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Abstract [ MOREONLINE

Background and Objectives @ class of Evidence
Fragile X syndrome (FXS) is a neurodevelopmental disorder, identified as the most common Criteria for rating

cause of hereditary intellectual disability and monogenic cause of autism spectrum disorders
(ASDs), caused by the loss of fragile X mental retardation protein (FMRP). FMRP is an RNA-
binding protein, a regulator of translation that plays an important role in neurodevelopment,
and its loss causes cognitive and behavioral deficits. MicroRNAs (miRNAs) are small molecules
that regulate gene expression in diverse biological processes. Previous studies found that the
interaction of FMRP with miR-125b and miR-132 regulates the maturation and synaptic
plasticity in animal models and miRNA dysregulation plays a role in the pathophysiology of
FXS. The present study aimed to analyze the expression of miR-125b-5p and miR-132-3p in the
serum of patients with FXS.
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Methods

The expressions of circulating miRNAs were studied in the serum of 10 patients with FXS and
20 controls using the real-time quantitative retrotranscribed method analyzed by relative
quantification. Receiver operating characteristic (ROC) curves and the area under the ROC
curve (AUC) were generated to assess the diagnostic values of the miRNAs.

Results

We found that both miR-125b and miR-132 were increased in the serum of patients with FXS
compared with controls and likely involved with FMRP loss. The AUC (95% confidence
interval) of miR-125b and miR-132 was 0.94 (0.86-1.0) and 0.89 (0.77-1.0), respectively.
Databases allowed for the identification of possible target genes for miR-125b and miR-132,
whose products play an important role in the homeostasis of the nervous system.

Discussion

Our results indicate that serum miR-125b and miR-132 may serve as potential biomarkers for
FXS. The increased expression of circulating miR-125b and miR-132 seems to be associated
with the genotype of FXS. Predicted gene targets of the differentially regulated miRNAs are
involved in cognitive performance and ASD phenotype.

Classification of Evidence
This study provides Class III evidence that miR-125b and miR-132 distinguish men with FXS
from normal controls.
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Glossary

ADNPM = delayed neuropsychomotor development; Ago2 = Argonaute; ASD = autism spectrum disorder; AUC = area
under the ROC curve; BDNF = brain-derived neurotrophic factor; BMPR2 = type 2 BMP receptor; cDNA = complementary
DNA; CGG = cytosine-guanine-guanine; FM = full mutation; FMR1 = fragile X mental retardation 1; FMRP = fragile X mental
retardation protein; FXS = fragile X syndrome; GRIN2A = glutamate ionotropic receptor NMDA type subunit 2A; HCPA = Hospital de
Clinicas de Porto Alegre; HMDD = Human MicroRNA Disease Database; ID = intellectual disability; IGFIR = insulin-like growth
factor 1 receptor; MAPKI = mitogen-activated protein kinase 1; miRNA = microRNA; mRNA = messenger RNA; PSD-95 =
postsynaptic density protein 95; PTEN = phosphatase and tensin homolog; RISC = RNA-induced silencing complex;
ROC =receiver operating characteristic; SIM1 = single-minded 1; SOXS = SRY-box 5; SOX6 = SRY-box 6; TPS3 = tumor

protein pS3.

MicroRNAs (miRNAs) are short noncoding RNAs involved in
posttranscriptional gene regulation by promoting messenger
RNA (mRNA) silencing and influencing protein translation."
Several studies have provided evidence that miRNAs are in-
volved in the pathogenesis of different disorders, and disease-
specific miRNA profiles have been identified being isolated
from bodily fluids (circulating miRNAs), including those se-
lectively expressed in the brain.* miRNAs play a role during
neurodevelopment to regulate essential biological processes in
the functioning of the CNS. The deregulation expression of
miRNAs has been found to play a major role in the patho-
genesis of neurodisorders.” Because of the stability and easy
accessibility of circulating miRNAs, their use as diagnostic and
prognostic biomarkers for patient stratification is highlighted
and the efficacy of targeted treatments for neurodisorders, such
as fragile X syndrome (FXS), is increased.”

