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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.
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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/ p-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 uL), 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 uL) 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 RN A with the MirVana PARIS kit (ThermoFisher Scientific, Waltham,
United States, catalog #AM1556) from 500 pL of plasma collected between the 4th and
16th week of pregnancy following the standard protocol and eluted in 75 uL 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 uL of cold (4 °C) 7 M
ammonium acetate solution (ThermoFisher Scientific, Waltham, United States, catalog
#02002268) and mixed with 420 uL of chilled (—20 °C) absolute ethanol (Commercial
Alcohols, ON, Canada; catalog #P006EAAN). RNA was precipitated overnight at —20 °C
and centrifuged at 16,000 x g at 4 °C for 30 min. The RNA pellet was washed twice with
200 uL 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 pL 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 uL) 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 pL 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 uL of 10 mM
Tris-HCI pH 8.5 bulffer.

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
g-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 g-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
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25.95 4 5.98 kg/m? at the first trimester of pregnancy (mean gestational age: 9.63 4 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/m?, 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.

Gen3G Cohort 3D Cohort Comparison
Characteristics between Cohorts
Mean + SD Range Mean + SD Range (p-Value) *
BMI (kg/m?) 25.95 4+ 5.98 16.10-54.10 25.39 £591 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
o . 0.69 + 0.91 0.47 £+ 0.66
Parity(% nulliparous) (53.56) 0-6 (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 g-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 g-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 DEgiiigi;‘:aﬂliegé{;ad Fold Change * Unadjusted p-Value FDR-Adjusted q-Value

hsa-miR-1323 2 146.39 + 230.60 0.957 2.79 x 10~ 10 9.60 x 1078
hsa-miR-516b-5p 2 101.50 + 150.35 0.958 1.79 x 10710 9.60 x 1078
hsa-miR-371a-5p P 11.02 £ 17.09 0.941 2.13 x 10710 9.60 x 1078
hsa-miR-525-5p 2 9.07 £ 15.31 0.952 1.63 x 107° 421 x 1077
hsa-miR-516a-5p 2 31.25 + 53.81 0.959 455 x 1077 7.83 x 1077
hsa-miR-524-5p 2 8.64 + 14.48 0.952 3.90 x 10~ 7.83 x 1077
hsa-miR-518e-5p 2 43.96 + 62.52 0.962 8.92 x 107? 1.22 x 107
hsa-miR-520a-3p 2 86.75 4 132.37 0.960 9.41 x 10~° 1.22 x 1076
hsa-miR-518e-3p 2 7.99 + 14.22 0.956 2.02 x 1078 2.09 x 1076
hsa-miR-520d-5p 2 5.92 +10.35 0.955 1.98 x 108 2.09 x 1076

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. * 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 g-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
DESeq2 Normalized . . DESeq2 Normalized .
miRNA Read Count ChFaonlde . Um_’{g‘l‘st:d FDR:I\&I;il]l\::ted Read Count Fold Change * Un?;i]; ‘;Zt:d
(Mean + SD) 8 g q (Mean =+ SD) L

hsa-miR-1323 * 146.39 =+ 230.60 0.957 2.79 x 10710 9.60 x 1078 676.45 + 581.88 0.966 2.56 x 107°

hsa-miR-516b-5p * 101.50 + 150.35 0.958 1.79 x 10710 9.60 x 1078 327.56 + 247.26 0.966 292 x 107°
hsa-miR-525-5p * 9.07 £15.31 0.952 1.63 x 107° 421 x 1077 79.89 £71.16 0.982 0.04471
hsa-miR-516a-5p * 31.25 4 53.81 0.959 455 x 1077 7.83 x 1077 150.92 &+ 135.76 0.974 0.00141
hsa-miR-518e-5p ° 43.96 + 62.52 0.962 8.92 x 107 1.22 x 10°° 99.07 + 88.52 0.981 0.02118
hsa-miR-520a-3p * 86.75 +132.37 0.960 9.41 x 1077 1.22 x 107° 220.91 £ 243.90 0.982 0.04009
hsa-miR-518e-3p ° 7.99 +14.22 0.956 2.02 x 1078 2.09 x 107° 29.60 +25.75 0.971 0.00189
hsa-miR-512-3p * 287.04 £ 575.48 0.963 3.63 x 1078 341 x 107° 771.74 +982.11 0.982 0.02747

11
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Table 3. Cont.

Gen3G 3D
DESeq2 Normalized . . DESeq2 Normalized .
miRNA Read Count ChFa‘;lde . Un?{i,;lll‘slt:d FDR:é:llj::ted Read Count Fold Change * Unfg,'a'i'lslt:d
(Mean + SD) & P 1 (Mean + SD) s

hsa-miR-1283 2 57.10 4 87.82 0.962 417 x 1078 3.59 x 10°° 203.52 +173.84 0.977 0.00635
hsa-miR-517a-3p * 20.19 4 37.78 0.960 517 x 1078 411 x 10°° 76.56 + 73.88 0.980 0.01599
hsa-miR-526b-5p # 17.12 £ 25.90 0.962 2.19 x 1077 1.62 x 107° 39.62 4 34.83 0.977 0.01056
hsa-miR-517-5p * 16.90 + 29.75 0.962 9.56 x 1077 6.17 x 107° 70.67 £ 67.45 0.981 0.02191
hsa-miR-519¢-3p # 11.08 + 20.08 0.965 5.11 x 107° 0.00026 36.44 4 32.83 0.966 0.00034
hsa-miR-519d-5p * 6.12 £9.51 0.961 1.53 x 107° 0.00063 10.75 £ 11.77 0.969 0.01205
hsa-miR-515-5p * 10.50 + 19.12 0.967 1.50 x 10° 0.00063 26.70 + 26.08 0.968 0.00076
hsa-miR-27b-3p 29,699.76 + 20,347.78 1.008 498 x 107° 0.00172 55,214.27 + 41,098.16 1.011 0.00110
hsa-miR-885-5p 13.50 £ 17.92 1.036 498 x 1075 0.00172 40.63 = 78.98 1.034 0.00588
hsa-miR-520a-5p * 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 # 9.80 4 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 243 +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. * 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 g-value. Interestingly, the top 2 pathways were related to fatty acid metabolism
(p =1 x 10—325, 6 miRNAs) and fatty acids biosynthesis (p <1 x 10—325, 4 miRNAs).

Fatty acid metabolism-
Fatty acid biosynthesis =
Prion diseases=

ECM-receptor interaction-

KEGG pathway

.
=)
[~
=1
w
S

Proteoglycans in cancer=

Lysine degradation=

Hippo signaling pathway =

—log10(pvalue (FDR))

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 g-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 (Ist trimester vs. at delivery). These four miRNAs are all
encoded in the C1I9MC, the expression of which is known to increase throughout pregnancy.
Opverall, 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 C1I9MC. 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.

