = any nt) and two hairpins that
target rRNA (red) linked by an H box (ANANNA, N = any nt). (Right) The H/ACA box snoRNP
complex consists of NHP2, NOP10, GAR1, and dyskerin proteins [7–9]. (C) sdRNA biogenesis and
function. Biogenesis of Argonaute 2 (AGO2)-associating sno-derived RNAs (sdRNAs) Full length
small-nucleolar RNAs (snoRNAs) are generated either as products of transcription or splicing [11–14].
snoRNAs produced by transcription can give rise to microRNA-like sdRNAs which are specifi-
cally excised from parent snoRNA transcripts by employment of the classical microRNA (miRNA)
processing pathway. This occurs by processing of parent snoRNAs into smaller transcripts by the mi-
croprocessor complex which consists of Drosha Ribonuclease III (DROSHA) and DiGeorge syndrome
critical region 8 (DGCR8). The intermediate snoRNA then undergoes cytoplasmic exportation via
exportin 5 (XPO5). Following this, the smaller cytoplasmic snoRNA is processed by Dicer RNase
III endonuclease (DICER) to generate the mature sdRNA which associates with AGO2, leading to
the formation of the RNA-induced Silencing Complex (RISC). Similar to miRNAs, these sdRNAs
function in post-transcriptional gene suppression by antisense binding to target mRNA transcripts
within RISC [15]. That said, snoRNAs produced by splicing can also enter the classical miRNA
processing pathway. Spliced snoRNAs, however, can bypass processing from DROSHA/DGCR8
and/or DICER as a result of trafficking to the nucleolus and subsequent processing by the fibrillarin
complex followed by cytoplasmic export via a transporter belonging to the Exportin (XPO) family of
proteins [10]. Biogenesis of PIWI-associated RNA (piRNA) like sdRNAs Spliced snoRNAs which
arrive at the nucleolus for fibrillarin processing can be trafficked into Yb bodies via Nuclear RNA
Export Factor (NXF1)/ Nuclear Transport Factor 2 Like Export Factor 1 (NXT1) where the 3′ end
is cleaved by Zucchini (ZUC) and subsequently degraded. The remaining transcript is processed
further within the Yb body by the papi-dependent trimmer. Following this, HEN1 double-stranded
RNA binding protein binds at the 3′ end of the transcript where it adds a methyl group, generating a
mature piRNA/PIWI complex which is exported to the cytoplasm. This piRNA/PIWI complex can
then be shuttled back into the nucleus where it functions to inhibit transcription [16,17].
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Figure 2. miRNAs derived from C/D Box snoRNA-like transcripts that bind fibrillarin. (A) Cartoon
illustration of C/D Box snoRNA (left) and schematic of C/D Box snoRNA bound to fibrillarin
complex, giving rise to snoRNP (right). Fibrillarin complex consists of NOP56, NOP58, NAF1 and
Fibrillarin [18]. (B–F) Most thermodynamically stable secondary structures of C/D Box snoRNA-like
transcripts described to bind fibrillarin complex [19] were obtained from mfold [20]. Mature miRNA
sequences embedded in these transcripts are highlighted in blue. (B) miR16-1 (ENSG00000208006) is
downregulated in chronic lymphocytic leukemia, gastric, NSCLC, Osteosarcoma, and breast cancer
and is embedded within a C/D Box snoRNA-like transcript (GRCh38: chr 13:50048958-50049077:-1)
known to bind fibrillarin [1,21–24]. (C) miR-27b (ENSG00000207864) is downregulated in prostate,
lung, and bladder cancer and is located within a C/D Box snoRNA-like transcript (GRCh38: chr
9:95085436-95085592:1) known to bind fibrillarin [25–27]. (D) miR-31 (ENSG00000199177) is upreg-
ulated in colorectal, HNSCC, and lung cancer but is downregulated in glioblastoma, melanoma,
and prostate cancer. miR31 is also located within a C/D Box snoRNA-like transcript (GRCh38: chr
9:21512102-21512221:-1) known to bind fibrillarin [28–33]. (E) miR-let7g (ENSG00000199150) has
been shown to be downregulated in NSCLC, colorectal and ovarian cancers and is also embedded
within a C/D Box snoRNA-like transcript (GRCh38: chr 3:52268239-52268408:-1) known to bind
fibrillarin [34–36]. (F) miR-28 (ENSG00000207651) has been shown to be downregulated in B-cell
lymphoma, prostate and breast cancer and is located within a C/D Box snoRNA-like transcript
(GRCh38: chr 3:188688746-188688887:1) known to bind fibrillarin [37–39].
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Figure 3. miRNAs derived from Box H/ACA snoRNA-like transcripts that bind dyskerin.
(A) Schematic of box H/ACA snoRNA bound to dyskerin complex, giving rise to snoRNP. Dyskerin
complex includes Dyskerin, NHP2, NOP10, and GAR1 [18]. (B–E) Most thermodynamically stable
secondary structures of box H/ACA snoRNA-like transcripts known to bind dyskerin complex [40]
were generated by mfold [20]. Mature miRNA sequences derived from these transcripts are high-
lighted in blue. (B) Box H/ACA snoRNA-like transcript (GRCh38: chr 16:69933072-69933264:1) was
identified to bind dyskerin and encompasses miR-140 (ENSG00000208017) which functions as a
tumor-suppressing RNA and is downregulated in prostate cancer [41]. (C) Box H/ACA snoRNA-like
transcript (GRCh38: chr1:220117845-220118007:-1) was identified to bind dyskerin and surrounds
miR-215 (ENSG00000207590) which is known to function as a tumor suppressor and is downregulated
in ovarian, colorectal, prostate and lung cancer [42,43]. (D) Box H/ACA snoRNA-like transcript
(GRCh38: chr8:140732552-140732807:-1) was determined to bind dyskerin and encapsulates miR-151
(ENSG00000254324) which is recognized as a tumor-suppressing RNA and is downregulated in
prostate cancer [44–46]. (E) Box H/ACA snoRNA-like transcript (GRCh38: chr 10:51299393-51299708:1)
was determined to bind dyskerin and surrounds miR-605 (ENSG00000207813) which is described to act
as a tumor-suppressing RNA in melanoma, colorectal, breast, lung and prostate cancer [47–51].

3. sdRNA Biogenesis

3.1. miRNA-Like Biogenesis of sdRNAs

Despite requiring the existence of a parental snoRNA for sdRNA biogenesis, the
transcriptional abundance of any given sdRNA and its corresponding parent snoRNA are
largely unrelated [52]. SnoRNAs are approximately 100–300 nt in length and primarily arise
from intronic transcripts produced by splicing mechanisms [11–13,53]. However, there is
evidence supporting that correct expression and cellular localization of H/ACA snoRNA
are mediated by RNA polymerase II dependent production of the snoRNA precursor,
as is the case for snoRNA U64 [14]. After generation of the parent snoRNA, processing
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and excision of the mature sdRNA is thought to follow the classic microRNA biogenesis
pathway. Consistent with this, there is evidence suggesting that H/ACA box and C/D box
snoRNA are the evolutionary ancestors of a subset of miRNA precursors [19,40]. Indeed, the
mature sdRNA and mature miRNA are nearly indistinguishable in structure. The exception
to this is that sdRNA length varies slightly based on whether the parental snoRNA belongs
to the C/D box family (~27 nt) or to the H/ACA box family (17–19 nt) while miRNAs are
defined as 21–22 nt in length [2,19,40,54]. The key difference lies in biogenesis, as sdRNAs
(1) arise from snoRNA transcripts and (2) can arise in a distinct manner from miRNAs
(Figure 1). However, the full-length snoRNAs are believed to be processed into sdRNAs
along the canonical miRNA processing pathway. In this biogenesis pathway, full length
snoRNAs are processed into shorter transcripts by the microprocessor complex composed
of Drosha and DGCR-8, similar to the conversion of primary microRNAs into precursor
microRNAs [54,55]. Following this, the snoRNA fragment is exported from the nucleus into
the cytoplasm via Exportin-5 in a RAN-GTP dependent manner. Once in the cytoplasm,
the snoRNA fragment is processed further by the enzyme Dicer, yielding the mature
sdRNA which can then associate with Argonaute-2 to form the RNA Induced Silencing
Complex (RISC) [15,54]. At this point, the mature sdRNA functions as a molecular guide,
directing RISC to a target mRNA. Upon perfect complementary binding of the sdRNA to the
target mRNA, RISC then cleaves the mRNA resulting in its degradation. Alternatively, an
imperfect binding of the sdRNA to the target results in a translational blockade wherein the
presence of RISC impedes translation. That said, some studies on sdRNA processing may
hint to the existence of disparate mechanisms for the biogenesis of miRNA-like sdRNAs
which proceed independently of the microprocessor complex and DICER. Indeed, recent
reports have indicated that some sdRNA species can arise from a mechanism independent
of the microprocessor complex [10]. In lieu of the microprocessor complex, biogenesis
of this particular sdRNA, derived from SNORD44, requires the presence of NOP58 and
fibrillarin, two proteins necessary for the formation of snoRNP. Others have reported
DICER independent production of miRNA-like sdRNAs [54]. Nonetheless, the remaining
processing events and functional implementation are identical to the aforementioned
biogenesis pathway for miRNA-like sdRNAs.

3.2. Non-miRNA-Like Biogenesis of sdRNAs

In contrast to miRNA-like biogenesis of sdRNAs, other reports have suggested the
existence of sdRNA biogenesis pathways which deviate from the aforementioned pathway.
For instance, the production of piRNA-like sdRNAs follows a distinct biogenesis pathway
to which snoRNA transcripts are exported to Yb bodies where the 3′ ends undergo enzy-
matic cleavage from Zucchini (ZUC), followed by attachment of the PIWI domain to the
5′ end. The intermediate piRNA-like sdRNA is then further processed by Papi-dependent
Trimmer and is trafficked to the cytoplasm, and then can re-enter the nucleus to suppress
transcription (Figure 1) [16,17]. That said, there may be additional alternative pathways
utilized in the biogenesis of sdRNAs which have not been realized.

4. sdRNAs in Cancer

Considering the expanding role of sdRNAs in cancer and the growing scientific interest
surrounding them, we have provided a review of the existing literature highlighting specific
sdRNAs involved in malignant pathology. The sdRNAs presented here represent the best
studied sdRNAs to date. For convenience, Table 1 compiles these into a readily available
reference with key information about each sdRNA.
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Previous reports [19,40], our own literature analysis, as well as a cursory in-house
alignment of miRNAs to full-length snoRNAs collectively show that many ncRNA species
currently defined as miRNAs are in fact sdRNAs. Since sdRNAs have been rapidly garner-
ing more scientific interest, it is important to retrospectively re-categorize these miRNAs
as the sdRNAs that they actually constitute. For this review, we have included several
such sdRNAs that have an established role in cancer, regardless of whether the author
at the time referred to the ncRNA as a miRNA or sdRNA. Previous misidentification is
reported in Table 1, and each section figure shows the alignments of each of these “miR-
NAs” to full length snoRNAs in the human genome when relevant. For clarity, we have
attached the prefix “sd/” to the beginning of the miRNA’s name to indicate that the miRNA
is snoRNA-derived.

4.1. sd/miR-664

In 2019 Lv et al. published a paper focused on elucidating the tumor-suppressive role of
sd/miR-664 in cervical cancer. Comparing sd/miR-664 expression in cervical cancer patient
samples and control tissue revealed that the sdRNA is expressed at lower levels in cancer.
Using the Si-Ha cell line as a model of cervical cancer, sd/miR-664 expression was found
to enhance apoptosis and reduce cell viability and migration. In a Si-Ha mouse xenograft
model, treatment with an sd/miR-664 mimic drastically reduced tumor volume and weight
while enhancing tumor apoptosis. The binding target was predicted to be c-Kit using online
target prediction software, and this was confirmed via the Renilla luciferase assay. Sd/miR-
664 expression was negatively correlated with c-Kit expression, which further solidified the
proto-oncogene c-Kit as a target of this tumor-suppressive sdRNA in cervical cancer [57].
To assess the role of sd/miR-664 in cutaneous squamous cell carcinoma (cSCC), Li et al.
quantified the sdRNA’s expression by in situ hybridization in patient samples as well as
cSCC cell lines [58]. Both analyses revealed an increase in sd/miR-664 in cSCC compared
to control. Phenotypic assays showed increased cSCC viability, colony formation, invasion,
and migration when sd/miR-664 levels were elevated in cell lines. Additionally, a murine
cSCC xenograft model treated with sd/miR-664 mimic exhibited increased tumor volume
compared to control. The 3′-UTR of IRF2 was predicted and then confirmed to be a binding
target of sd/miR-664. Taken together, sd/miR-664 functions as an onco-miR in cSCC by
downregulating IRF2 expression. While the role of IRF2 has not been established in cSCC,
IRF2 has been identified as a tumor suppressor in lung cancer and gastric cancer and,
paradoxically, as an oncogene in testicular embryonal carcinoma [78–80]. This adds a layer
of complexity to sd/miR-664, showing that its overall impact on tumor progression can be
tissue context-dependent.