FXS is the most common cause of inherited intellectual dis-
ability (ID) and the most prevalent monogenic cause of autism
spectrum disorders (ASDs).* FXS has an estimated incidence of
1 in 4,000 men and 1 in 8,000 women without known incidence
in Brazil.” This neurodevelopmental disorder is characterized by
a broad spectrum of behaviors, such as delayed neuro-
psychomotor development (ADNPM), anxiety, aggression,
self-injury, attention deficit disorder, social withdrawal, and
physical comorbidities, such as facial dysmorphisms, macro-
orchidism, otitis, and seizures, resulting in a large phenotypic
heterogeneity across the FXS population.6 The syndrome is
caused by the loss of fragile X mental retardation protein
(FMRP), a consequence of the full mutation (FM), more than
200 cytosine-guanine-guanine (CGG) repeats in the S’ un-
translated region of the fragile X mental retardation 1 (FMRI)
gene (OMIM# 309550) that leads to hypermethylation of the
promoter region, and consequently the absence of the FMRP.
FXS mosaicism has been described as the coexistence of the FM
and the premutation (CGG repeats between S5 and 200), and
the clinical manifestations of FXS mosaicism may vary accord-
ing to the presence of different methylation levels of the FM
allele leading to differential FMRP expression within tissues.*

FMRP is an RNA-binding protein highly expressed in the CNS
with essential functions for normal development and mainte-
nance of neuronal synaptic function and plasticity through the
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role as a regulator of translation of neuronal mRNAs in response
to synaptic activity.” Reduced expression of FMRP leads to ab-
normalities in neurodevelopmental spines and disturbed neuronal
processes, observed in FXS. The RNA binding capacity of FMRP
is central to its molecular function, it has 2 K homology domains
and 1 arginine-glycine-glycine box, also both nuclear localization
and exportation signals for transport target RNA between the
nucleus and cytoplasm.® FMRP is associated with polyribosomes
to form ribonucleoprotein complexes that regulate translation of
certain proteins involved in neuronal development and plasticity,
and FMRP functions as a translation repressor at synapsis due to
its binding to miRNAs and interactions with proteins, including
Argonaute (Ago2), incorporated into a multiprotein complex
called an RNA-induced silencing complex (RISC), resulting in
the regulation of synaptic structure and plasticity.®

Studies have provided evidence of miRNA involvement in the
pathogenesis of FXS by identifying and isolating several
r(CGG)-derived miRNAs, as miR-125b and miR-132, required
for maintaining neuronal connectivity and synaptic plasticity, in
the zebrafish FXS model.”'® Furthermore, microarray analyses
of miRNAs associated with FMRP in the mouse brain identified
miR-125b and miR-132 and the dysregulation of both miRNA-
mediated protein translation resulting in early neural de-
velopment and synaptic physiology.”"" A recent study showed
that FMRP binds with some miRNAs, specifically miR-125-
family, in regions outside of the seed sequence to modulate the
RISC complex through specific interaction with Ago2 protein.'
In addition, a recent miRNA profiling performed in the urine of
boys with FXS has identified an increase of miR-125a and its
potential as an FXS biomarker."® In this study, these miRNAs
were chosen and analyzed in the serum samples of patients with
FXS (n = 10) compared with healthy controls (n = 20) with the
aim of investigating whether FXS pathogenesis is associated with
miR-125b-5p and miR-132-3p and whether those could be used
as diagnostic and prognostic biomarkers of patients with FXS.

Methods

Clinical Samples
Samples were collected from patients with FXS from the
Medical Genetics Service at Hospital de Clinicas de Porto
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Table 1 Mean and Interval Ranges of Circulating miRNA Expression Levels in FXS and Healthy Controls

miRNAs FXS (n =10) HC (n = 20) p Value Fold change
miR-125b-5p 2.86 (1.46-6.66) 1.12(0.34-2.392) <0.001 2.55
miR-132-3p 2.17 (1.18-3.49) 1.09 (0.37-2.03) <0.001 2.0

Abbreviations: FXS = fragile X syndrome; HC = healthy control; miRNA = microRNA.
p Values: comparison between FXS and controls using the Mann-Whitney test. p < 0.05 was considered statistically significant.
Fold changes were calculated by comparing miRNA expression values between FXS and controls.

Alegre (HCPA) between March 2018 and September 2019. In
total, blood samples of 10 patients with FXS and 20 controls at
HCPA were collected, which included 30 males with ages
ranging from 11 to 26 years. All blood donors were clinically
examined and interviewed and had not been diagnosed with
FXS and neuropathologies at the time of blood collection.
Acknowledging the influence of other diseases, we also ex-
cluded donors who were diagnosed with any other medical
comorbidities or with a family history of neurologic disorders.
Individuals with a maximum age of 26 years were included as
controls in the study to avoid a significant age difference be-
tween patient and control groups. Developmental delays, such
as ADNPM, ID, ASD, and other commodities, were observed
based on medical history.

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the Ethics Committee of the
HCPA (project number 20180264), and informed written
consent was previously obtained from all subjects or guardians
in the clinical setting.