14



Biomedicines 2022, 10, 1726

Author Contributions: L.B. designed the study with the contribution of V.D., M.S.S., P-EJ., PP,
M.-EH. and R.G.; C.L. and V.D. performed data collection with K.T.; C.L., A.-A.C. and EW. worked
on bioinformatics analysis; K.T. performed statistical analyses; K.T. wrote the manuscript with the
collaboration of V.D. and L.B.; P.P,, M.-EH., R.G. and L.B. supervised all steps of the study. All authors
have read and agreed to the published version of the manuscript.

Funding: K.T., C.L. and A.-A.C. were supported by a doctoral research award from Fonds de la
recherche du Québec en santé (FRQS). V.D. received funding from Diabéte Québec. L.B., M.S.S. and
PEJ. are research scholars from the FRQS and a member of the CR-CHUS, a FRQS-funded Research
Center. This study was supported by the CIHR (Grant #1GH-155183), the Fondation de ma vie of the
CIUSSS du Saguenay-Lac-St-Jean—Hopital Universitaire de Chicoutimi and Diabete Québec. The
Gen3G birth cohort recruitment was supported by operating grants from the FRQS (Grant #20697),
the CIHR (Grant #MOP 115071), Diabete Québec, and the Canadian Diabetes Association (CDA;
Grant #0G-3-08-2622-JA).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of CIUSSS de 1’Estrie-CHUS (protocol code
#MP-31-2019-3059 and February 7 2019)” for studies involving humans.

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

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We thank the McGill University and Génome Québec Innovation Centre (Montréal,
Canada) staff for their work in libraries quality control and sequencing. We are also grateful to Calcul
Québec (Montréal, Canada) and Compute Canada (Toronto, Canada) for their support in this research.
Finally, we thank all the participants of the Gen3G and 3D cohorts.

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

References

1. Caballero, B. The Global Epidemic of Obesity: An Overview. Epidemiol. Rev. 2007, 29, 1-5. [CrossRef] [PubMed]

2. Valsamakis, G.; Kyriazi, E.; Mouslech, Z; Siristatidis, C.; Mastorakos, G. Effect of Maternal Obesity on Pregnancy Outcomes and
Long-Term Metabolic Consequences. Hormones 2015, 14, 345-357.e3. [CrossRef] [PubMed]

3. Taugeer, Z.; Gomez, G.; Stanford, F.C. Obesity in Women: Insights for the Clinician. J. Womens Health 2018, 27, 444-457.
[CrossRef] [PubMed]

4. Catalano, PM.; Shankar, K. Obesity and Pregnancy: Mechanisms of Short Term and Long Term Adverse Consequences for Mother
and Child. BMJ Br. Med. ]. Online 2017, 356, j1. [CrossRef]

5. Berger, H.; Melamed, N.; Murray-Davis, B.; Hasan, H.; Mawjee, K.; Barrett, ].; McDonald, S.D.; Geary, M.; Ray, ].G. Prevalence of
Pre-Pregnancy Diabetes, Obesity, and Hypertension in Canada. J. Obstet. Gynaecol. Can. 2019, 41, 1579-1588.€2. [CrossRef]

6.  Overweight & Obesity Statistics | NIDDK. Available online: https://www.niddk.nih.gov/health-information /health-statistics /
overweight-obesity (accessed on 21 March 2022).

7. Catalano, PM.; MclIntyre, H.D.; Cruickshank, J.K.; McCance, D.R.; Dyer, A.R.; Metzger, B.E.; Lowe, L.P.; Trimble, E.R.;
Coustan, D.R.; Hadden, D.R.; et al. The Hyperglycemia and Adverse Pregnancy Outcome Study: Associations of GDM and
Obesity with Pregnancy Outcomes. Diabetes Care 2012, 35, 780-786. [CrossRef]

8.  Kelly, A.C.; Powell, T.L.; Jansson, T. Placental Function in Maternal Obesity. Clin. Sci. 2020, 134, 961-984. [CrossRef]

9.  Godfrey, K.M.; Reynolds, R.M.; Prescott, S.L.; Nyirenda, M.; Jaddoe, V.W.V.; Eriksson, ].G.; Broekman, B.EP. Influence of Maternal
Obesity on the Long-Term Health of Offspring. Lancet Diabetes Endocrinol. 2017, 5, 53-64. [CrossRef]

10. Poirier, C.; Desgagné, V.; Guérin, R.; Bouchard, L. MicroRNAs in Pregnancy and Gestational Diabetes Mellitus: Emerging Role in
Maternal Metabolic Regulation. Curr. Diab. Rep. 2017, 17, 35. [CrossRef]

11.  Morales-Prieto, D.M.; Ospina-Prieto, S.; Chaiwangyen, W.; Schoenleben, M.; Markert, U.R. Pregnancy-Associated MiRNA-
Clusters. J. Reprod. Immunol. 2013, 97, 51-61. [CrossRef]

12.  Légaré, C.; Clément, A.-A.; Desgagné, V.; Thibeault, K.; White, F; Guay, S.-P.; Arsenault, B.J.; Scott, M.S.; Jacques, P-E.;
Perron, P; et al. Human Plasma Pregnancy-Associated MiRNAs and Their Temporal Variation within the First Trimester of
Pregnancy. Reprod. Biol. Endocrinol. 2022, 20, 14. [CrossRef]

13.  Morales-Prieto, D.M.; Favaro, R.R.; Markert, U.R. Placental MiRNAs in Feto-Maternal Communication Mediated by Extracellular
Vesicles. Placenta 2020, 102, 27-33. [CrossRef] [PubMed]

14.  Awamleh, Z.; Gloor, G.B.; Han, V.K.M. Placental MicroRNAs in Pregnancies with Early Onset Intrauterine Growth Restriction

and Preeclampsia: Potential Impact on Gene Expression and Pathophysiology. BMC Med. Genom. 2019, 12, 91. [CrossRef]

15



Biomedicines 2022, 10, 1726

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

Hromadnikova, I.; Kotlabova, K.; Ondrackova, M.; Pirkova, P; Kestlerova, A.; Novotna, V.; Hympanova, L.; Krofta, L. Expression Profile
of C19MC MicroRNAs in Placental Tissue in Pregnancy-Related Complications. DNA Cell Biol. 2015, 34, 437-457. [CrossRef]
Hromadnikova, I.; Dvorakova, L.; Kotlabova, K.; Krofta, L. The Prediction of Gestational Hypertension, Preeclampsia and Fetal
Growth Restriction via the First Trimester Screening of Plasma Exosomal C19MC MicroRNAs. Int. J. Mol. Sci. 2019, 20, 2972.
[CrossRef] [PubMed]