In 2020 Li et al. measured sd/miR-664-5p expression in HCC patient cancer and
normal samples as well as the HCC cell lines HepG2 and SUN-475. They found that sd/miR-
664-5p is significantly downregulated in HCC patient samples as well as in the HCC cell
lines compared to normal control. Sd/miR-664-5p was discovered to function as a tumor-
suppressing RNA, reducing cell viability, invasion, migration, and enhancing apoptosis
as measured by phenotypic assays in HepG2 and SUN-475 cells. Target engagement with
the AKT2 transcript 3′-UTR was confirmed and expression of sd/miR-664-5p was negatively
correlated with AKT2 expression. AKT2 (PKB) is an oncogene and a critical component of the
PI3K/AKT growth-promoting pathway. Taken together, this study identifies sd/miR-664-5p
as a tumor-suppressing RNA that exerts its effect by transcriptionally regulating AKT2 [56].

4.2. Sd/miR-1291

Building on their 2016 publication where they found sd/miR-1291 to be downregulated
in pancreatic cancer patient tissues, Tu et al. published an article in 2020 to further investigate
this mechanism of action in pancreatic cancer cells [59,60]. They found that increasing sd/miR-
1291 reduced ASS1 levels in the ASS1-abundant L3.3 pancreatic cancer cell line and sensitized
them to arginine deprivation in vitro. In addition, the glucose transporter GLUT1 mRNA has
previously been shown to be a direct target of sd/miR-1291 in renal cell carcinoma (RCC),
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and Tu et al. confirmed this to be the case in pancreatic cancer cells as well with a resulting
decrease in glycolytic capacity [61]. Further, sd/miR-1291 treatment sensitized pancreatic
cancer cell lines to cisplatin. Taken together, sd/miR-1291 has a clear role as a modulator of
cell metabolism to bring about tumor suppression in pancreatic cancer.

In 2019 Cai et al. investigated the role of sd/miR-1291 in prostate cancer. They found
that sd/miR-1291 is significantly downregulated in both prostate cancer patient samples
as well as prostate cancer cell lines compared to normal prostate [62]. Overexpression
of sd/miR-1291 in prostate cancer cells lines inhibited cell proliferation and caused cell
cycle arrest at G0/G1, and significantly reduced tumor weight and volume in a murine
model of prostate cancer. In silico target prediction identified the 3′-UTR of MED1 as
a sd/miR-1291 target, and MED1 protein levels were shown to be inversely correlated
with sd/miR-1291 expression both in vitro and in vivo. MED1 has previously been shown
to be a marker of poor prognosis for prostate cancer [81]. This study therefore places
sd/miR-1291 as a tumor-suppressing sdRNA that regulates the MED1 oncogene to restrict
prostate cancer progression.

In 2020 Escuin and colleagues investigated whether miRNAs can be used as biomark-
ers to identify sentinel lymph node (SLN) metastasis. Sixty breast cancer patients matched
primary and SLN metastasis samples were sequenced. Differential expression analysis
revealed that miR-1291 expression is significantly increased in the SLN metastasis. By
separating the SLN metastases by molecular subtype, the authors found that sd/miR-1291
is upregulated in HR+ breast cancer compared to the HER2+ subtype. A bioinformatic
pathway analysis predicted that sd/miR-1291 regulates WNT signaling, planar cell po-
larity/convergent extension (PCP/CE) pathway, β-catenin independent WNT signaling,
diseases of signal transduction, and signaling by receptor tyrosine kinases (RTKs), among
others. While these results strongly suggest that sd/miR-1291 is a tumor-suppressing
RNA, patient survival analysis revealed that expression of this sdRNA alone could not
significantly predict patient survival [63].

4.3. Sd/miR-3651

A 2020 publication aimed at identifying novel contributors to colorectal cancer (CRC)
found that miR-3651, which arises from SNORA84, was overexpressed in 34/40 CRC
patient tumors [65]. Model cell lines of CRC were observed to have ~3-fold overexpression
of sd/miR-3651. Phenotypic assays revealed that sd/miR-3651 expression was positively
correlated with CRC cell proliferation, and that reduction of the sdRNA enhanced apoptosis
via deactivation of PI3K/AKT and MAPK/ERK signaling. Target prediction identified
the 3′-UTR of tumor suppressor TBX1 as a sd/miR-3651 target, which was confirmed
via the luciferase assay. Since TBX1 is a transcription factor that has an established role
as a regulator of PI3K/AKT and MAPK/ERK pathways, these results show a coherent
mechanism of action by which sd/miR-3651 inactivates TBX1 and thereby activates pro-
growth mitogenic pathways to function as an oncogenic sdRNA.

Wang et al. assessed the expression of sd/miR-3651 in esophageal cancer patient sam-
ples and found that sd/miR-3651 expression is significantly downregulated in esophageal
cancer [66]. Kaplan–Meier analysis of a separate esophageal cancer patient cohort (n = 108)
revealed that low sd/miR-3651 expression was a marker of poor overall survival and poor
disease-free progression. In contrast with studies implicating sd/miR-3651 as an onco-
genic sdRNA, Wang et al. showed that sd/miR-3651’s role in esophageal cancer is tumor
suppressive which indicates that the effect of this sdRNA is tissue context-dependent.

4.4. sd/miR-768

In 2012, Su et al. published a study in which they interrogated gastric cancer pa-
tient samples for miRNA expression. They found that sd/miR-768-5p, which arises from
SNORD71 (Figure 4), was significantly downregulated in cancer samples [68]. A 2013 study
by Blenkiron et al. identified sd/miR-768-5p as a YB-1 binding partner via CO-IP in MCF7
cells [67]. The authors proposed potential explanations for the YB-1/sdRNA interaction
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including YB-1 functioning as a ncRNA-sponge to prevent ncRNA-mediated transcriptional
repression as well as YB-1 potentially playing a role in ncRNA biogenesis.

Figure 4. miRNAs that arise from snoRNA transcripts. The most thermodynamically stable sec-
ondary structures of snoRNA transcripts were generated by mfold [20]. Annotated miRNA se-
quences embedded in these transcripts are highlighted in blue (A–E). (A) miR-664a is embed-
ded within the SNORA36B transcript and has been shown to function as a tumor-suppressing
RNA in HCC and some types of cervical cancer while also functioning as a tumor-promoting
RNA in cervical squamous cell carcinoma [56]. (B) miR-1291 is located within the SNORA2C
transcript and is characterized as a tumor-suppressing RNA in pancreatic, prostate, breast and
renal cell carcinoma [59–63]. (C) miR-1248 is derived from SNORA81 and has been determined
to be upregulated in prostate cancer [64]. (D) miR-3651 is embedded within SNORA84 and is
upregulated in colorectal cancer but downregulated in esophageal cancer [65,66]. (E) miR-768 re-
sides within the SNORD71 transcript and has been shown to be downregulated in lung, breast,
ovary, liver, parotid gland, thyroid gland cancers and melanoma [67–69]. (F–J) Mature miRNA
sequences (highlighted in blue) were aligned to their corresponding snoRNA precursor tran-
scripts and snoRNAs were aligned to their respective genomic regions. (F) Alignment between
human genome (GRCh38: chr1:220200526-220200696:-1) (top), SNORA36B (ENSG00000222370)
(middle), and miR664a (ENSG00000281696) (bottom). (G) Alignment between human genome
(GRCh38: chr12:48654362-48654538:-1) (top), SNORA2C (ENSG00000221491) (middle) and miR-1291
(ENSG00000281842) (bottom). (H) Alignment between human genome (GRCh38: chr 3:186786655-
186786872:1) (top), SNORA81 (ENSG00000221420) (middle), and miR-1248 (ENSG00000283958)
(bottom). (I) Alignment between human genome (GRCh38: chr 9:92292441-92292613:-1) (top)
SNORA84 (ENSG00000239183) (middle) and miR-3651 (ENSG00000281156) (bottom). (J) Alignment
between human genome (GRCh38: chr 16:71758382-71758507:-1) (top), SNORD71 (ENSG00000223224)
(middle) and miR-768 (ENSG00000223224) (bottom).
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In that same year, Subramani et al. found that sd/miRNA-768-5p and its alternatively
processed variant sd/miRNA-768-3p were both greatly downregulated in lung cancer and
breast cancer cell lines in vitro [69]. Patient brain metastases originating from lung, breast,
ovary, melanoma, liver, parotid gland, thyroid gland, and large cell tumors were also
found to have downregulated sd/miRNA-763-3p. Overexpression of either sd/miRNA-
768-5p or sd/miRNA-768-3p increased lung and breast cancer enhanced cell viability and
chemoresistance. KRAS, one of the most commonly mutated oncogenes in human cancer,
was confirmed to be a sd/miRNA-768-3p target.

4.5. sd/miR-1248

There is a clear need for additional reliable biomarkers to aid care providers in their
decision on which treatment to apply to prostate cancer patients following radical prostate-
ctomy. Aimed at meeting this need, Pudova et al. published a paper in 2020 focused on
identifying differentially expressed miRNAs between prostate cancer patient tumors with
or without lymphatic dissemination [64]. Among the nine miRNAs found to be significantly
upregulated in prostate cancer with lymphatic dissemination, sd/miR-1248 was identified
which arises completely from SNORA81.

4.6. hsa-sno-HBII-296B and hsa-sno-HBII-85-29

In 2015, Müller et al. performed small RNA sequencing on six PDAC tissue samples
and five normal pancreas tissue samples to assess the expression of ncRNAs not typically
found via microarray analysis [70]. They considered 45 noncoding RNAs identified as
significantly down-regulated in PDAC, of which there were fourteen sdRNAs and a single
sno-derived piRNA. The most downregulated sdRNA in PDAC, as determined by log2
fold change, was hsa-sno-HBII-85-29. Four sdRNAs of a total 78 ncRNAs were significantly
upregulated in PDAC. The most upregulated sdRNA in PDAC, as determined by log2 fold
change, was hsa-sno-HBII-296B. Subsequent analyses were focused on a miRNA identified
in the study, however this work constitutes the only publication that characterizes differ-
entially expressed sdRNAs focused specifically in PDAC. PDAC is a particularly difficult
cancer to detect and treat, with a reported 5-year survival rate of just 11% [82]. Müller
et al.’s work lays the foundation for many future studies aimed at further characterizing
sdRNAs in PDAC which can potentially provide tractable biomarkers/therapeutic targets
to reduce the lethality of this especially morbid cancer type.

4.7. Sno-miR-28

By measuring snoRNA expression following induced P53 activation, Yu et al. found
significant downregulation of all snoRNAs associated with the SNGH1 snoRNA gene [71].
One sdRNA arising from SNGH1-associated sno28, sno-miR-28, was identified in complex
with AGO via HITS-CLIP data and was found to be abundantly expressed in patient breast
cancer tissue. Elevating TP53 expression in vitro consequently reduced sno-mir-28, and
in silico and in vitro target engagement experiments revealed the P53-stabilizing protein
TAF9B as a likely sno-mir28 target. Taken together, the authors proposed that sno-mir28
directly regulates TAF9B to bring about indirect repression of P53, forming a loop as P53
overexpression decreases sno-mir28 levels. Taqman expression analysis of matched breast
cancer patient tumor and normal tissues revealed that SNHG1, SNORD28 and sno-miR-
28 were all significantly upregulated in tumors. Furthermore, using the MCF10A cell
line as a model of undifferentiated breast epithelium, the authors found that sno-miR-28
overexpression enhanced breast cancer cells’ proliferative capacity and colony formation.
In sum, this study defined a role for sno-miR-28 as an oncogenic sdRNA heavily involved
in suppressing the P53 pathway.