Collection of Serum and miRNA Extraction
Blood samples were collected in the serum separator tube and
used to derive serum samples. Within 30 minutes after blood
collection, samples were centrifuged at 1,900g for 10 minutes at
4°C. After centrifugation, the serum was separated and stored at
—-80°C immediately until RNA isolation. miRNAs were extrac-
ted from 200 pL of serum in each sample using the miRNeasy
Serum/Plasma Kit (Qiagen Cat. No. 217184), according to the
manufacturer’s instructions. Extracted and purified miRNAs
were eluted into 12 pL of RNase-free water per sample. The
purity of RNA was detected by measuring its absorbance at
260-280 nm using the NanoDrop 2000 (Thermo Fisher Sci-
entific). The miRNAs were stored at —80°C until use.

Reverse Transcription-Quantitative PCR and
miRNA Expression Analysis

The reverse transcription into complementary DNA (cDNA)
was performed using the StepOne (Thermo Fisher Scientific)
and the TagMan Advanced miRNA c¢DNA Synthesis Kit
(Cat. No. A28007), according to the manufacturer’s instruc-
tions. Quantitative real-time PCR was performed using the
Applied Biosystems QuantStudio 3 PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc), and all miR-
specific primers and universal adaptor PCR miRNA primers
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were purchased from commercial TagMan miRNA assays
(Life Technologies; miR-24-3p [ID 477992 mir], miR-
132-3p [477900 mir], and miR-125-Sp [477885 mir]).
The TagMan Fast Advanced Master Mix (Cat. No.
4444605) was used for the qPCR. All the reactions were
performed in duplicates, the reaction mixtures were in-
cubated in a 96-well plate at 95°C for 20 seconds, and then
40 cycles of reaction were performed at 95°C for 1 second
and at 60°C for 20 seconds. Fluorescent signals were
measured during the extension phase.

The relative expression levels were calculated using the
comparative Ct method (AACt) with mean values of controls
set as a calibrator. The Ct values of miRNAs were standard-
ized and calculated using the 2742C method for the fold
change between patients with FXS and controls. For nor-
malization, miR-24-3p was used as an endogenous control for
further statistical analysis.

Statistical Analysis

All analyses were performed using R software, version 4.0.5
(R Core Team 2020, R-project.org/). As data were not
normally distributed, nonparametric statistical tests were
used. miRNA expression levels between the patients and
controls were analyzed using a 2-sided Mann-Whitney test.
Differences in the miRNA expressions between the groups
were studied using the same test to evaluate the association
between miRNA expressions and clinical parameters (ge-
notypes, age, ID, ASD, comorbidities, and behavioral alter-
ations). Receiver operating characteristic (ROC) curve
analysis was constructed, and the area under the ROC curve
(AUC) was generated to assess its diagnostic values for
evaluating the diagnostic accuracy of circulating miRNAs. p
< 0.0S was considered statistically significant.

Pathway Analysis and Target Genes of
Investigated miRNAs

The mirPath database, which uses experimentally validated
miRNA interactions derived from DIANA Tools mirPath v.3
(microrna.gr/miRPathv3), was used to investigate in which
pathways the miRNAs of this study are already determined to
be involved. Using the Human MicroRNA Disease Database
(HMDD V3.0) (cuilab.cn/hmdd), we searched for interaction
targets involved in human diseases. We also used the R plat-
form, multiMiR package (R Core Team, R-project.org/), and
we searched for interaction targets of miR-125b-Sp and
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Figure 1 Circulating miRNAs Expression Levels
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Box and whiskers plot of the distribution of (A) miR-125b-5p and (B) miR-132-3p in serum obtained from patients with Fragile X syndrome (FXS) and healthy
controls (HC). Box indicates median with interquartile range and whiskers indicate the 10-90 percentile range. Dots represent independent values. p Values <

0.05 were considered significant and are shown.

miR-132-3p involving neurodevelopmental diseases. Targets
with experimental validation were chosen through miRwalk
(mirwalk. umm.uni-heidelberg.de/) and DIANA Tools Tar-
Base v.8 (microrna.gr/tarbase).

Data Availability

The data that support the findings of this study are available
on request from the corresponding author. The data are not
publicly available as the data contain information that could
compromise the privacy of research participants.

Results

Circulating miRNA Expression in the Serum of
Patients With FXS and Healthy Controls

We analyzed the expression of circulating miR-125b-5p and
miR-132-3p in the serum obtained from 10 patients with FXS
and 20 healthy controls (HCs). miR-125b-Sp and miR-132-
3p were identified by qRT-PCR. Analysis of the miRNA ex-
pressions between the groups revealed overexpression in
patients with FXS of miR-125b-Sp and miR-132-3p (fold
change, FC > 1.5; p < 0.05) (Table 1) in comparison to
controls. miR-125b-5p (p = 1.79 x 10~°) (Figure 1A) and
miR-132-3p (p = 2.58 x 10™*) (Figure 1B) were increased in
the FXS serum.