Légaré, C.; Desgagné, V.; Poirier, C.; Thibeault, K.; White, F.; Clément, A.-A.; Scott, M.S.; Jacques, P-E.; Perron, P; Guérin, R; et al.
First Trimester Plasma MicroRNAs Levels Predict Matsuda Index-Estimated Insulin Sensitivity between 24th and 29th Week of
Pregnancy. BM] Open Diabetes Res. Care 2022, 10, €002703. [CrossRef]

Jing, J., Wang, Y.; Quan, Y.; Wang, Z; Liu, Y.; Ding, Z. Maternal Obesity Alters C1I9MC MicroRNAs Expression Profile in Fetal
Umbilical Cord Blood. Nutr. Metab. 2020, 17, 52. [CrossRef] [PubMed]

Tsamou, M.; Martens, D.S.; Winckelmans, E.; Madhloum, N.; Cox, B.; Gyselaers, W.; Nawrot, T.S.; Vrijens, K. Mother’s Pre-Pregnancy
BMI and Placental Candidate MiRNAs: Findings from the ENVIRONAGE Birth Cohort. Sci. Rep. 2017, 7, 5548. [CrossRef]
Enquobahrie, D.A.; Wander, P.L.; Tadesse, M.G.; Qiu, C.; Holzman, C.; Williams, M.A. Maternal Pre-Pregnancy Body Mass Index
and Circulating MicroRNAs in Pregnancy. Obes. Res. Clin. Pract. 2017, 11, 464-474. [CrossRef]

Carreras-Badosa, G.; Bonmati, A.; Ortega, F.-].; Mercader, ].-M.; Guindo-Martinez, M.; Torrents, D.; Prats-Puig, A.; Martinez-
Calcerrada, J.-M.; de Zegher, F; Ibafiez, L.; et al. Dysregulation of Placental MiRNA in Maternal Obesity Is Associated with Pre-
and Postnatal Growth. . Clin. Endocrinol. Metab. 2017, 102, 2584-2594. [CrossRef]

Guillemette, L.; Allard, C.; Lacroix, M.; Patenaude, ].; Battista, M.-C.; Doyon, M.; Moreau, J.; Ménard, J.; Bouchard, L.;
Ardilouze, J.-L.; et al. Genetics of Glucose Regulation in Gestation and Growth (Gen3G): A Prospective Prebirth Cohort of
Mother—-Child Pairs in Sherbrooke, Canada. BM] Open 2016, 6, e010031. [CrossRef]

Krukowski, R.A.; West, D.S.; DiCarlo, M.; Shankar, K.; Cleves, M.A; Saylors, M.E.; Andres, A. Are Early First Trimester Weights
Valid Proxies for Preconception Weight? BMC Pregnancy Childbirth 2016, 16, 357. [CrossRef] [PubMed]

Fraser, W.D.; Shapiro, G.D.; Audibert, E; Dubois, L.; Pasquier, J.; Julien, P.; Bérard, A.; Muckle, G.; Trasler, J.; Tremblay, R.E.; et al.
3D Cohort Study: The Integrated Research Network in Perinatology of Quebec and Eastern Ontario. Paediatr. Perinat. Epidemiol.
2016, 30, 623-632. [CrossRef] [PubMed]

Burgos, K.L.; Javaherian, A.; Bomprezzi, R.; Ghaffari, L.; Rhodes, S.; Courtright, A.; Tembe, W.; Kim, S.; Metpally, R.; Van
Keuren-Jensen, K. Identification of Extracellular MiRNA in Human Cerebrospinal Fluid by Next-Generation Sequencing. RNA
2013, 19, 712-722. [CrossRef] [PubMed]

Rozowsky, J.; Kitchen, R.; Park, J.J.; Galeev, T.R.; Diao, J.; Warrell, J.; Thistlethwaite, W.; Subramanian, S.L.; Milosavljevic, A.;
Gerstein, M. ExceRpt: A Comprehensive Analytic Platform for Extracellular RNA Profiling. Cell Syst. 2019, 8, 352-357.e3.
[CrossRef] [PubMed]

Kozomara, A.; Griffiths-Jones, S. MiRBase: Annotating High Confidence MicroRNAs Using Deep Sequencing Data. Nucleic Acids
Res. 2014, 42, D68-D73. [CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Love, M.L; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq?2. Genonze
Biol. 2014, 15, 550. [CrossRef]

Blighe, K.; Rana, S.; Lewis, M. EnhancedVolcano: Publication-Ready Volcano Plots with Enhanced Colouring and Labeling.
Available online: https://github.com/kevinblighe /EnhancedVolcano (accessed on 16 February 2022).

Vlachos, 1.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.;
Hatzigeorgiou, A.G. DIANA-MiRPath v3.0: Deciphering MicroRNA Function with Experimental Support. Nucleic Acids
Res. 2015, 43, W460-W466. [CrossRef]

Luo, S.-S; Ishibashi, O.; Ishikawa, G.; Ishikawa, T.; Katayama, A.; Mishima, T.; Takizawa, T.; Shigihara, T.; Goto, T.; Izumi, A.; et al.
Human Villous Trophoblasts Express and Secrete Placenta-Specific MicroRNAs into Maternal Circulation via Exosomes. Biol.
Reprod. 2009, 81, 717-729. [CrossRef]

Légaré, C.; Desgagné, V.; Thibeault, K.; White, F; Clément, A.-A.; Poirier, C.; Luo, Z.-C.; Scott, M.; Jacques, P-E.; Perron, P; et al.
First Trimester Plasma MicroRNA Levels Predict Risk of Developing Gestational Diabetes Mellitus. Front. Endocrinol. 2022, 13.
Liu, L.; Zhang, J.; Liu, Y. MicroRNA-1323 Serves as a Biomarker in Gestational Diabetes Mellitus and Aggravates High Glucose-
Induced Inhibition of Trophoblast Cell Viability by Suppressing TP53INP1. Exp. Ther. Med. 2021, 21, 230. [CrossRef] [PubMed]
Fu, J.-Y,; Xiao, Y.-P; Ren, C.-L.; Guo, Y.-W.; Qu, D.-H.; Zhang, ].-H.; Zhu, Y.-]. Up-Regulation of MiR-517-5p Inhibits ERK/MMP-2
Pathway: Potential Role in Preeclampsia. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 6599-6608. [CrossRef] [PubMed]

Liu, G; Lei, Y,; Luo, S.; Huang, Z.; Chen, C.; Wang, K; Yang, P.; Huang, X. MicroRNA Expression Profile and Identification of
Novel MicroRNA Biomarkers for Metabolic Syndrome. Bioengineered 2021, 12, 3864-3872. [CrossRef] [PubMed]