4.8. sdRNA-93

In 2017 our lab published a study in which we investigated the role of sdRNAs in the
aggressive breast cancer phenotype [72]. RNAseq analysis identified 13 total full length
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snoRNAs differentially expressed (>7.5×) in MDA-MB-231 compared to MCF7, 10 of which
consistently give rise to sdRNAs that associate with AGO in publicly available HITS-CLIP
data. We elected to focus on the sdRNA arising from sno93 (sdRNA-93) (Figure 5) due
to it displaying the highest differential expression in MDA-MB-231 (≥75×) and previous
publications implicating sdRNA-93 with miRNA-like silencing capabilities in luciferase
assays [83]. SdRNA-93 silencing in MDA-MB-231 reduced cell invasion by >90% while
sdRNA-93 overexpression conversely enhanced cell invasion by >100% at the same time
point. By contrast, sdRNA-93 silencing in MCF7 had no significant effect on invasion
while overexpression resulted in a substantial ~80% increase in cell invasion. We then
employed multiple in silico miRNA target-prediction algorithms which predicted with
consensus that Pipox, a gene involved in sarcosine metabolism which has been implicated
in breast cancer progression, is a likely candidate for regulation by sdRNA-93. We then
confirmed sdRNA-93/Pipox 3′-UTR target engagement in vitro using the Renilla luciferase
assay. Taken together, these results identified sdRNA-93 as a strong regulator of breast
cancer invasion, particularly in the more aggressive MDA-MB-231 cell line, with Pipox as a
verified cellular target. Moving forward, sdRNA-93 could serve as a potential target for
breast cancer therapeutics and biomarker studies.

Figure 5. sdRNAs not Previously Annotated as miRNAs. (A–F) The most thermodynamically
stable secondary structures of sdRNA producing snoRNA transcripts were generated by mfold [20].
Highlighted in blue are sdRNAs shown to function as bona fide miRNAs. (A) sdRNA produced by
SNORD91B (ENSG00000275084) was determined to be downregulated in PDAC [70]. (B) sdRNA
which arises from SNORD116-29 (ENSG00000207245) was determined to be downregulated in
PDAC [70]. (C) sdRNA derived from SNORD28 (ENSG00000274544) was found to function as a
tumor-promoting RNA and is upregulated in breast cancer []. (D) sdRNA excised from SNORD93
(ENSG00000221740) was found to function as a tumor-promoting RNA and is upregulated in breast
cancer [72].(E) sdRNA produced from SNORA24 (ENSG00000275994) was functionally identified
as a tumor-promoting RNA and is upregulated in prostate cancer [73]. (F) sdRNA derived from
SNORD19B (ENSG00000238862) was determined to function as a tumor-promoting RNA and is
upregulated in prostate cancer [73].

4.9. sdRNA-D19b and sdRNA-A24

A study published in 2022 by our lab identified 38 specifically-excised and differentially-
expressed sdRNAs in prostate cancer [73]. We began by querying PCa patient TCGA
datasets alongside TCGA-normal prostate using an in-house web-based search algorithm
SURFR (Short Uncharacterized RNA Fragment Recognition). SURFR aligns next genera-
tion sequencing (NGS) datasets to a frequently updated database of all human ncRNAs,
performs a wavelet analysis to specifically determine the location and expression of ncRNA-
derived fragments (ndRNAs) and then conducts an expression analysis to identify signif-
icantly differentially expressed ndRNAs. Two sdRNAs, sdRNA-D19b and sdRNA-A24
(Figure 3), were among the most overexpressed in PCa patient tumors and were identified
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as AGO-associated in publicly available datasets so they were selected for further scrutiny.
In vitro phenotypic assays in PC3 cells, a model cell line for castration-resistant prostate
cancer (CRPC), revealed that both sdRNAs markedly increased PC3 cell proliferation and
that sdRNA-D19b, in particular, greatly enhanced cell migration. When the sdRNAs were
overexpressed alongside treatment with chemotherapeutic agents, both sdRNAs provided
drug-specific resistances with sdRNA-D19b levels correlating with paclitaxel resistance
and sdRNA-A24 conferring dasatinib resistance. Multiple in silico target-prediction al-
gorithms provided a consensus prediction of the CD44 and CDK12 3′ UTRs as targets
for sdRNA-D19b and sdRNA-A24 respectively, which we then confirmed in vitro via
the Renilla luciferase assay. Taken together, this work outlines a biologically coherent
mechanism by which sdRNAs downregulate tumor suppressors in CRPC to enhance
proliferative/metastatic capabilities and to encourage chemotherapeutic resistance.

4.10. Sd/miR-140

Based on prior investigations linking high expression of the long-noncoding RNA
MALAT1 with poor prostate cancer patient prognosis, Hao et al.’s 2020 paper focused on
elucidating the mechanism of action by which MALAT1 brings about this effect [41]. In
silico target prediction and in vitro confirmation via the Renilla luciferase assay identified
miR-140 as a target of MALAT1, indicating that MALAT1 functions as a miRNA sponge to
reduce sd/miR-140 bioavailability. This was further supported by RIP-seq analysis where
direct engagement of MALAT1 and sd/miR-140 was confirmed. Target prediction indicated
that sd/miR-140’s target is the 3′UTR of BIRC, and this was confirmed via the Renilla
luciferase assay. Knockdown of MALAT1 inhibited the growth of prostate cancer both
in vitro and in vivo, an effect that the authors suggest is brought about through sd/miR-
140’s release from repression by MALAT1. This outlines a pathway where sd/miR-140
functions as a tumor-suppressing RNA and is tightly regulated by the lncRNA MALAT1.

4.11. Sd/miR-151

A study in 2020 by Chen et al. found that sd/miR-151 is downregulated in human
prostate cancer cell lines [44]. In prostate cancer cells, Chen et al. demonstrated that
sd/miR-151 overexpression inhibited cell proliferation, migration, and invasion; enhanced
apoptosis; and sensitized cells to treatment with 5-FU, an antimetabolite chemotherapy.
While no target prediction was performed, the authors did find that overexpression of
sd/miR-151 reduces phosphorylation of PI3K/AKT. Even without a precisely mapped
mechanism of action, this publication links sd/miR-151 with prostate cancer as a tumor-
suppressive sdRNA.

4.12. Sd/miR-215

A 2015 study by Ge et al. found that sd/miR-215 expression was reduced in both
epithelial ovarian cancer cell lines and patient tissue [42]. Sd/miR-215 decreased cell
proliferation, enhanced apoptosis, and enhanced sensitivity to paclitaxel treatment. In
addition, increased sd/miR-205 resulted in a decrease of cellular X-linked inhibitor of
apoptosis (XIAP) mRNA albeit without confirmation of target engagement. Vychytilova-
Faltejskova et al. found in 2017 that sd/miR-215-5p is significantly reduced in CRC patient
samples and that low sd/miR-215-5p expression is associated with late clinical stages of
CRC as well as poor overall survival for CRC patients [43]. Overexpression of sd/miR-
215-5p reduced cell proliferation, viability, colony formation, invasion, migration, in vivo
tumor volume, and weight while enhancing apoptosis. Epiregulin (EREG) and HOXB9
mRNA were confirmed to be two targets of sd/miR-215-5p. Both genes are involved in
epithelial growth factor receptor (EGFR) signaling, a critical pathway exploited by CRC to
promote tumor growth.

In 2020 Chen et al. found that sd/miR-215-5p is downregulated in prostate can-
cer patient samples and that lower sd/miR-215-5p expression predicted worse overall
survival [45]. Sd/miR-215-5p expression was found to be inversely correlated with cell
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viability, migration, and invasion. Target prediction algorithms identified the PGK1 mRNA
as a likely target, and in vitro protein quantification revealed an inverse relationship be-
tween sd/miR-215-5p expression and PGK1. A 2020 study by Jiang et al. found that
the lncRNA lnc-REG3G-3-1 regulates sd/miR-215-3p availability by adsorption in lung
adenocarcinoma (LAD) [46]. Overexpression of sd/miR-215-3p in LAD cells was found
to reduce cell viability, invasion, and migration. Both Leptin and SLC2A5 mRNA were
confirmed as targets for sd/miR-215-3p.

4.13. Sd/miR-605

With their 2011 publication, Xiao et al. found that sd/mir-605 overexpression sig-
nificantly reduced cell survival and enhanced apoptosis in breast and colon cancer cell
lines [47]. The MDM2 mRNA was predicted as a target of sd/mir-605, and sd/mir-605
overexpression was found to cause a reduction in MDM2 protein. MDM2 is a regulator
of P53 tumor suppressor, and sd/mir-605 transfection was shown to increase P53 activity
without increasing P53 protein levels, suggesting the sdRNA relieves MDM2-mediated
repression of P53. In 2014 a study by Huang et al. found that single nucleotide polymor-
phisms (SNPs) in the sd/miR-605 precursor were significantly correlated with a shorter
prostate cancer biochemical recurrence for patients [48].

Chen et al. found in 2017 that sd/miR-605 was significantly downregulated in a panel
of melanoma cell lines and patient samples. Overexpression of sd/miR-605 markedly
decreased cell proliferation, colony formation, and soft-agar growth in melanoma cell lines
while reducing tumor volume in a murine model. INPP4B mRNA was confirmed as a
sd/miR-605 target. The authors found that overexpression of sd/miR-605 decreases cellular
INPP4B, leading them to conclude that sd/miR-605 suppresses melanoma growth through
the inhibition of INPP4B [49].

In 2016 Alhasan et al. measured small noncoding RNA expression in prostate cancer
patient serum samples and found that sd/miR-605 expression was significantly lower in
low-risk prostate cancer and normal tissue compared to high-risk prostate cancer [50].
This publication established that sd/miR-605 is detectable in patient serum and is nega-
tively correlated with the aggressive prostate cancer phenotype. A 2017 study from Zhou
et al. found that sd/miR-605 is significantly downregulated in prostate cancer cell lines
and patient samples [51]. EN2 mRNA was confirmed to be a sd/miR-605 target, and
sd/miR-605 mimic decreased EN2 protein levels while antisense sd/miR-605 enhanced
EN2 production. Prostate cancer proliferation and invasion were significantly reduced by
sd/miR-605 overexpression, and this effect was rescued by transfection with EN2 cDNA.
Cell-cycle analysis via flow cytometry revealed that sd/miR-605 overexpression resulted
in a higher count of prostate cancer cells arrested at G0/G1. Taken together, the authors
concluded that sd/miR-605 functions as a prostate cancer tumor-suppressing RNA by
downregulating EN2.

4.14. Sd/miR-16-1

S/dmiR-16-1 is one of the miRNAs first implicated in human cancer [1]. In 2002, a
paper by Calin et al. found that the sd/miR-16-1 gene was deleted in more than 65% of
chronic lymphocytotic leukemia (CLL). Northern blot analysis of sd/miR-16-1 expression
in CLL patient cancer and normal tissue revealed that miR-16-1 is downregulated in cancer.
Sd/miR-16-1 has since been verified as a tumor suppressor in a multitude of cancers,
several of which have been detailed in this 2009 review by Aqeilan et al. [84]. In 2017, the
sdRNA was demonstrated to function as a tumor-suppressing RNA in gastric cancer by
Wang et al. [21]. The authors found sd/miR-16-1 to be downregulated in gastric cancer
patient samples. Additionally, overexpression decreased gastric cancer cell migration,
invasion, and colony formation in vitro while reducing tumor volume in vivo. Target
engagement with the 3′-UTR of TWIST1 was confirmed via the Renilla luciferase assay.
Interestingly, a 2018 paper by a separate group, Feng et al., discovered that sd/miR-16-1
also targets TWIST1 in non-small cell lung cancer (NSCLC) [22]. Overexpression inhibited
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NSCLC proliferation, migration, and invasion in vitro. Together these publications add to
the numerous examples of sd/miR-16-1 functioning as a tumor-suppressing RNA.