ROC curves were constructed, and the AUC was generated to
assess the diagnostic values of both selected miRNAs. As
shown in Figure 2, ROC analysis revealed that the AUC of
miR-125b and miR-132 was 0.94 (0.86-1) and 0.89
(0.77-1.0), respectively. Detailed information about the
ability of both miRNAs to diagnose the FXS in patients is
shown in Table 2. High values for sensitivity and specificity
were observed, 90% and 80% for miR-125b-5p and 90% and
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75% for miR-132-3p, respectively, suggesting them as po-
tential predictors of FXS.

Association of miRNAs With

Clinical Parameters

In S cases, an FM (CGG> 200) was observed, in 5 cases, a
mosaic was found, and in 4, the length of the CGG repeat was
quantified (177/>200, 114/>200, 56/>200, and 38/>200).
Patient characteristics are summarized in Table 3 according to
their genotype. Differences between clinical characteristics
were not detected in FM and mosaic patients. Significant dif-
ferences were not found between ages and CGG length repeat.

In the whole FM group, the expression of miR-125b-Sp and miR-
132-3p was strongly increased (Figure 3A and Figure 3B). The
FM group showed significant overexpression of miR-125b-Sp (p =
1.5 x 10~*) and miR-132-3p (p = 7.15 x 10~*) in comparison with
controls, and mosaic patients showed significant overexpression of
miR-125b-5p (p = 4.25 x 10~>) and miR-132-3p (p = 2.36 x 107)
in comparison with controls. The expression of miR-125b-5p and
miR-132-3p in the FM genotype was upregulated in comparison
with mosaic patients, but statistical significance was not observed
(miR-125b-5p, p = 0.0952; miR-132-3p, p = 0.1508).

Pathway and Target Gene Analysis of
Investigated miRNAs

Using the miRSystem tool, more than 600 pathways were
found. The miRNAs were involved separately, such as the
mitogen-activated protein kinase (MAPK) signaling pathway,
pathways in cancer, neurotrophic signaling, and immune adaptive
system.'* The pathway ranking summary revealed that both
miRNAs were involved in 13 pathways: signaling by trans-
forming growth factor beta (TGF-) signaling pathway, regula-
tion of the actin cytoskeleton, bacterial invasion of epithelial cells,
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Figure 2 miR-125b and miR-132 Receiver Operating Char-
acteristic Curves
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Receiver operating characteristic (ROC) curve analyses of miR-125b-5p and
miR-132-3p, straight line depicts miR-125b-5p (AUC 0.94, 95% C1 0.86 -1), and
dotted line depicts miR-132-3p (AUC 0.89, 95% CI 0.77 -1). AUC, area under
the receiver operating characteristic curve; Cl, confidence interval.

hippo signaling pathway, lysine degradation, proteoglycans in
cancer, other types of O-glycan biosynthesis, adherens junction,
cell cycle, arthythmogenic right ventricular cardiomyopathy,
biosynthesis of unsaturated fatty acids, fatty acid biosynthesis, and
fatty acid metabolism. Figure 4 represents a heatmap of union
pathways of both miRNAs derived from experimentally validated
data using miRPath v.3, DIANA Tools Database.

There are 925 predicted targets for miR-125b-5p and 673 pre-
dicted targets for miR-132-3p in miRDB."® Using the HMDD, we
found that for both miRNAs investigated, there are at least 4
confirmed target genes in humans. Using the multimiR platform,
it was possible to generate a list of target genes for miR-125b-5p
and miR-132-3p that are related to neurodevelopmental diseases.
We identified 4 possible target genes by miR-125b-Sp including
insulin-like growth factor 1 receptor (IGFIR), tumor protein pS3
(TPs3), glutamate ionotropic receptor NMDA type subunit 2A
(GRIN2A), and single-minded 1 (SIM1) and S genes targeted by
miR-132-3p, including SRY-box 5 (SOXS), SRY-box 6 (SOX6),
mitogen-activated protein kinase 1 (MAPKI), brain-derived
neurotrophic factor (BDNF), and phosphatase and tensin ho-
molog (PTEN) (Table 4).