Klop, B.; Elte, ].W.E,; Castro Cabezas, M. Dyslipidemia in Obesity: Mechanisms and Potential Targets. Nutrients 2013, 5,
1218-1240. [CrossRef]

Herrera, E. Lipid Metabolism in Pregnancy and Its Consequences in the Fetus and Newborn. Endocrine 2002, 19, 43-55. [CrossRef]
Tam, S.; de Borja, R.; Tsao, M.-S.; McPherson, J.D. Robust Global MicroRNA Expression Profiling Using Next-Generation
Sequencing Technologies. Lab. Investig. ]. Tech. Methods Pathol. 2014, 94, 350-358. [CrossRef]

16



. biomedicines

Article

Dysregulation of Serum MicroRNA after Intracerebral
Hemorrhage in Aged Mice

Dominic Robles, De-Huang Guo, Noah Watson, Diana Asante and Sangeetha Sukumari-Ramesh *

Citation: Robles, D.; Guo, D.-H.;
Watson, N.; Asante, D.; Sukumari-
Ramesh, S. Dysregulation of Serum
MicroRNA after Intracerebral
Hemorrhage in Aged Mice.
Biomedicines 2023, 11, 822.
https://doi.org/10.3390/
biomedicines11030822

Academic Editors: Milena Rizzo

and Elena Levantini

Received: 18 November 2022
Revised: 1 February 2023
Accepted: 6 February 2023
Published: 8 March 2023

Copyright: © 2023 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/).

Department of Pharmacology and Toxicology, Medical College of Georgia, Augusta University, 1120 15th Street,
CB3618, 30912 Augusta, Georgia; dominic.s.robles@live.mercer.edu (D.R.); dehuangguo@yahoo.com (D.-H.G.);
nowatson@augusta.edu (N.W.); dasante@augusta.edu (D.A.)

* Correspondence: sramesh@augusta.edu; Tel.: +706-446-3645; Fax: +706-721-2347

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 uL 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 nL) 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 x 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.

18



Biomedicines 2023, 11, 822

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 12,000x 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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miRNA extraction miRNA extraction

miRNA analysis

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 —-59 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

mmu-miR-200c-5p
mmu-miR-1199-5p
mmu-miR-34c¢-5p
mmu-miR-34b-5p
mmu-miR-200b-3p
mmu-miR-34b-3p
mmu-miR-200c-3p
mmu-miR-1298-5p
mmu-miR-194-5p
mmu-miR-122-3p
mmu-miR-122-5p
mmu-miR-9-5p
mmu-miR-384-5p
mmu-miR-9-3p
mmu-miR-124-3p
mmu-miR-216a-5p
mmu-miR-541-5p
mmu-miR-451a
mmu-let-7g-5p
mmu-miR-770-3p

mmu-miR-219a-2-3p
mmu-miR-137-3p

mmu-miR-133b-3p
mmu-miR-133a-5p
mmu-miR-135a-5p
mmu-miR-148a-5p
mmu-miR-138-5p

mmu-miR-301a-3p

Low expression High expression
Sham | Sham 2 Sham 3 ICH 1 ICH2 ICH3

@ Control
® ICH

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).

15 *k

10 -

Composite Neurological
Deficit Score

0~
Sham ICH
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 (1 = 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-122-5 Cell growth and proliferation, inflammation, oxidative Gastric cancer [38], renal cell carcinoma [39], liver cancer [40], pancreatic ductal
P stress, apoptosis adenocarcinoma [41], transient ischemic attack [42]
pop
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-9-5 Apoptosis, inflammation, cell growth and Traumatic brain injury [45], ischemic stroke [46,48], Alzheimer’s disease [49],
P proliferation, autophagy glioblastoma [50]
miR-137-3 Oxidative stress, neuron necrosis, apoptosis Lung cancer [51], ICH [52], traumatlg brain injury [45], brachial plexus root
P POpP avulsion [53]
miR-1298-5p Proliferation, cell migration and adhesion, apoptosis, Breast cancer [54], non-small cell lung cancer [55], ischemic stroke[56],

neuroinflammation

glioma [57]

miR-219a-2-3p

Oxidative stress, cell growth, apoptosis, neuroinflammation

Traumatic brain injury [58], lung cancer [59], spinal cord injury [60]

Neurotoxicity [61], lung injury [62], spinal cord injury [63], diabetic

miR-384-5p Autophagy, inflammation encephalopathy [64]
miR-34b-3p Metastasis, oxidative stress, cell growth Concussion [65], lgptomenlngeal mefastagls [66], colorec_tal 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-5 Oxidative stress, apoptosis, inflammation, migration, Parkinson’s disease [81], white matter ischemic injury [82], kidney injury [83],
P proliferation, invasion retinoblastoma [84], B- cell acute lymphoblastic leukemia [85]
miR-200b-3p Cell growth, proliferation, metastasis Prion disease [86], transient 1schem1_c a_tthk [87], colorectal cancer [88], traumatic
brain injury [89]
miR-135a-5 Apoptosis, inflammation, metastasis, Atherosclerosis [90], temporal lobe epilepsy [91], ischemic brain injury [92],
P proliferation, migration colorectal cancer [93,94], diabetic nephropathy [95]
miR-148a-5p Inflammation, cell growth, proliferation, metabolism Irritable bowel syndrome [96], Crohn’s disease [97]
Parkinson’s disease [98],
miR-133b-3p Inflammation, neurodegeneration Central post stroke pain[99],
myotonic dystrophy [100]
miR-1199-5p Migration, metastasis Tumor metastasis [101]
miR-133a-5p Apoptosis Hepatic ischemia [102]
. . e . N Cerebral ischemia [103], ICH [104], blood brain barrier dysfunction [105],
miR-451a Blood brain barn’er Permeablh_ty, cell dlfferlentlatlun, glioblastoma [106], prostate cancer [107], pancreatic cancer [108], Alzheimer’s
metastasis, inflammation, apoptosis . : .
disease [109], multiple sclerosis [110]
miR-138-5p Neuroinflammation, metastasis Breast cancer [111], cognitive impa?rment [112], glioblastoma [113], Parkinson’s
disease [114]
let-7g-5p Cell growth and differentiation, proliferation, metastasis Alzheimer’s disease 1115],’ gast‘ric cancer [116], liver disease [117],
glioblastoma [118]

. . . . L Multiple sclerosis [119], endometriosis [120], macular degeneration [121],
miR-301a-3p Inflammation, apoptosis, cell differentiation 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]

Epilepsy [128,129], pancreatic cancer [130], breast cancer [131], esophageal
miR-194-5p Proliferation, apoptosis adenocarcinoma [132], mitochondrial neuro-gastrointestinal
encephalomyopathy [133],
miR-200c-3p Metastasis, inflammation, cell growth Bladder cancer [134,135], colorectal canceAr‘[136k138], 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.