In 2019, Maximov et al. published an article in which they found that sd/miR-16-1
was downregulated in osteosarcoma (OS) patient samples [23]. Overexpression of sd/miR-
16-1 was tumor suppressive in vitro resulting in decreased colony formation and invasion
while enhancing apoptosis and chemosensitivity. Increasing sd/miR-16-1 expression in a
murine model of OS resulted in a reduction of tumor volume and weight. Target prediction
followed by Renilla luciferase engagement confirmation identified the 3′-UTR of FGFR2 as
sd/miR-16-1’s target. Even more recently, Ye et al. conducted a similar study in 2020 where
they found that sd/miR-16-1 targets PGK1 to suppress breast cancer malignancy [24]. In
sum, sd/miR-16-1 is among the most well studied sdRNAs in cancer where its role as a
tumor-suppressing RNA has been cemented.

4.15. Sd/miR-27b

In 2012, Ishteiwy et al. found that sd/miR-27b is downregulated in castration-resistant
prostate tumors compared to primary prostate cancer and normal tissue [25]. Increas-
ing sd/miR-27b expression in CRPC cell lines reduced invasion, metastasis, and colony
formation. While there was no confirmation of target interactions, the authors found
that modulating sd/miR-27b expression had a subsequent impact on Rac1 activity and
E-cadherin expression. These findings indicate a tumor-suppressive role for sd/miR-27b in
CRPC whose mechanism may involve the tumor suppressor gene E-cadherin.

Motivated by prior studies linking sd/miR-27b as a tumor-suppressing RNA, Wan
et al. published a study in 2014 where they identified sd/miR-27b as downregulated in
NSCLC patient tissues and cell lines [26]. Overexpression of the sdRNA reduced NSCLC
proliferation, colony formation, migration, and invasion in vitro. The mRNA target was
confirmed to be LIMK1, which is an oncogene that has been implicated as an enhancer
of metastatic potential [85]. Regulation of LIMK1 expression by sd/miR-27b therefore
suppresses the NSCLC malignant phenotype.

A 2021 publication by Li et al. measured sd/miR-27b expression in patient bladder
cancer and adjacent normal tissue, finding that the sdRNA had lower expression in cancer.
Overexpression of sd/miR-27b in bladder cancer cell lines caused decreases in cell pro-
liferation, invasion, and migration while enhancing apoptosis. Target engagement with
the 3′-UTR of the transcription factor EN2 was confirmed in vitro, and overexpression of
sd/miR-27b was capable of reducing cellular EN2 protein as measured via western blot.
Therefore, in bladder cancer the sdRNA sd/miR-27b functions as a tumor-suppressing
RNA by reducing expression of the EN2 oncogene [27].

4.16. Sd/miR-31

The diverse role of miR-31 in cancer has been well studied and is the subject of two
excellent reviews both in 2013 and more recently in 2018 [28,29]. Some examples from
the aforementioned reviews include sd/miR-31 acting as a tumor-promoting RNA in
CRC, HNSCC, and lung cancer while acting as a tumor-suppressing RNA in glioblastoma,
melanoma, and prostate cancer [30–33,74,75].

4.17. Sd/let-7g

The let-7g miRNA belongs to the let-7 family of miRNAs, all of which have been well
studied in the context of human cancer. Reviews published in 2010, 2012, and 2017 detail
the let-7 family as well as let-7g specifically [86–88]. One example from this includes an
early publication from 2008 by Kumar et al. where let-7g was found to suppress the NSCLC
phenotype both in vitro and in vivo through the RAS pathway [34]. Many publications
implicating sd/let-7g as a tumor-suppressing RNA in cancer have emerged since the
aforementioned review, including a 2019 publication by Chang et al. in colorectal cancer
and a 2019 paper by Biamonte et al. in ovarian cancer [35,36].
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4.18. Sd/miR-28

Sd/miR-28 has been identified as a tumor-suppressing RNA in several cancers, in-
cluding a 2014 publication by Schneider et al. focused on B-cell lymphoma (BCL) [37].
The sdRNA was downregulated in patient BCL samples (n = 25) compared to normal
B cells (n = 4), and sd/miR-28 overexpression in BCL cell lines suppressed proliferation
and colony formation while enhancing apoptosis. Target engagement was confirmed for
sd/miR-28 with the 3′-UTRs of MAD2L1, BAG1, RAP1B, and RAB23 mRNA. Taken to-
gether, sd/miR-28 suppresses the BCL phenotype by regulating the expression of four
oncogenes involved in cell cycle progression and apoptosis.

Two additional papers linking sd/miR-28-5p as a tumor-suppressing RNA were
published recently in 2020. Fazio et al. found that sd/miR-28-5p binds to the 5′-UTR of
SREBF2 to inhibit prostate cancer malignancy [38]. A separate publication by Ma et al.
discovered that sd/miR-28-5p binds to the 3′-UTR of WSB2 mRNA to suppress breast
cancer tumor migration [39]. The available literature indicates that in the majority of cases,
sd/miR-28 gene products function as tumor-suppressing agents in a variety of cancers of
diverse tissue origin.

4.19. pi-sno74, pi-sno75, pi-sno44, pi-sno78, and pi-sno81

Small RNA-seq (smRNAseq) of patient breast cancer tissue identified five differentially
expressed sno-derived piRNAs (pi-snos) within the long noncoding RNA (lncRNA) GAS5
locus [76]. These pi-sno’s included pi-sno74, pi-sno75, pi-sno44, pi-sno78, and pi-sno81
(Figure 6). Each of these were found to be downregulated in breast cancer compared to
adjacent normal tissue. Microarray and PCR revealed that pi-sno75 upregulates expression
of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a proapoptotic
protein. In silico target prediction identified a locus of 169 basepairs (bp) upstream of
the TRAIL transcription start site that was highly complementary to pi-sno75 with pre-
dicted thermodynamically stable binding. To further investigate this mechanism of action,
knockout (KO) and Co-IPs were performed to identify PIWIL1/4 binding partners dur-
ing pi-sno75 overexpression. This revealed that pi-sno75/PIWIL can specifically interact
with the methyltransferase complex protein WDR5, thereby increasing TRAIL expres-
sion. In MCF7 cells, pi-sno75 overexpression greatly increased TRAIL expression and, in
combination with doxorubicin treatment, enhanced apoptosis. Treatment with pi-sno75
alone resulted in marked reductions of tumor volume in MCF7 and MDA-MB-231 mouse
xenografts. In summary, the sno-derived piRNA pi-sno75 recruits epigenetic machinery to
specifically upregulate TRAIL, and thus functions as a tumor-suppressive sdRNA.
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Figure 6. Sno-Derived Piwi-Interacting RNAs. (A–F) The most thermodynamically stable secondary
structures of snoRNAs containing Piwi-interacting RNAs were obtained from mfold in which the
piRNA sequence is highlighted in blue [20]. (A) pi-sno74 is embedded within SNORD74 (GRCh38:
chr 1:173867674-173867745:-1) and is downregulated in breast cancer [76]. (B) Pi-sno75 is located
within SNORD75 (GRCh38: chr 1:173866879-173866938:-1) and has been shown to be downreg-
ulated in breast cancer [76]. (C) pi-sno44 resides within SNORD44 (GRCh38: chr 1:173865968-
173866028:-1) and is downregulated in breast cancer [76]. (D) pi-sno78 is embedded in SNORD78
(GRCh38: chr 1:173865622-173865686:-1) and is upregulated in prostate cancer metastasis but down-
regulated in breast cancer [76,77]. (E) pi-sno81 resides within SNORD81 (GRCh38: chr 1:173864146-
173864222:-1) and is downregulated in breast cancer [76]. (F) piR-017061 (piR-33686) is embed-
ded within SNORD91A (HBII-296A) (GRCh38: chr 17:2330279-2330370:-1) and was determined
to be downregulated in PDAC [70]. (G–L) sno-derived piRNA sequences (highlighted in blue)
were aligned to their respective snoRNA precursor sequences, and the snoRNA transcripts were
aligned to their corresponding genomic loci. (G) Alignment between human genome (GRCh38: chr
1:173867650-173867768:-1) (top), SNORD74 (GRCh38: chr 1:173867674-173867745:-1) (middle) and
pi-sno74 (bottom). (H) Alignment between human genome (GRCh38: chr1:173866856-173866960:-
1) (top), SNORD75 (GRCh38: chr 1:173866879-173866938:-1) (middle), and pi-sno75 (bottom).
(I) Alignment between human genome (GRCh38: chr1:173865945-173866051:-1) (top), SNORD44
(GRCh38: chr 1:173865968-173866028:-1) (middle), and pi-sno44 (bottom). (J) Alignment between
human genome (GRCh38: chr1:173865598-173865709:-1) (top), SNORD78 (GRCh38: chr 1:173865622-
173865686:-1) (middle) and pi-sno78 (bottom). (K) Alignment between human genome (GRCh38:
chr1:173864122-173864245:-1) (top), SNORD81 (GRCh38: chr 1:173864146-173864222:-1) (middle) and
pi-sno81 (bottom). (L) Alignment between human genome (GRCh38: chr17:2330254-2330394:-1) (top),
SNORD91A (HBII-296A) (GRCh38: chr 17:2330279-2330370:-1) (middle) and piR-017061 (piR-33686)
(bottom). (A–E,G–K) SNORD74, SNORD75, SNORD44, SNORD78, and SNORD81 arise from the
GAS5 locus (ENSG00000234741) which is also annotated as a small nucleolar host gene (SNHG2).
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4.20. pi-sno78 (Sd78-3′)
In 2011, a study by Martens-Uzunova et al. that focused on identifying a miRNA

expression signature of prostate cancer also identified significantly differentially expressed
sdRNAs [89]. While the majority of reads aligned to defined microRNAs, sdRNAs were
found to be predominantly upregulated in the metastatic LN-PCa compared to local
prostate cancer. The authors then focused on canonical miRNAs, leaving these enticing
putative sdRNA drivers of metastatic LN-PCa uncharacterized until their follow-up publi-
cation in 2015. In their 2015 publication, Martens-Uzunova et al. specifically focused on
investigating the role of sdRNAs in prostate cancer progression [77]. Consistent with their
2011 study, they identified an sdRNA from the 3′ end of snoRNA78 “sd78-3′” that was
upregulated in the more aggressive LN-PCa patient samples. By examining expression at
multiple stages of PCa, the authors concluded that globally overexpressed sdRNAs, includ-
ing sd78-3′, are already present at early stages of cancer but exhibit striking overexpression
concordantly with malignant transformation. While the authors did not investigate the
mechanism of action of sd78-3′, this sdRNA is actually the pi-sno78 characterized in the
above study by He et al. [76].

4.21. piR-017061

Revisiting the 2015 publication by Muller et al. which queried small RNA expression
in PDAC patient samples and normal pancreas controls, a total of 123 ncRNAs were found
to be significantly differentially expressed [70]. This approach considered 45 noncoding
RNAs identified as significantly down-regulated in PDAC, of which there were fourteen
sdRNAs and a single sno-derived piRNA, piR-017061.

5. SdRNAomes

In a large-scale pan-cancer analysis of TCGA patient small RNA sequencing data and
normal tissue controls, Chow et al. created a pan-cancer “sdRNAome” which was used to
investigate the role of sdRNAs in the context of tumor immunity and clinical outcomes [52].
Small RNAseq data from a total of 10,262 tumor samples with 675 adjacent normal sam-
ples across 32 cancer types were aligned to full-length human snoRNAs to generate the
pan-cancer “sdRNAome”. To determine whether a relationship exists between sdRNA
expression and tumor immunity, the sdRNAome was queried alongside expression of
PD-L1, CD8+ T cell infiltration, GZMA (serine protease granzyme A) expression, and other
factors such as tumor vascularization (EndothelialScore) and overall survival (OS). Taking
together correlation with PD-L1 expression, CD8+ T cell abundance, GZMA expression, and
patient survival to calculate an ImmuneSurv score, the authors identified 267 sdRNAs that
had a score of at least two (fulfilling at least two of the ImmuneSurv categories) in at least
one cancer type. After including copy number variation as a category, 133 sdRNAs were
found to be significant in all five tested categories. In sum, this far-reaching study provides
a detailed examination of the human sdRNAome in patient tumor samples. Critically,
sdRNA expression is linked to tumor immunity and patient survival in distinct cancer
types, providing evidence that sdRNAs could function as useful biomarkers to assess
cancer response to immunotherapies and to predict patient survival. Since a large number
of sdRNAs were associated with cancers in this study, several representative sdRNAs
highlighted in the paper have been compiled into Table 1 for the sake of clarity.

In addition to this, other publications reviewed above have reported comprehensive
sdRNAomes comprised of differentially expressed sdRNAs in their respective cancers. In
2015 Martens-Uzunova et al. identified 657 unique sdRNAs from C/D-box snoRNAs and
244 unique sdRNAs from H/ACA-box snoRNAs in their analysis of patient prostate cancer
samples. Of these, they identified at least 78 to be significantly differentially expressed
in prostate cancer [77] (Table 2). Additionally, in 2017 our group identified 10 unique
sdRNAs in MDA-MB-231 breast cancer cells that form complexes with AGO (Table 2).
Further, five of these were significantly overexpressed in MDA-MB-237 compared to MCF7
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breast cancer [72]. Most recently, in 2022, our lab similarly described 38 unique sdRNAs
differentially expressed in prostate cancer patient samples [73] (Table 2).

Table 2. Cancer “sdRNAomes”.

Cancer # of sdRNAs Identified Experimental Validation Reference

32 TCGA Cancer
Types >300 133 sdRNAs correlate with PD-L1 expression, CD8+ T cell abundance,

GZMA expression, patient survival, and copy number variation [52]

Prostate 78 sd78-3′ was found to be overexpressed in aggressive patient tumors [77,89]

Breast 10 sdRNA-93 was confirmed to correlate with malignant invasion
in vitro and cancer type in vivo [72]

Prostate 38 sdRNA-D19b and sdRNA-A24 were confirmed to correlate with the
malignant phenotype in vitro and cancer type in vivo [73]

6. Discussion/Conclusions

The past decade has clearly demonstrated the existence and functional relevance of
small RNAs arising from full length snoRNAs. This new class of ncRNA has a similar
form and function to that of miRNAs, and sdRNAs differ from traditional miRNAs pri-
marily in terms of transcriptional origin. Additionally, alternative processing pathways
to DICER/DROSHA have been proposed for sdRNA genesis, potentially distinguishing
sdRNAs further from their miRNA cousins. In this review we have collected and detailed
the growing catalogue of sdRNAs implicated in human cancer, including both tumor-
promoting and tumor-suppressing sdRNAs. Like miRNAs, sdRNAs post-transcriptionally
regulate gene expression in a myriad of ways that can result in highly variable effects on
oncogenesis and malignant pathology. Despite differences in genetic origin and some pos-
sible bioprocessing divergence, the majority of sdRNAs appear to be functionally identical
to canonical miRNAs. What then, is the purpose of pointing out sdRNAs? The answer to
this question is two-fold.

First, and of extreme importance, is the fact that sdRNAs are routinely discarded from
miRNA databases and consequently omitted from any miRNA-focused studies that follow.
Even with mounting evidence to the contrary, sdRNAs are still considered by many to be
random degradation products without relevance to gene regulation. As shown in this study,
many such misannotated sdRNAs clearly contribute to a variety of cancers. Omission of
sdRNAs unnecessarily hinders efforts to discover valuable new ncRNA biomarkers and
therapeutic targets. We stress that, instead of discarding sdRNAs, they deserve inclusion in
miRNA databases. By bringing the wealth of cancer sdRNA literature to the light, we hope
that researchers who aim to search for ncRNAs regulating cancer will include sdRNAs in
their search moving forward.

Second, we simply do not know precisely how distinct sdRNAs and miRNAs are from
one another. There is ample evidence that sdRNAs are frequently processed independently
of the DROSHA/DICER pathway [90]. Still, the preponderance of evidence indicates
that they are extremely similar, especially regarding their function. Indeed, we have
identified a 200 kb locus on human chromosome 14 that produces about 50 snoRNAs and
50 miRNAs (Supplementary Figure S1), indicating that these ncRNAs are often co-regulated
and functionally similar.

As evidenced by the sdRNAs outlined in this review, we suggest that including and
emphasizing sdRNAs in exploratory ncRNA cancer regulation studies as well as closing
the knowledge gaps regarding what makes sdRNAs distinct, including but not limited
to their alternative biogenesis and mechanism of action pathways, will be of significant
value in enhancing our understanding of cancer gene regulation. Notably, sdRNAs may
be thought of as the lowest hanging fruit in cancer genomics research as, to date, the
principal miRNA discovery algorithms have simply, erroneously, disregarded any and all
small RNAs aligning to snoRNAs (example text: “Aligned sequences with the following
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annotations were eliminated (as potential microRNAs): tRNA, snoRNA, . . . ” [91]). A
more complete understanding and more extensive cataloguing of sdRNAs in cancer will
likely result in novel biomarkers and treatment targets that now lay only just out of reach.
By appreciating sdRNAs as functionally relevant ncRNA molecules in cancer, a great
deal of readily attainable information regarding cancer gene regulation and the molecules
responsible for pathological phenotypes may soon be realized.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: LINE L1 are transposable elements that can replicate within the genome by passing through
RNA intermediates. The vast majority of these element copies in the human genome are inactive and
just between 100 and 150 copies are still able to mobilize. During evolution, they could have been
positively selected for beneficial cellular functions. Nonetheless, L1 deregulation can be detrimental
to the cell, causing diseases such as cancer. The activity of miRNAs represents a fundamental
mechanism for controlling transcript levels in somatic cells. These are a class of small non-coding
RNAs that cause degradation or translational inhibition of their target transcripts. Beyond this,
competitive endogenous RNAs (ceRNAs), mostly made by circular and non-coding RNAs, have been
seen to compete for the binding of the same set of miRNAs targeting protein coding genes. In this
study, we have investigated whether autonomously transcribed L1s may act as ceRNAs by analyzing
public dataset in-silico. We observed that genes sharing miRNA target sites with L1 have a tendency
to be upregulated when L1 are overexpressed, suggesting the possibility that L1 might act as ceRNAs.
This finding will help in the interpretation of transcriptomic responses in contexts characterized by
the specific activation of transposons.

Keywords: transposons; LINE1; miRNA; ceRNA; p53

1. Introduction

Transposable elements (TE) are interspersed and repeated DNA elements that can
change their position within the genome. Based on the mechanism used for the transposi-
tion, they can be divided into DNA transposons and retrotransposons. The first ones are
excised from the original genomic locus and inserted into a new position with the activity
of a transposase enzyme. Retrotransposons instead can generate new copies by reverse
transcribing their RNA molecules [1]. Among the several TE families, LINE L1 is the only
one that contains autonomous elements considered to be still active in the human genome.
L1 retrotransposons account for 17% of the human genome [2]. Despite the human genome
being composed of more than 500,000 L1 fragments, the vast majority of these are inactive
since they underwent 5′ truncations and accumulation of mutations [3]. A full-length L1
retrotransposon is 6 kb long and it is composed of a 5′UTR with an internal promoter,
two open reading frames (ORF1 and ORF2) that provide the retrotransposition proteins,
and a 3′UTR region. The human genome contains more than 5000 full-length elements
and 100 out of 150 copies that are still potentially capable to mobilize [4] since they have
intact and functional ORFs. It has been observed that L1 novel insertions are not randomly
distributed in the genome [5]. This has suggested an underlying evolutionary force that
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guided the co-option of these elements for beneficial cellular functions [6]. The positive
selection of L1 elements in specific genomic regions might be linked to their capability to
influence the expression of nearby genes. L1 insertions close to a given gene can provide
promoters and other cis-regulatory elements [7] resulting in changes of transcriptional
levels in the flanking loci. Conversely, insertions that induce alternative splicing events [8]
or introduce miRNA target sites in 3′UTR regions [9] are examples of L1 contribution
to post-transcriptional regulation. Despite selected beneficial functions, deregulated L1
activity can be detrimental to the cell and is involved in diseases, e.g., cancer and neu-
rodegenerative diseases [10]. As a result, L1s activity is repressed at all stages of the
retrotransposition process through several cellular defense mechanisms. At the genomic
level, L1 loci are generally found to be inaccessible because DNA methylation and repres-
sive epigenetic marks decrease the accessibility to the transcriptional machinery [11,12].
In addition, especially in germ cells, the Piwi-interacting RNA (piRNA) pathway acts at
post-transcriptional levels to degrade L1s RNA or to inhibit its translation. The interfering
activity is mediated by a complex of the small non-coding RNA piRNA and the Argonaute
(Ago) proteins of the PIWI subfamily [13]. In the final stages of retrotransposition, new
L1 integration sites are continuously targeted by DNA repair mechanisms for preventing
the insertion of new elements [14]. Despite all these mechanisms, we do not yet have
a comprehensive understanding of all the regulatory layers affecting L1 expression and
how their deregulation can impact cells’ homeostasis.

One of the main post-transcriptional regulatory mechanisms acting in somatic cells is
represented by miRNAs, a class of small non-coding RNAs that have a fundamental role in
gene expression control [15]. In the canonical pathway, miRNA genes are transcribed into
primary miRNA (pri-miRNA) and processed into precursor miRNA (pre-miRNA) through
the Microprocessor complex [16]. The pre-miRNA is then exported to the cytoplasm
by Exportin 5 and finally processed in the mature miRNA duplex by the endonuclease
Dicer [17]. The loading of the miRNA guide strand into the Argonaute protein allows
the formation of the miRNA-induced silencing complex (RISC) [18]. This complex allows
the binding of the specific target transcript with the loaded miRNA and then proceeds to
the following steps of the process. In detail, the fate of target transcripts depends mostly
on the binding between specific sequences located in the 3′ UTR regions and the miRNA.
Although still not completely understood, it is believed that the degree of miRNA-target
complementarity might determine whether the target transcript undergoes translational
inhibition or degradation [19]. The activity of the Agonaute protein is essential for the
choice of the fate. Indeed, a full pairing between the target site and the 5′ seed region
(nucleotides 2–8) of the miRNA activates the endonuclease function of Argonaute, allowing
mRNA slicing [20]. On the other hand, a limited miRNA-target base pairing triggers
a slicer-independent pathway, leading to the recruitment of factors involved in translational
inhibition or deadenylation followed by transcript decay [21,22].

In the last few years, knowledge became available on the existence of miRNA-
based mechanisms used by the cell to inhibit the translation of L1 elements. In 2015,
Hamdorf et al. hypothesized that miRNA can protect non-germ cells from L1
retrotransposition [23]. Particularly, they demonstrated that miR-128 can bind the ORF2 re-
gion of L1 RNAs, inducing the degradation of the transcripts. In a more recent publication,
Tristàn-Ramos et al. [24] demonstrated that let-7 miRNAs bind to the ORF2 region of
L1 RNAs, inhibiting their translation and altering the protein amount needed for the
retrotransposition to happen.

RNA molecules that regulate transcript levels of other genes through the competition for
the binding of the same pool of miRNAs have also been discovered [25]. This system formed
by competitive endogenous RNAs (ceRNAs) creates crosstalk between different coding and
non-coding transcripts. The first evidence of this mechanism was observed in the Poliseno
study [26] which demonstrated that overexpressed 3′UTR of PTENP1 pseudogene was able
to act as ceRNA for miRNAs. Indeed, the sequestering of miRNAs by PTENP1 pseudogene
transcript resulted in the increase of the levels of the functional tumor suppressor PTEN
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transcript. The involvement of an apparent non-functional gene in this mechanism drew
attention to long non-coding RNAs (lncRNAs). These are ideal candidate molecules for a
widespread ceRNA mechanism given their activity as regulatory RNAs since they lack protein
encoding open reading frames [25]. In this context, the RIDL hypothesis [27] proposed that the
enrichment of TEs embedded in lncRNA transcripts provides functional domains, allowing
interactions with proteins and/or other nucleic acids. Accordingly, the functional properties
of lncRNAs may strictly depend on their different domain combinations. As a representative
example, the antisense lncRNAs AS Uchl1 showed the ability to increase translation of its
sense target gene through the activity of an effector domain made by an embedded TE and
an antisense sequence as binding domain [28]. The antisense BACE1-AS is a clear example
of a lncRNA in which embedded TEs provide miRNA target sites to sequester and therefore
subtract miRNAs from their canonical targets [29].