miR-122-5p  miR-34b-3p miR-let-7g-5p

miR-122-3p miR-34¢-5p miR-301a-3p
miR-9-3p miR-34b-5p miR-200¢-5p
miR-9-5p miR-200b-3p miR-194-5p

miR-1298-5p miR-148a-5p miR-200¢-3p

miR-384-5p miR-133b-3p miR-216a-5p
miR-124-3p miR-1199-5p miR-219a-2-3p
miR-137-3p  miR-133a-5p miR-135a-5p
miR-138-5p miR-541a miR-541-5p
miR-770-3p

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).
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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 11, 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
OVAL1 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.
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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-
Gonzélez 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
etal., 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-548] 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

40



Biomedicines 2023, 11, 652

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
TagMan 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)

N° of
Cancer Subjects
Type (Cancer vs
Control)

miRNAs Status Sensitivity ~ Specificity AUC

[82]

cell free

miR-3679-5p

MiR.940 PC 40 vs 40

72.5% 70.0% 0.750

[77]

cell free

miR-21
miR-23a
miR-23b
miR-29¢

71.4% 100% -
85.7% 100% -
85.7% 100% -
57.0% 100% -

PC 7vs4

[92]

exosomes

miR-1246

miR-4644 83.3% 92.3% 0.833

PBTC 14vs 13

e T e e

[75]

cell free

miR-1246 PC 41vs 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
miR-29a-3p
miR-29¢-3p CRC 51vs 37
miR-766-3p
miR-491-5p

72.0% 66.7% 0.754

[79]

exosomes
cell free

miR-21-5p
miR-122-5p LiC 24 vs 21
miR-221-3p

66.0% 78.0% 0.770

B —

[85]

cell free

mir-1262
miR-1262
mir-216a
mir-484
mir-30d 20vs 19 o o
miR-216a-5p HCC Cirrhosis ) 83.0% 68.0% 0-780
miR-30d-5p
miR-484
mir-10401
miR-454-3p
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Table 1. Cont.

N° of
Source . Cancer Subjects . e
Reference (Analytes) miRNAs Type (Cancer vs Status Sensitivity ~ Specificity AUC
Control)
iR-4484

[86] cell free mrian-3663—3p MPE 57 vs 49 I 82.2% 74.1% 0.802

[87] cell free miR-21 BC 41 vs 39 1T 100% 100% 1.0
miR-140-5p T - - 0.700
miR-374a T - - 0.650
[88] cell free miR-454 GC 100 vs 100 4 B ) 0.630
miR-15b T - - 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 assays; (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-dioxygenasel (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
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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].

Zermeno-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~! 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].

Zavesky 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].
Zavesky 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. Zavesky 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 TagMan 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 TagMan 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.

Source

Reference Biofluid (Analytes) miRNAs Status Case Controls AUC (95% CI)
miR-92 0 1.00 (0.815-1.000)
. miR-106b + 6 EOC 0.97 (0.764-1.000)
[113] urine cell free miR-100 1 FTIC 13HS 0.85 (0.601-0.970)
miR-200b T 1.00 (0.782-1.000)
[115] urine exosomes miR-30a-5p T 39 OSA 2§OB§SD 0.86 (0.709-1.016)
. miR-15a 1T
[116] urine cell free let-7a 1 13 0C 17 HS
miR-203-3p T 1.000 (0.782-1.000)
Ascite miR-204-5p T 1.000 (0.782-1.000)
[117] vs exosomes miR-135b-5 + 120C 12 HS 1.000 (0.782-1.000)
P
Plasma miR-182-5p 1 0.964 (0.725-1.000)
miR-451a 1 0.964 (0.725-1.000)
. let-7b. 1
As\fslte miR-23b i
[120] Benign exosomes gl:g__ggg i 8 OC 10 HS
pefrli‘i’g:al miR-205 !
miR-720 1
miR-200c-3p )
Ascite miR-18a-5p 1)
miR-1246 1
[122] 12231 . exosomes miR-1290 4 50C 2 BGD
p miR-100- 5p 1
miR125b-3p 1
Ascite
vS miR-1246 1
[123] Benign exosomes miR—1290 4 78 OC 72 BGD
peritoneal
fluids
let-7d-5p T
Uterine miR-203a T
[124] cavity fluids Cell free miR-200b T 26 OC 48 BGD
y miR-200c 1
miR-191 1+
Uterine miR-451a 1
[125] vity fluid exosomes miR-199a-3p I 5EOC 5HS
cavity fluids miR-375-3p 1

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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T N

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 IncRNA) 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 TagMan 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.
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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 Insigl (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- gfl, 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 !, 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; 1 = 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, Ledn, Espafa) 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-700™ (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 ng) was reverse-transcribed using the miRCURY LNA™
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 2724¢t
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 g 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 5min 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 uM 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-AACt 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 uL 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 uL 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 (1 = 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 3 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
Body weight (g) 223 4+9 253 +7 252 +11 -
Prior to gestation Body fat (g) 291+21a 515+47b 529+66Db MD
Body fat (%) 1244+08a 200+£13b 204+17Db MD
Day 17 of gestation ~ Body weight (g) 309 +9 322+ 8 324+ 14 -

Body weight (g) 304+9a 283 +5b 311+7a MD
Day 21 of lactation _ Bodyfat(g)  295+24a 320+22a 413+439b  MD
Body fat (%) 97+08a 11.3+07ab 132+1b 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 Insigl (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.

Expression of target genes in mammary gland at day 21 of lactation
[ Control
Bl Western-diet
[0 Reversion

200- Targets of miR-26a Targets of miR-1252 | Targets of miR-222 | Target of miR-484

150+

# a 4
— a
a
100- =
b ab by
b
0-

Insigl Pten Rb1 Elovl6 Stat3  Cdknlb  Cxcrd Vegfa

mRNA levels (%)

g

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 % Associated No. Genes
p-Value Genes

WP:3888 VEGFA-VEGER?2 signaling 0.0002 16.9 74
pathway

WP:2853 Endoderm differentiation <0.0001 26.0 38

Brain-derived neurotrophic

WP:2380 factor (BDNF) signaling <0.0001 25.0 36
pathway

WP:481 Insulin signaling 0.0003 22.4 36

WP:2857 Mesodermal commitment 0.0004 3 35
pathway

WP:673 ErbB signaling pathway 0.0001 28.6 26

WP:4685 Melanoma 0.0002 30.9 21

Hematopoietic stem cell
WP:3657 gene regulation by the 0.0004 50.0 11
GABP alpha/beta Complex

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 (1) 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 (Insigl, 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 Insigl, 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 Insigl 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 3 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 Insig] 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 RbI 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 (3-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
VEGEF-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 (ELOVLS),
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 3000x 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 uL of plasma/sample using the Total
RNA Purification Plus Kit (Norgen Biotek Corp., Thorold, ON, USA). Final elution was
performed using 50 pL of Elution Solution A, as indicated by the manufacturer’s protocol.
In the case of the “no-extraction” protocol, 200 uL of plasma from the same samples were
incubated at room temperature with proteinase K (200 ug/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 pL of RNA from each sample were used for two-step PCR
amplification with the TagMan 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
1h. (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/uL 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 R? 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 (10° to 10" copies/uL). Linear
regression analysis between expected and assessed copy numbers for miR-54-3p showed an
R? 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 APCR 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/uL 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
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overlap in terms of copies/ L, 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.
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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 (10° to
10" copies/ L) of synthetic cel-miR-54-3p in triplicate. The data are expressed as Log10 (miRNA
copies/uL 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/ L 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/uL. 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/ L 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/uL 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/pL 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).
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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 pL and 200 uL, respectively). The level of each miRNA was cal-
culated as Log10 of copy number/uL. 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/uL 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 (1 = 6) in comparison to healthy subjects (1 = 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/ L) vs. controls (1.33 [1.21, 1.46] copies/uL, p = 0.002).
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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/pL.
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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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10061354/s1, Supplementary Figure S1: miRNA
detection in human plasma by digital PCR; Supplementary Table S1: miRNA used with respective
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.
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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].
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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 Ca®* 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 Ca?*, and ADP-ribosylation factor 6 (Arf-6), which is
synchronized with the RhoA and ROCK signaling pathways for oncosome release) [16,17].

(oo ), (@
RAB22A, HIF

(1) ARRDCA1,

Tsg101, VPS4 (3) ARF6, PLD,

ERK, MLCK

(1) RAB11/35
(2) RAB27A/B
(3) RAB7

(4) DGKa

(5) VAMP7

r
(]

(1) Tsg101
ARRDC1

(2) TGM2

(3) Gelatinases,
ARF6, MHC-|
B1-integrin
VAMP3

(4) MTIMMP

(5) Lipids

(1) PLP, Wnt,
flotillin TR

(2) CD63, Tsg101,
ALIX

(3) ALIX, syntenin
syndecan

(4) LAMP1, CD63
Fas Ligand

(5) Acetyl-
cholinesterase

(1) Heparanase,
ARF6/PLD2
(2) nSMAse

(1) Syntenin-1
. " CD63, MHC Il syndecan CD63

\ b 2) PLP, CD63
SKD1/VPS4 ubiquitinated ( 2
Alix, Tsg101 ‘ s CD81, Tsg101

Chmp4 KFERQ-proteins

Figure 2. EV biogenesis pathways. (A) MV biogenesis. Plasma membrane rearranges at specific sites
following Ca?* 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
Regulation of matrix degradation by directly acting on the
ARF1 Golgi apparatus and structures associated with invasiveness—invadopodia [10]
shedding microvesicles maturation and the shedding of membrane-derived
microvesicles
Regulating the actomyosin-based membrane abscission
Plasma membrane, cytosol, ; . . .
ARF6 mechanism to control the shedding of microvesicle [7]
and endosomal membranes -
in tumor cells
Nonclathrin-derived Increasing microvesicle shedding in human breast cancer
Rab22a Endosomes, budding under hypoxic conditions and knockdown of RAB22A [22]
microvesicles impairs breast cancer metastasis
Involved in microvesicle biogenesis through regulation of
RhoA Membrane and cytosol myosin light chain phosphatase. required for [11]
microvesicle shedding
ARRDC1-mediated relocalization of TSG101 may alter
ARRDC1 Plasma membrane endosomal trafficking and sorting and signal transduction by [23]
receptors subjected to endosomal sorting mechanisms
DIAPHS3 silencing also promotes shedding of extracellular
Plasma membrane vesicles (EV) containing bioactive cargo and increases
DIAPH3 . L proliferation of recipient tumor cells, and suppresses [24,25]
Microtubules/microvilli . . .
proliferation of human macrophages and peripheral blood
mononuclear cells
Myosin-1a Plasma membrane Enterocyte microvilli containing Myosin-la are active [26]

vesicle-generating organelles

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, -1, -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
Binding to/clustering with
sC S VHS, FYdVE’ P,(S/TAXP’ GAT ubiquitinated cargo for delivery into MVBs,
ESCRTs-0 HR iled-coil oman} arll in-bindi and recruits clathrin, ubiquitin ligases, and Clustering of Ub cargo, (311
coiled-coil core, clathrin-binding deubiquitinating enzymes, and almost MVB biogenesis
VHS, UIM, SH3, GAT domain certainly has other
STAM1/2 > X nly [32]
and coiled-coil core functions as well
Binding ubiquitinated cargo, ESCRT-0,
ESCRT5-1 TSG101 UEYV, PRD, stalk, headpiece ESCRT1, BRO1 and [33,34]
viral proteins Membrane budding,
HVPS28 headpiece, Vps28 CTD ESCRT-0, ESCRTL, BRO1 and MVB biogenesis, viral (35]
viral proteins budding, replication
VPS37 basic helix, stalk, headpiece Membrane binding and cytolinesis [36]
stalk, headpiece (“UMA
hMVB12 domain’), MAPB N/A 1371
. . Binding ubiquitinated cargo, binding to
ESCRTs-11 EAP20/VPS25 Wi d-hel; 38
y / bmg.e h l'e > . human ]?SCRle . The essential partner of (58]
asic helix, orming nearly equivalent ESCRT-I in MVB
EAP30/VPS22 Winged-helix interactions with the two Vps25 molecules biogenesis and budding 1391
Binding PI containing formation, membrane
EAP45/VPS36 Winged-helix, GLUE, membranes, ubiquitinated cargo and budding [40]
ESCRT-1-i
ESCRT5-11T CHMP2/VPS2 MIM1 Recruits VPS4, initiates ESCRT disassembly [41]
CHMP3/VPS24 weak MIM1 Caps Snf7 polymer, recruits VPS2 [41]
CHMP4/SNE7 weak MIM2 Ma‘;gggf Eifn'ge];‘::{ ane Membrane scission [42]
CHMP6/VPS20 MIM2 Binding ESCRT-II and Doa4, acts as nucleator [41]
of Snf7 polymer
Vps4 solubilizes
ESCRT-III subunits at
AAA ATPase disassembles ESCRT-III, active the cost of ATP
VPS4 SKD1/VPS4 MIT, AAA function in MVB membrane scission hydrolysis. LIP5 binds 431
to Vps4 and promotes
Binding vps4 to promote its oligomerization,
LIPS MIT ESCRT-III recycling activity, and ESCRT-III [44]
binding

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 -
IT 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-IIT 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
MCE-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 sphingosinel-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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microvesicles

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):

mir-320 exosomes

@ _2.Juxtacrine signaling
it
¢

ol N
mir-198 hnRNP-A2B1
mir-601

el . e
mirdst 3u>3A ° . .::‘\"““','.‘-:mmm st
!