Here, we aim at performing a first evaluation of the possibility that TEs might generally
sequester miRNAs impacting on regulatory mechanisms in human cells. To this end, we
carried out transcriptomic analyses of different cellular conditions known to undergo L1s
overexpression [30–33]. We observed that genes sharing a high number of miRNA target
sites with overexpressed L1s are more upregulated with respect to genes sharing a lower
number of miRNA target sites with L1s. Our results are consistent with a possible ceRNAs
activity mediated by L1 retrotransposon transcripts. These findings might help in the
interpretation of transcriptional responses to the deregulation of TEs expression.

2. Materials and Methods

2.1. Data Collection and Pre-Processing

To explore how regulatory mechanisms control L1 transcript levels in human cells, we
took advantage of different publicly available datasets overexpressing L1s. The dataset
from Jonsson et al. [30] is composed of poly-A RNA-seq data generated from embryo-
derived human neural epithelial-like stem cell line Sai2. In this study, the authors produced
3 controls and 3 DNMT1 samples in which LacZ and DNMT1 genes were respectively
knocked out with CRISPR-Cas9 technology. We retrieved paired-end raw FASTQ files
from the ENA-EBI database (PRJNA420729 accession code). For validating the reliability of
our method to analyze non-autonomous L1 transcription, we used the Marasca et al. [31]
dataset. It is composed of total-RNA derived from quiescent naive CD4+ T cells and naive
CD4+ T cells activated with anti-CD3-antiCD28 beads (3 individuals, 24 total sequencing).
The download of paired-end raw FASTQ files was made from the ENA-EBI database (PR-
JEB41930 accession code). For testing the miRNA-L1 expression levels association, we used
RNA-seq and short RNA-seq data produced by the Geuvadis Project [34]. Quantification
of miRNAs was retrieved from the ArrayExpress [35] repository while raw reads were
retrieved for the TE quantification from ENA-EBI database (PRJEB3366 accession code).
Aiming to investigate a cellular context into which L1 was artificially overexpressed, we
took advantage of the publicly available RNA-seq data derived from the Ardeljan et al.
study [32]. In this work, the authors performed RNA sequencing of human Retinal Pig-
ment Epithelial Cells (RPE) encoding a doxycycline-inducible (Tet-On) codon-optimized
L1 (ORFeus) [36] or luciferase as control. The two groups of cultures were sequenced
in triplicates and the paired-end raw files were made publicly available in the ENA-EBI
database (PRJNA491205 accession code). For exploring other cellular contexts in which L1s
should be deregulated, we analyzed the Deneault et al. [33] polyA RNA-seq data in which,
the ATRX gene was knocked-out in reprogrammed human induced pluripotent stem cells
(iPSC) and iPSC differentiated in neuronal cells. The entire dataset composed of 12 controls
and 8 treated samples was retrieved from the ENA-EBI database (PRJNA422099 accession
code). The quality assessment of all the retrieved reads was performed with FastQC [37].

2.2. Analysis of Locus-Specific TE Expression

To analyze the TE transcriptome, we used the SQuIRE [38] software for quantifying
the locus-specific TE expression starting from RNA-seq reads. The customized parameter
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–build hg19 was used to allow the download of the needed files referring to the human
reference genome hg19. Once we obtained the quantifications, we performed the differential
expression analysis of TE using the R package DESeq2 [39], classifying as differentially
expressed TE the elements showing p-adjusted < 0.05 and |fold change| > 1.5.

2.3. Detection of L1 Autonomous Transcription

To understand if an L1 up-regulation is caused by the autonomous transcription of
L1 loci, we developed a specific R pipeline that analyzes paired-end reads of an RNA-seq
experiment. In our method, reads are aligned on the L1 consensus sequence [40] with
BWA [41] (mem command in default parameters). Then, not primary and supplementary
alignments are discarded using Samtools [42] (-F 2304). The remaining fragments (referred
to as a pair of reads) are filtered out if at least one read of the pair has more than 20% of
nucleotides that are not perfectly matched on the L1 consensus sequence. At this point,
we label the fragments that are completely aligned inside the L1 elements as “Inside”
fragments and the fragments with exclusively one read aligned inside the L1 as “Outside”
fragments. These sets of fragments are then aligned on the human reference genome hg19
with BWA [41] (mem command in default parameters). On the resulting BAM file, we
apply the same previously described filters. In the final step, we use Bedtools [43] (intersect
command) to intersect the mapping coordinates of the reads with a BED file containing the
L1 elements annotated on the human reference genome (RepeatMasker [44] track retrieved
from UCSC Table Browser [45]). Fragments with at least one read aligned on an annotated
L1 element are kept into account for the final calculation. For each sample, the ratio between
the number of Inside and Outside fragments is used as an indicator for the L1 autonomous
transcription level in all the group comparisons except for the ORFeus model in which the
same ratio was calculated before the genome mapping step.

2.4. Gene Expression Analysis

To investigate the gene expression levels, we aligned the FASTQ RNA-seq reads to the
human reference genome hg19 (FASTA file of primary assembly retrieved from Ensembl [46])
using STAR [47]. The indexing step was performed giving –sjdbGTFfile argument the
GRCh37.87 GTF file retrieved from Ensembl. The –sjdbOverhang argument was instead set
to max(ReadLength)-1 for the different datasets. Then, the mapping was performed with the
parameters –quantMode GeneCounts and –twopassMode Basic. After the generation of BAM
files, the counting of mapped reads for each gene was obtained with HTSeq [48] (htseq-count
command with the arguments -t exon -i gene_id). Finally, the differential gene expression
analysis was performed using R package DESeq2 [39] classifying, as differentially expressed,
the genes showing p-adjusted < 0.05 and |fold change| > 1.5.

2.5. Functional Enrichment Analysis

To explore the transcriptomic changes in the DNMT1 model, the differentially ex-
pressed genes were divided into upregulated and downregulated according to previ-
ous thresholds. The two separated groups were then used as input to perform the en-
richment analysis with the R package gProfiler2 [49] (exclude_iea = T, user_threshold = 0.1
and correction_method = “fdr”). The background (custom_bg argument) used for the analysis
was composed of genes with at least 5 mapped reads in at least 50% of the samples. Gene
sets composed of more than 1000 genes were filtered out since they described too many
general cellular processes. For the final exploration, gene sets with at least 10 enriched
query genes and FDR ≤ 0.1 were considered significant.

2.6. Overlap Analysis

To study how L1 overexpression can impact regulatory gene networks, we performed
an overlap analysis between genomic coordinates of L1s and protein-coding genes. For this
analysis, we used the GRCh37.87 GTF annotation file retrieved from Ensembl [46]. From this,
we selected all the exonic and UTR annotations of protein-coding genes. Then, we used
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Bedtools merge [43] for collapsing together the features belonging to different transcripts
of the same gene. Bedtools subtract was used to exclude both the UTR annotations from
the exons and to generate the intron coordinates for each gene. As a result, we created
a BED file containing a single gene model for each protein-coding gene. The models
were thus composed of the coordinates of genic structures 5′UTR, exons, introns, and
3′UTR. These coordinates were intersected with L1 coordinates (retrieved from SQuIRE [38]
output) by using Bedtools intersect with “-s” argument to force the strandedness. Each genic
structure was then classified based on two pieces of information: the up/down-regulation
of the belonging gene and the overlap with at least one up/down-regulated L1s. At this
point, for each type of genic structure, we calculated the frequency of each possible pair
of classifications. For the final calculation of the Z-score, the genic classifications were
randomized 1000 times recomputing the calculation of the frequencies each time, which
represents the random distribution.

2.7. Analysis of miRNA Target Sites Sharing

To determine whether the set of upregulated extragenic L1 elements are sharing
miRNA target sites with the 3′UTR of protein-coding genes, we used the BED file of genic
structures created in the overlap analysis reported above. From this BED, we selected the
3′UTR regions longer than 30 nucleotides belonging to expressed protein-coding genes.
A gene was considered as expressed if it was quantified with at least one mapped read
in at least one sample. The upregulated L1 elements were identified with SQuIRE [38]
as reported above, while the extragenic positioning of these elements was determined
by intersecting the genomic coordinates of L1 and features annotated in the GRCh37.87
GTF file. All L1s that did not overlap with any concordant/discordant feature (Bedtools
intersect with -s and -S arguments [43]) were considered extragenic. Having selected the
3′UTRs and L1 genomic coordinates, we used Bedtools getfasta to retrieve the FASTA file
of each element and a custom Perl script to identify target sites by looking only for 8-mer
seed-matched sites [19] of the entire set of human miRNAs retrieved from miRBase database
(Release 22.1) [50]. Hence, for each 3′UTR of protein-coding genes, the number of miRNA
target sites that were also found in the pool of extragenic upregulated L1s was calculated.
T-test was finally used for comparing the number of L1-shared miRNA target sites between
up and down-regulated genes.

2.8. Identification of miRNAs Sequestered by L1s

To search for miRNAs that are possibly sequestered by L1s, we analyzed miRNAs that
were seen to potentially target at least one upregulated extragenic L1. For each of the miRNAs,
we identified the targeted protein-coding genes by searching for 8-mer seed-matched sites. The
targeted genes were then classified in up or down-regulated based on the previous differential
gene expression analysis. At this point, for each miRNA, we performed a proportion test
(prop.test R function) to compare the proportion of up and down-regulated targeted genes
to the proportion of all up and down-regulated genes. miRNAs in which the proportion
of targeted upregulated genes was significantly (FDR < 0.1) higher than the proportion of
downregulated ones were selected for further analyses.

2.9. miRNA-Gene Networks Identification

To explore miRNA-genes interactions, we used the MIENTURNET [51] web-based
tool. We provided the miRBase ID list of 117 miRNAs potentially decoyed by L1s. The
miRNA-target enrichment analysis was performed with the minimum number of miRNA-
target interactions set to 2 and an adjusted p-value (FDR) threshold of 0.1. The interac-
tions categorized by miRTarBase [52] as strongly and weakly validated were taken into
account. The following enrichment analysis of 57 genes upregulated in the DNMT1 model
was performed with EnrichR [53] considering significant the gene set enriched with an
FDR < 0.1.
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2.10. Analysis of miRNA-L1 Expression

To investigate the association between the expression levels of miRNAs and LINE1 ele-
ments in Geuvadis dataset [34], we used the quantifications retrieved from
ArrayExpress [35] or obtained with SQuIRE [38] respectively. For each sample, the L1
expression level was obtained by summing the DESeq2 [39] normalized counts of elements
belonging to the L1HS/L1PA subfamilies and longer than 5000 bp. The sample “NA18861”
was discarded since it represented an outlier. The miRNA-L1 expression levels association
was analyzed by performing Pearson’s correlation tests.

2.11. Analysis of TE Expression at the Consensus Level

In order to investigate the TE transcriptome of the ORFeus-OE model, we used
the TEspeX [54] software. For the analysis, we provided a modified version of TE con-
sensus sequences from the Dfam database [55] that includes the L1-ORFeus sequence
(https://www.addgene.org/browse/article/28204003/ accessed on 24 August 2021). Fur-
thermore, the annotation files of coding and non-coding transcripts were retrieved from
Ensembl [46] and referred to the hg19 version of the human genome. After obtaining the
quantifications, we used the R package DESeq2 for differential expression analysis, clas-
sifying as differentially expressed TE the subfamilies showing p-adjusted < 0.05 and fold
change > |1.5|.