3.1. Phagocytosis
"es
£

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.
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(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, WIMSCs produced exosomes enriched with miR-29a, which specifically target
histone deacetylase 4 (HDAC4, an elevated marker in AD patients). A reduction in Ap
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 8 (AB) 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 AB 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 /¢, 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 H,O, and CoCl,. 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-«B, 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 (3-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/TREM2/1L-10/arginase
1/MBP/PLP genes, thus avoiding the neuronal/glial cell dysregulation that characterizes ALS
mice. It also prevented upregulated GFAP/Cx43/5100B/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 MNSs 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-1f3, IL-18, HMGBI, 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 MNss were transfected with 15 nM anti-miR-124 (Ambion®
Anti-miR™ 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 MNss (secretome) was collected and centrifuged at 1000x g
for 10 min to remove any cell debris. Since intrathecal injection requires very low volumes
of the secretome [24], we concentrated it 100x using a Vivaspin™ 20 sample concentrator
(5 kDa; GE Healthcare, Chicago, IL, USA). For this purpose, the secretome was subjected
to a centrifugation of 4000x 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 x 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/] males (no. 002726) and non-transgenic B6SJLF1/]
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 sEV's 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 MNss 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 uL 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 MNss (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 4= 1.4;
mSOD1 + vehicle, 24.6 + 0.9 and 25.2 4+ 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 um 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-gPCR

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
c¢DNA 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 LNA™ 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~#2Ct 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®, Géttingen, 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 x 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 pug/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 20x magnification. Images stained with Iba-1 and GFAP were obtained
with 40 x 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
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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 iBright™ analysis software. Results
were normalized to the expression of 3-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/] 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 MNss [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—Z—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 MNSs 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).
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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 41, p < 0.0001 vs. WT + vehicle) reflexes, in accordance
with abnormalities in the corticospinal tract.
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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 41, 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 54), suggesting the existence of neuronal dysfunction and the
eventual compromise of neuromuscular transmission and muscle functionality.

WT + vehicle mSOD1 + vehicle mSOD1 + sec

WT
+

vehicle

C., .

)
-
Zo
23

=
P
g
= 3
g%
e
82
ge
5

o

1
s> o

N
Noow

mSOD1+sec mRNAs
(fold vs. mSOD1 + vehicle)

mSOD1 mSOD1
+ +

vehicle sec

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 um. (B) Respective average muscle fiber area (in um). (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 -test with Welch'’s correction for
(C,D). NeuN, hexaribonucleotide binding protein 3; PSD-95, postsynaptic density protein 95.

126



Biomedicines 2022, 10, 2120

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.
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Figure 6. Intrathecal injection of the secretome from anti-miR-124-modulated mSOD1 motor neurons
(MNss) 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 pm. 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. MIN 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.
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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 MNss) 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 B-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 ¢-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-gPCR, 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
(atleast p < 0.05 vs. mSOD1 + vehicle, Figure 7F and Supplementary Table 54), 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 54), 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.
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Figure 8. Intrathecal injection of the secretome from anti-miR-124-modulated mSOD1 motor neurons
(MNss) in the lumbar spinal cord (SC) of mSOD1 mice at 12-week-old prevents microglia activation,
astrocyte reactivity, TNF-a 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-1§3, IL-10, and TNF-«) 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 4 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 {-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-1p, interleukin 1f; 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-«, 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 5100 calcium-binding protein B (5100B) 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 oc/ TNF-a (at least p < 0.01 vs. WT + vehicle, Figure 8C and
Supplementary Table S4), while no changes were observed for IL-13. 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).

131



Biomedicines 2022, 10, 2120

A

WT + vehicle

.m$OD1 + vehicle

B GFAP [ Iba-1 [l Hoechst

mSOD1 + sec.

o
o
@
o

T 40 o
< T , £20 1
+ 830 )
SO <8
- we
2E20 6=
b # §11 T -~
<10 oo ok < T
0 0 T T T
WT mSOD1 mSOD1 WT mSOD1 mSODA
+ 4 + + + +
vehicle vehicle sec vehicle vehicle sec
E WT mSoD1 F G mSOD1 mSOD1 H 129
+ + ) + + w3
vehicle vehicle £ 4 =009 vehicle sec s
GFAP il 50 kD2 § § G AP [ 50 KDa B £ .| :
B-actin [W]42KDa 8§ *P90 i -actin[=] @42 kDa & < Y T
S100B[ [ 11 KDa Eﬂ ) T . 1005 W] (S 11 KDa ?806_ T _?_
P-actin W [wwep 42 KDa G % T pacin[ =]em]42K0a £ £ o
% " 14
Vimentin [ |8 57 KDa é 2144 -1 -1 -1 - Vimentin [l [ 57 KDa ; o
-actinMD|@D)42 D2 o 2 B-actin[~_*|[wmm]42KDa E&
'baf1E“§|16 KDa g Iba-1 @] [~ %] 16 KDa o.o-—.—,—,—.—‘2 N
B-actin [WE][~ =] 42 KDa B-actin [ | [e—.] 42 KDa & N@Q’ é\g& &
O o 4\&

Figure 9. Intrathecal injection of the secretome from anti-miR-124-modulated mSOD1 motor neurons
(MNss) 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 um
and (B) 30 um. (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. 3-actin was used as a
loading control for WB analysis. Results are mean (4 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).
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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 {-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 54), 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 Af oligomer reduction, and beta-site
amyloid precursor protein cleaving enzyme 1 (BACEL1) 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 MNss 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 MNis [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

136



Biomedicines 2022, 10, 2120

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 mSODI 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 RN Aseq 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-« 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 MNss 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.
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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 x 10° cells/cm? in Mammocult media (StemCell Technologies) con-
taining the Mammocult Proliferation Supplement (StemCell Technologies), 4 ug/mL hep-
arin (StemCell Technologies), 0.48 ng/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 uL./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 pm
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-gPCR

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 pL 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 tgctcttccaggaacctetg geggceattgtaggtgtte
CDH2 cctgaagccaaccttaactga tggagggatgacccagtct
SOX9 tacccgcacttgeacaac tctegetctegttcagaagtc

DSP aaagaaaatgctgcctactttca ggggtacttcttcctgatgga
TWIST gggeeggagacctagatg tttccaagaaaatctttggcata
SNAIL gcgagctgeaggactctaat cggtggeottgageatct

CD44 tgacacatattgcttcaatgcett tgggcaggtctgtgactg
CD24 atgggcagagcaatggtg ccagttgttgtttcactggaat
HUPO gcttectggagegtgtec ggactcgtttgtaccegttg

2.6. Protein Extraction and Quantification

RIPA buffer was prepared by adding 20 uL of 50 x EDTA-Free protease inhibitor
cocktail (Sigma-Aldrich), and 100 pL PhosStop phosphatase inhibitor (Sigma-Aldrich) to
880 uL 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 x 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 ug 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,
MAB5-14520) 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 x 10° 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
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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 CDHI (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 4FG. 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.
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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 THC 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
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Figure 5. Therapeutic inhibition of miR-22 in TNBC xenograft mice. Mouse Xxenografts overex-
pressing miR-22 show a significant decrease in life expectancy compared to LV-REP 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 (IncRNAs).
For example, inhibition of the IncRNA 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 IncRNAs 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.

Keywords: cancer; microRNA; miR-29; biomarker; therapeutic target

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-
29¢/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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miR-29¢ [11]. These results indicated that miR-29s may function differently in different
conditions in both corporative and separate manner.
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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
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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 (CDKG6) [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-29¢-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-29¢ 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-a (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 CDKG6 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 GO/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.
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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 -29¢ 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-3)
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-
3/SMAD signaling in renal fibrosis [15,52]. Overexpression of miR-29s, however, can
inhibit the expression of TGF-f31 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-29¢ suppressed gastric cancer cell
migration and invasion by negatively regulated J-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/ 3-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 3-catenin and Wnt/ 3-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-31/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.
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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.
114 CRC patients (58 patients AUC: 80.3%

MiR-29a was significantly increased in CRC

Venousblood  with and 56 patients without patients with metastasis than in those without.

Sensitivity: 75% [73]

metastasis) Specificity: 75%
. The serum level of miR-29b was lower in CRC as AUC: 87%
55 CRC patients and . o o
Serum 55 normal controls compared to the normal controls and inversely Sensitivity: 77% [68]
correlated with the advanced tumor stages. Specificity: 75%
Tissue:
AUC: 88.3%
. . . Sensitivity: 81.6%
Tissue 200 CRC patients and The level of miR-29b mn p!a'sma and tlssu'e was Specificity: 84.9%
highly correlated and significantly lower in CRC . [69]
Plasma 400 normal controls Plasma:
versus the normal controls. AUC: 7439

Sensitivity: 61.4%
Specificity: 72.5%
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Table 1. Cont.

Sample Sample Size Outcome Results Ref.
80 CRC patients and The level of miR-29a in feces was significantly AU(.:: 477‘7 /00
Feces . Sensitivity: 85% [71]
51 normal controls lower in CRC versus the normal controls. Specificitv: 61
pecificity: 61%
Serum 160 colorectal neoplasms The level of miR-29a in serum was significantly AUC: 74.1% 701
patients and 77 normal controls lower in colorectal neoplasms
245 CRC patients (34 stages I, . . Lo - D90k ¢ . .
Tissues 63 stages 1T, 104 stage 11T, and MiR 29bAexpre551on was mgmflcafltly decreased nghfer miR-29b is associated with [74]
in tumor versus normal tissues higher 5-year DFS and OS.
44 stages IV)
Higher miR-29a is associated with
Tissucs 110 CRC patients (51 stages I The level of miR-29a was a positive predictive longer DFS. 751
and 59 stages II) factor for non-recurrence in stage II CRC. Sensitivity: 67%
Specificity: 88%
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-29¢ 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-29¢ were upregulated in BC T24 cells as compared to normal cells; and
knockdown of one of the two miR-29b-1/-29¢ caused growth suppression in T24 cells [77].
These data indicated the oncogenic role of miR-29s in this type of cancer.
The miR-29¢, however, was significantly downregulated in BC samples [45,78-80].
Overexpression of miR-29¢ 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-29¢ 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.
392 BC samples and MiR-29¢ was correlated to the
Serum 100 normal controls MiR-29¢c was overexpressed in serum samples  advanced stage and OS time in ~ [36]
Bioinformatic analysis BC patients.
MiR-29a-3p in combination with
276 BC samples: six other miRNAs was used for
. . . . he diagnosis of BC.
Urine 276 normal controls MiR-29a was upregulated in BC patients. b g o [35]
MiSeq and qRT-PCR pres P AUC: 92.3%
Sensitivity: 82%
Specificity: 96%
30 BC samples and MiR-29¢ was downregulated in BC.
Tissue 30 normal controls MiR-29c¢ inhibited cell proliferation, MiR-29¢ was inversely associated 78]
qRT-PCR migration, and cell cycle progression, and with bladder tumor stages.

induce apoptosis through AKT signaling.
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Table 2. Cont.

Sample Sample Size & Methods Outcomes Results Ref.
106 BC samples and
Tissue él norrgil Slir?iple&l e ncidib MiR-29b and miR-29¢c were downregulated in Higher miR-?‘)c levels were [79]
oﬁggﬁucgitiedeﬁiccicaircz:ys ase BC tumors correlated with longer DFS.
108 bladder carcinomas and . o . . . .
Specimen 29 carcinomas invading the bladder MiR-29¢ was significantly under-expressed in High expression of miR-29¢ was [80]

Microarrays

progressed tumors. associated with a better prognosis.

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-29¢ 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
- 58 NAFLD and 34 normal control MiR-29a: lower in NAFLD patient l}){rjrgl%—é?; :
Serum - a MiR-29¢: unchanged s o [91]
qRT-PCR MiR-29b: undetect%ible Sensitivity: 60.87%
’ Specificity: 82.35%
- 266 HCC ) ) . AUC: 0.708
Tissue - Taqman Low-Density Arrays pa29a-5p was ass"ft‘f“e‘% “i“h eagys Sensitivity: 74.2% [92]
qRT-PCR recurrence, resulting in lower Specificity: 68.2%
Venous - 174HCC MiR-29a-3p was higher in both early and AUC: 0.71 [90]
blood - qRT-PCR late stages of HCC (95%CI = 0.62-0.78)
MiR-29a was downregulated in HCC . . . .
] _ 55 HCC and 55 normal control samplegs; Low?r miR-29a is gssoaated with
Tissue - qRT-PCR MiR-29a targeted SIRT1 and suppressed hlghiir talériggr 5153 \Isan;ular 193]
the HCC cell cycle and proliferation. v /P
. - T0HCC MiR-29a was dramatically decreased in miR-29 targeted to SPARC,
Specimen _ qRT-PCR HCC tissues d