3. Results

3.1. L1s Are Autonomously Transcribed upon DNMT1-KO

The first set of analyses was carried out to explore the transcriptomic changes of human
neural progenitor cells (hNPCs) produced in the Jonsson’s study [30]. This dataset is composed
of RNA-seq data derived from three controls and three samples in which the DNMT1 gene
was knocked-out with CRISPR-Cas9 technology. As Jonsson and colleagues demonstrated,
the abrogated activity of the most important maintenance DNA methyltransferase [56] erases
a fundamental epigenetic repressive layer from the L1 defense mechanisms. Aiming to
confirm whether L1 elements were autonomously transcribed [57,58] in this model, we used
SQuIRE [38] to quantify the locus-specific expression of TEs. Our differential expression
analysis highlighted that the KO of DNMT1 leads to a strong upregulation of TEs: 3015 TEs
result upregulated and 277 downregulated. Interestingly, 1660 L1s were upregulated, resulting
the most upregulated TE family in this experiment, as shown in Figure 1A.

Considering that ~99% of L1 RNA sequences in human arise from L1s embedded in
other transcripts rather than from L1 promoters [59], we aimed to confirm the autonomous
transcription of L1 elements in this model. In the method we developed (Figure 1B),
paired-end reads are first aligned on the L1 consensus sequence and then on the human
reference genome. The goal is to identify the number of fragments that are completely
aligned inside the L1 elements (Inside fragments) and the number of fragments with a read
aligned inside an L1 and the other one mapping outside the L1 on the reference genome
(Outside fragments). We reasoned that the sequencing of L1 autonomous transcripts should
produce mostly paired-end reads mapping within the internal part of L1 RNAs, hence
mainly producing Inside fragments. Accordingly, by computing the Inside/Outside ratio,
high ratio levels should result when L1 elements are autonomously transcribed. Applying
our methodology to the DNMT1 experiment, we were able to calculate a mean Inside/Outside
ratio of 7.53 in the control group and a mean ratio of 9.33 in the KO group. A significantly
(t-test p-value = 0.018) higher Inside/Outside ratio was observed in the DNMT1 KO samples
with respect to controls (Figure 1C), confirming that the observed upregulation of L1s is
due to autonomous and independent L1 transcription and that the KO of DNMT1 causes
the transcriptional activation of genomic L1 loci.
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Figure 1. The KO of DNMT1 gene leads to autonomous L1 transcription. (A). Top-10 deregulated TE
families in DNMT1 model. L1 is the most upregulated TE family with 1660 elements. (B). Rationale of
our method for detecting autonomous transcription of L1 elements. Autonomous transcription of L1s
will produce a higher amount of Inside fragments with both reads mapped inside the L1 consensus
resulting in a higher Inside/Outside ratio. (C). Analysis to detect autonomous transcription of L1
elements. Upon the KO of DNMT, the upregulation of L1s derives by autonomous transcription of
elements. (D). Top-10 deregulated TE families in naive T CD4+ cells. L1 is the most upregulated TE
family with 10,794 elements. (E). Rationale of our method for detecting non-autonomous transcription
of L1 elements. Transcription of L1s embedded in other transcriptional units will produce a low
amount of Inside fragments. (F). Analysis to detect autonomous transcription of L1 elements. In
naive T CD4+ cells, the upregulation of L1s derives by a non-independent transcription of elements.
Given that the two distributions are similar the overexpression of L1s is due to their transcription as
part of other transcriptional units.

In order to verify the capability of our method to identify situations in which L1
transcriptional upregulation is determined by non-autonomous and non-independent L1
transcription (i.e., L1s transcription mainly results from the transcription of their fragments
as part of canonical genes), we took advantage of the Marasca et al. [31] dataset. In this
study, the authors observed that naive CD4+ T cells transcribe L1-containing transcripts
as non-canonical splicing variants. Upon cell activation, modifications in the splicing
pattern induce the downregulation of these alternative transcripts promoting the canonical
ones. We started quantifying the locus-specific expression of TE with SQuIRE [38]. Our
differential expression analysis confirmed that naive cells, with respect to activated ones, are
characterized by overexpression of L1 elements: 10,794 L1s are up-regulated and 5289 are
down-regulated (Figure 1D). To assess if L1 overexpression is the result of L1s transcribed
as part of other transcriptional units as Marasca et al. demonstrated, we applied our
methodology to calculate the Inside/Outside ratio (Figure 1E). Applying our methodology to
the CD4+ experiment, we were able to calculate a mean Inside/Outside ratio of 87.43 in the
naive group and a mean ratio of 87.12 in the active group. Since no statistically significant
differences between the two groups were observed (Figure 1F), the CD4+ model allowed
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us to confirm the lack of autonomous L1 transcription in naive T cells and therefore the
reliability of our method to discriminate between the autonomous and non-autonomous
transcription of L1 elements when upregulation of L1s is observed with standard procedures.

3.2. L1 Transcripts Could Act as ceRNA

In order to inspect the transcriptional changes characterizing DNMT1 KO in the ex-
periment by Jonsson and colleagues, we carried out differential gene expression analysis:
2188 genes resulted upregulated and 627 downregulated. Functional enrichment analy-
ses revealed that genes belonging to the piRNA pathway (GO:0034587) [13] and to p53
transcriptional gene network (WP:WP4963) [60] were significantly enriched among the
upregulated genes, while several proliferation-related genesets (e.g., GO:0042127) [61]
were globally enriched among downregulated genes. These enrichments suggest that
cells might be responding to transcriptional activation of L1s and possibly to a genotoxic
stimulus [62]. Once the cell response was established, we performed an overlap analysis
of genomic coordinates between L1 and the genic structures of protein-coding genes. The
results revealed that upregulated genes are significantly enriched (Z-score > 3) to be in
overlap with upregulated L1 elements in all the considered genic structures, as indicated in
Figure 2A. The most intriguing finding was the observation that the 3′UTRs of upregulated
genes were also significantly enriched to host upregulated L1 elements.

We then wondered about the existence of a possible ceRNA activity mediated by L1
transcripts. In our hypothesis, overexpressed L1 transcripts share miRNA target sites with
the 3′UTRs of specific gene target sets. In this way, L1s might be able to recruit miRNAs
from the target transcripts. As a result of this mechanism, transcripts from which miRNAs
are sequestered should result upregulated. In order to verify this hypothesis, we selected
the 799 upregulated extragenic L1s to represent the group of potentially autonomously
transcribed L1 elements (referred to as active L1s). This set was chosen since they should
less likely be involved in passive transcription as part of canonical transcripts [54], therefore
reducing possible background noise from exonized L1s. We then identified the miRNA
target sites both in the active L1s and in the 3′UTRs of protein-coding genes. In this pilot
study we exclusively searched for exact matches to 8-mer seed-matched sites because it
is believed to be the most effective single canonical site [19]. From this analysis, upreg-
ulated genes resulted to share on average 147 miRNA target sites with active L1s while
the downregulated ones showed an average of about 114 miRNA target sites in common
with the active L1s. The difference between the two groups is significant and indicates
that upregulated genes, with respect to downregulated ones, have a significantly higher
number of miRNA target sites in common with active L1s (Figure 2B, p-value = 2.35−7;
Supplementary Table S1). This result suggests that the group of upregulated genes, shar-
ing more miRNA target sites with autonomously transcribed L1s, might be subjected to
a possible ceRNA activity mediated by upregulated L1s, adding support to our hypothesis.

In an attempt to identify the miRNAs that could bind active L1s, we hypothesized
that genes usually targeted by these should result mostly upregulated. With this in
mind, we analyzed 2563 miRNAs that were targeting at least one active L1s. For each
miRNA, the protein-coding genes containing target sites were classified as up or down-
regulated. Then, we searched for miRNAs in which the proportion of targeted upregu-
lated genes was significantly (FDR < 0.1) higher than the proportion of downregulated
ones. With this procedure, we identified 117 miRNAs that represent the most suitable
pool of elements undergoing the putative ceRNA activity mediated by L1s (Figure 2C,
Supplementary Table S2). Then, to understand which genes are putatively upregulated
upon the L1 ceRNA activity, we used the MIENTURNET [51] tool. In this analysis, we
provided the list of 117 identified miRNAs for discovering miRNA-genes interactions
categorized in the miRTarBase database [52] as experimentally validated. The tool found
3878 miRNA-genes interactions involving 108 miRNAs and 543 genes. Of them, 57 were
upregulated in the DNMT1 model. The enrichment analysis of these 57 genes revealed
that they are involved in processes that modulate transcription (GO:0006355) and partic-
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ularly the p53 transcriptional program (WP4963). These results suggest that a putative
L1-miRNA-transcript network might be involved in the regulation of genes that are part of
a defense mechanism, specifically against L1 overexpression. Interestingly, four members
of the let-7 family (let-7a-3p, let-7b-3p, let-7f-1-3p and miR-98-3p) [63], already known to
target L1 transcripts, were found to be among the top-10 miRNAs with the highest number
of connections to the upregulated genes (nine connections with respect to an average of
3.58 per miRNA, Figure 2D) which corroborates our hypothesis.

Figure 2. L1 transcripts might act as ceRNA. (A). Overlap analysis of L1s and protein-coding genes.
Regions of upregulated genes are significantly enriched to contain upregulated L1 fragments. We
found particularly interesting the strong enrichment in the 3′UTRs. (B). Analysis of miRNA target
sites sharing between autonomously transcribed L1s and the 3′UTRs of protein-coding genes in
DNMT1 model. The upregulated genes share a significantly higher number of miRNA target sites
with active L1s, adding support to a possible ceRNA activity of L1 transcripts. (C). Analysis to
identify miRNAs sequestered by L1s. Each analyzed miRNA is represented by a point with the X-axis
indicating the delta between the proportion of targeted upregulated genes and the total upregulated
genes proportion. The Y-axis represents the -log10(FDR) of the proportional statistical test applied.
The 117 miRNA in green represent the most probable pool of miRNAs that are undergoing the ceRNA
activity from L1s. (D). In this wordcloud are shown the 117 miRNAs whose size font is proportional
to the absolute number of experimentally validated target genes upregulated in DNMT1 model. The
let-7 family is among the top-10 miRNAs with the higher number of connections to these upregulated
genes. (E). Correlation analysis between miR-128-1 (Y-axis) and L1 (X-axis) expression levels in
Geuvadis dataset. Upon the L1 overexpression, the miR-128-1-5p levels concordantly increases
probably as part of defense cellular mechanisms. (F). Correlation analysis between let-7a-1 (Y-axis)
and L1 (X-axis) expression levels in Geuvadis dataset. No significant associations were found.
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On the other hand, the strong enrichment for downregulated genes to share miR-128
targets with L1s seems to go against our hypothesis. MiR-128 has indeed been demon-
strated to also target L1 transcripts [23], and therefore we were expecting to observe an
enrichment in upregulated genes such as the one observed for members of the let-7 family.
Instead, we observed the opposite with miR-128 resulting the most significant miRNA
associated to downregulated genes (Figure 2C). In order to explain this difference, we
took advantage of the Geuvadis dataset [34] which contains data from small RNAseq and
RNAseq of lymphoblastoid cell lines from ~500 individual. These data allowed us to corre-
late the expression of all miRNAs (short RNAseq) with the expression of any other cellular
transcript (RNAseq). We exploited them to evaluate the correlation between the expression
of miR-128 and L1s and between let-7 and L1s. As shown in Figure 2E, the expression of the
miR-128-1-5p results positively correlated (p-value = 0.000032) to L1 transcript levels. The
putative passenger 3p strand results negatively correlated (p-value = 0.0012), reflecting its
possible decay [64]. Conversely, as already observed [24], the expression levels of let-7-a-1
do not correlate with L1 transcript abundance (Figure 2F), suggesting that the expression
of this miRNA can be interpreted as rather constant and independent by L1 expression
levels. Overall, these results suggest that miR-128 levels increase when L1 transcript levels
increase possibly as part of a response mechanism against TEs. The increased amount of
miR-128 following L1 upregulation would then target not only L1 transcripts [65], but also,
at least in part, canonical transcript targets of miR-128, causing their downregulation. This
would not happen in the case of let-7, because its transcription does not change following
L1 upregulation.

3.3. Support for L1 ceRNA Activity Using an Independent Experiment in Which a Specific L1 Is
Artificially Overexpressed

To add support to our model, we analyzed the Ardeljan et al. [32] dataset composed
of RNA-seq data derived from retinal pigment epithelial cells (RPE). In this cellular model,
three samples overexpressing a codon-optimized L1 ORFeus construct were compared
to three control samples. The aim of our analyses was to validate the activity of L1
as a ceRNA exploiting a cellular context perturbed exclusively by the overexpression
of a single L1 without affecting DNA methylation. To assess the capability of ORFeus-
OE model to overexpress the artificial L1 construct, we used the consensus-specific tool
TEspeX [54], quantifying TE transcription levels. From the differential expression anal-
ysis, seven TE subfamilies were upregulated and two downregulated. The strongest
(log2FC = 10.92) upregulated TE was the L1 construct overexpressed in the experiment,
as visible in Figure 3A. To confirm the autonomous transcription of the L1 construct, our
methodology was applied by using the L1 ORFeus sequence as consensus and without
considering the genome mapping step in the pipeline (see Methods) because the expression
construct is of exogenous origin. With this procedure, we calculated a mean Inside/Outside
ratio of 2.94 in the control group and a mean of 10.11 in the ORFeus-OE samples. Hence, we
observed a significantly (t-test, p-value = 0.00036) higher Inside/Outside ratio for the ORFeus-
OE samples with respect to controls (Figure 3B) confirming the autonomous increase in the
amount of L1 transcripts in this experimental setting.

To understand if the overexpressed L1 construct could be acting as ceRNA, we per-
formed the differential gene expression analysis, identifying 3352 upregulated genes and
2890 downregulated ones. Then, we identified miRNA target sites in the L1 construct and
in the 3′UTRs of protein-coding genes. Upregulated genes resulted to share an average of
10.38 miRNA target sites with the L1 construct. This is significantly higher with respect to
the downregulated ones, showing an average of 9.38 (Figure 3C, p-value = 0.014). Moreover,
in this case, our observations support the idea that the group of genes sharing a higher
number of miRNA target sites with the L1 overexpressed construct could be undergoing
ceRNA activity, resulting in their upregulation.
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Figure 3. L1 could act as ceRNA when artificially overexpressed. (A). TE subfamilies significantly
deregulated in the ORFeus-OE model. In this experiment, the L1 construct is the most upregulated
TE with a log2 fold-change of 10.92. (B). Analysis to detect autonomous transcription of L1. In
ORFeus-OE cells, the upregulation of L1 is deriving from an autonomous transcription of the ORFeus
element. (C). Analysis of miRNA target sites sharing between artificial L1 construct and the 3′UTRs of
protein-coding genes in ORFeus-OE model. The upregulated genes share a significantly high number
of miRNA target sites with the L1 construct, reflecting a possible ceRNA activity of the artificial
construct transcript.

3.4. Putative L1 ceRNA Activity Might Depend on Autonomous L1 Transcription and AGO2

Having collected evidence that overexpressed L1 transcripts might work as ceRNA, we
decided to investigate other conditions leading to L1 deregulation. To this end, we analyzed a
cellular model in which Deneault et al. [33] sequenced RNA of cells characterized by the KO
of ATRX gene in reprogrammed human induced pluripotent stem cells (iPSC) and in iPSC
differentiated in neuronal cells. ATRX is a chromatin remodeler gene that causes epigenetic
modifications in retrotransposons loci [66]. To explore TE transcriptomic levels in the ATRX
model, we used SQuIRE [38] to quantify the locus-specific expression of TEs. The differential
expression analysis revealed a clear deregulation of TEs. Particularly, in iPSC cells the dereg-
ulation was more evident with 4490 up and 1217 down-regulated TEs, while the neuronal
counterpart had 1820 up and 540 down-regulated elements. A common feature of both cell lines
was that ~50% of upregulated TEs was represented by L1 elements: 2438 were the upregulated
TEs in iPSC cells and 965 in neurons (Figure 4A). As observed in the DNMT1 and ORFeus-OE
models, in this experimental setting, the L1 is again the most upregulated TE family.

To investigate if the upregulation of L1s derived from a general active or passive TEs
transcription, we applied our previously described method (Figure 4B). In iPSC cells, there
was a clear difference in the Inside/Outside ratio between the control and the ATRX-KO
groups (mean controls = 28.1 and mean ATRX-KO = 47.0). The neuronal cells, instead,
were characterized by similar ratio between the two different groups (mean controls = 24.3
and mean ATRX-KO = 27.0). Therefore, while autonomous L1 transcription can be con-
firmed for iPSC cells (t-test, p-value = 0.0013), this is not the case for the neuronal cells
(t-test, p-value = 0.77). These results suggest that neuronal cells carrying the ATRX KO,
differently from the iPSC, might not undergo autonomous L1s upregulation. To explore the
effects of L1 transcripts on the putative ceRNA dynamics, we identified the deregulated
protein-coding genes. In iPSC, we found 818 up- and 1441 down-regulated genes while
in neurons, they were respectively 319 and 369. We then compared miRNA target sites
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between the active L1s (1181 in iPSC and 479 in neurons) and the 3′UTRs of protein-coding
genes. In contrast to DNMT1 and ORFeus-OE models, the downregulated genes shared
a significantly (p-value < 0.5) higher number of miRNA target sites with the active L1s in
both experiments (Figure 4C). These results go against our hypothesis. While this could
be explained for neuronal cells, since L1 transcripts could be passively transcribed as part
of hosting genes which would decrease their capability to sequester miRNAs, we need a
different explanation for the iPSC experiment.

 
Figure 4. L1 ceRNA activity potentially relies on autonomous L1 transcription and Ago2 levels.
(A). Top-10 deregulated TE families in ATRX model. Both in iPSC cells and in neurons, L1 family is
the most upregulated TE family. (B). Analysis to detect autonomous transcription of L1 elements
in ATRX model. Upon the KO of ATRX, the upregulation of L1 elements seems not to derive from
an autonomous transcription of elements in neurons. (C). Analysis of miRNA target sites sharing
between active L1s and the 3′UTRs of protein-coding genes in ATRX model. Downregulated genes
show a higher number of miRNA target sites in common with overexpressed L1s. (D). Comparative
analysis of Ago2 expression levels in all analyzed datasets.
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The current understanding of the ceRNAs pathway indicates that the limiting factor for
the ceRNA effect is the availability of Ago2 protein and not the amount of miRNA molecules.
Indeed, it has been shown that a low amount of Ago2 is crucial for the ceRNA effect to
take place while a high amount of it does not give raise to any target sites competition
because there is no limitation of molecules for which to compete [67]. We therefore decided
to investigate the expression levels of AGO2 in a comparative manner between all the
considered experiments. To make the expression levels of AGO2 comparable among
different experiments, we transformed the normalized counts related to AGO2 expression
in the corresponding percentile, as calculated with respect to the distribution of counts for
all the transcripts relatively to each analyzed sample. From this analysis we observed that
AGO2 is expressed at a much higher level in the ATRX experiment (~95 percentile) with
respect to the DNMT1 and ORFeus (~73 percentile) ones (Figure 4D). These observations
suggest that the reason why the ATRX experiment does not support a general L1s ceRNA
effect could be due to the lack of a limiting dose of the Ago2 protein.

4. Discussion

L1 is the unique TE known to be still autonomously mobile in the human genome [1].
Although some elements are co-opted for cellular beneficial functions [6], deregulated
L1 activity can be detrimental to cells [10]. As a result, cells use several mechanisms to
regulate L1 transcript levels like the interfering activity of miRNAs [23]. Beyond this, TEs
embedded in lncRNA are supposed to provide miRNA target sites competing with target
genes for the same pool of miRNAs [29]. Despite the increasing interest in this field, a full
comprehension of the regulatory layers in which L1 transcripts are involved is still lacking.
Furthermore, it remains unclear how their expression levels are regulated and how their
deregulation might impact transcriptional programs. In this work, we reanalyzed RNA-seq
data of cells carrying mutations in genes affecting L1 transcript levels or overexpressing
a specific L1 construct.

Analyzing the DNMT1-KO model [30], we confirmed a strong transcriptional acti-
vation of L1 loci following global demethylation. The upregulated protein-coding genes
were enriched to contain L1 element fragments especially in their introns and 3′UTRs. This
made us speculate that L1 transcripts might have ceRNA activity, competing with miRNAs
normally targeting genes, resulting in upregulation. To support this hypothesis, we demon-
strated that the upregulated genes, with respect to the downregulated ones, share a higher
number of miRNA target sites with the autonomously transcribed L1 elements. This feature
is in support of a possible L1 ceRNA activity. In our model, overexpressed L1 transcripts
sharing more miRNA target sites with the 3′UTR of a given set of transcripts are prone
to recruit miRNAs from them. As a consequence, transcripts from which more miRNAs
are sequestered result upregulated. Identifying the putatively sequestered miRNAs, we
found a pool of 117 miRNAs including different miRNAs belonging to the let-7 family.
This family is experimentally validated to bind the ORF2 of L1 transcripts [24], supporting
the reliability of our experimental procedure for identifying miRNAs sequestered by L1s.
Analyzing the genes that should be upregulated upon L1 ceRNA activity, we found an
enrichment for genes involved in the p53 transcriptional gene network. p53 is a tumor
suppressor gene that induces transcriptional programs for responding to a variety of stress
signals. Among these, direct [60] or indirect [68] functions are shown to control L1 activity.
The L1 ceRNA activity might be a mechanism that induces a cellular response, like p53 tar-
gets transcription, which in turn act against L1 when these elements are overexpressed. The
competition between L1 transcripts and canonical transcripts for the binding of a selected
pool of miRNAs, might cause the transcriptional activation of genes that coherently work to
repress L1 activities, protecting the well-being of cells. In this experiment, we also found an
enrichment for downregulated genes to share miR-128 targets with L1s, which goes against
our hypothesis since also this miRNA has been demonstrated to target L1s. Nevertheless,
our model still holds if we take into account that the expression of miR-128 might increase
or be induced in DNMT1-KO cells, which is reasonable because the overexpression of
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miR-128 can also, at least in part, justify the increase we have observed in the expression of
p53 target-genes [69]. In addition, the analysis of Geuvadis dataset clearly shows a positive
correlation between miR-128 expression and L1 transcript levels in lymphoblastoid cell
lines, suggesting that, conversely to let-7 miRNAs whose transcription does not change,
an induction in the expression of mir-128 happens in response to L1 overexpression.

We then analyzed an artificial condition with L1 RNA overexpression driven from
a synthetic plasmid [32]. Further, in this case, we confirmed that upregulated genes are
enriched for genes sharing a higher number of miRNA targets with the overexpressed L1
adding further support to a possible L1 ceRNA activity.

As a third study with overexpression of L1s, we analyzed a dataset derived from knock-
ing out the ATRX gene in cultured neurons and iPSC cell lines as a model of autism [33].
Initially, an enrichment was found for shared miRNA targets among genes downregulated
upon ATRX-KO. While these data were in contrast with our hypothesis, we took then
into account that the ceRNA effect requires that Ago2 protein is expressed in limiting
amounts. When Ago2 is in high quantity, the competing effect does not manifest because
other molecules such as miRNAs are generally present in non-limiting abundance [67,70].
Reassuringly, the amount of AGO2 mRNA in the ATRX-KO cell model was significantly
higher with respect to those in the DNMT1-KO and in the Orfeus construct experiments,
thus further supporting our model.

In conclusion, we have shown that cellular conditions, with strong autonomous L1
transcription, are characterized by the sharing of miRNA target sites between overexpressed
L1s and upregulated genes when Ago2 availability is limited. This sharing might be at the
basis of a competition for miRNAs targeting. The sequestering of miRNAs by L1 transcripts
could then result in the upregulation of a given set of transcripts. Thus, our study provides
initial evidence in support of the hypothesis of transposon acting as ceRNAs. In this
model, the ceRNA activity might even result as a way for the cell to trigger defense mecha-
nisms, such as the p53 transcriptional program, when the L1 transcript levels overcome
a certain threshold.

Our results and evidence have been so far produced exclusively in-silico, and therefore
specific validation of the model herein proposed is needed to ascertain the pervasive activity
of TEs at the ceRNAs level. Once experimentally validated, we believe that our hypothesis
will help future studies for dissecting cellular responses in both developmental [71] and
pathological [10] conditions characterized by the transcriptional activation of L1 elements.
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