Discussion

The search for noninvasive biomarkers for early diagnosis and
disease prognosis is currently one of the most rapidly growing
areas in neurodevelopmental research. In the serum of patients
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Table 2 Receiver Operating Characteristic (ROC) Analysis
of miRNAs in Patients With FXS

miRNAs AUC 95%Cl pValue Sensitivity Specificity
miR-125b-5p  0.94 0.86-1 <0.05 90% 80%
miR-132-3p 0.89 0.77-1 <0.05 90% 75%

Abbreviations: AUC = area under the receiver operating characteristic curve;
Cl = confidence interval; FXS = fragile X syndrome.
p Value, compared with AUC of 0.5.

with FXS, circulating miRNAs could be used as prognostic
neuropathologic biomarkers. Recently, the blood serum was
found to contain circulating miRNAs, which are stable, re-
producible, and have already been proposed as novel non-
invasive biomarkers for the diagnosis and prognosis of many
neurodisorders. In this study, FXS-specific changes in serum
miRNAs were identified. The levels of miR-125b and miR-132
were found increased in the FXS serum, compared with the
serum samples of HCs (Figure 1), suggesting an important role
of these miRNAs in the pathophysiology of FXS.

Previous studies have demonstrated that miR-125b and miR-
132 are associated with FMRP in the mouse brain, and this
association is necessary to affect dendritic spine morphology. In
addition, miR-125b and miR-132 regulation is affected in the
absence of the FMRP, which is in agreement with our results.'!
Through the phosphorylation state of FMRP, influenced by
mGlIuR and when phosphorylated, FMRP is associated with
miR-125b and miR-132 to form the RISC complex, which,
when induced by those miRNAs, regulates postsynaptic density
protein 95 (PSD-95) translation, which is critical for the syn-
aptic function.'”'® In the brain of the FMRI-KO mouse, the
levels of miR-125 and miR-132 were reduced, explaining the
inability of miR-125- and miR-132—guided RISC complex to
regulate PSD-95 mRNA, resulting in dendritic abnormalities.”""
PSD-95 is a postsynaptic scaffolding protein that modulates the
synaptic formation, maintenance, and localization by forming
related signals with the NMDA receptor, which plays an im-
portant role in synaptic transmission.”'” The mGluRS receptor
binds to the NMDA receptor through PSD-95, which directly
affects synaptic plasticity.'” It was demonstrated that miR-125b
targets the NR2A subunit of the NDMAR that influences syn-
aptic plasticity and memory consolidation'" and the association
between miR-125-family and mGluRS signaling to the in-
hibitory complex on PSD-95 mRNA."> miR-132 is also linked to
NMDA receptors. Pharmacologic studies showed that miR-132
induction requires the NMDA receptor activation,18 and re-
cently, miR-132 was shown to participate in regulating the ex-
pression of PSD-95 through target genes.19 Possibly, miR-125b
and miR-132 interact with FMRP by other sequential signaling
pathways, such as mGluR and NMDA receptors signaling, to
mediate the PSD-9S translation. Thus, any destabilization of
these molecules may lead to abnormal synaptic plasticity, but
the molecular mechanisms by which this regulation is accom-
plished are still not clear.
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Table 3 Clinical Characteristics of Patients With Different Genotypes and Healthy Controls

Full mutation (n =5)

Mosaic premutation/full mutation (n = 5)

Healthy controls (n = 20)

Age (y), mean + SD (min-max) 15+39 17 +3.3 21+3.9
ID, n (%) 5(100) 3(60) —
ASD, n (%) 1(20) — —
ADNPM, n (%) 2 (40) 4 (80) —
Aggressivity, n (%) — 2 (40) —
Hyperactivity, n (%) 4 (80) 2 (40) —
Hypothyroidism, n (%) — 1(20) —
Obesity, n (%) 1(20) 1(20) -

Abbreviations: ADNPM = delayed neuropsychomotor development; ASD = autism spectrum disorders; ID = intellectual disability.

The phenotype analysis failed to reveal a significant correla-
tion between the miRNA levels, considering that the sample
size is a limitation in this study. Studies performed using
miRNA have been related to many neuropsychiatric diseases,
such as anxiety disorder, ASD, and hyperactivity.”® In our
study, the stratification of the patients with FXS by clinical
characteristics only evidenced the phenotypic heterogeneity
beyond the disease.” Moreover, the severity of the FXS phe-
notype varies individually and depends on both the dosage
and the length of the CGG repeat. The behavioral phenotype

Figure 3 Circulating miRNAs Expression Levels by Genotypes
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Box and whiskers plot of the distribution of (A) miR-125b-5p and (B) miR-
132-3p in serum from patients with fragile X syndrome patients with full
mutation (FM), mosaic genotype and healthy controls (HC). Box indicates
median with interquartile range and whiskers indicate the 10-90 per-
centile range. p Values lower than 0.05 were considered significant and
are shown.
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that includes a majority of attention disorders such as ID,
hyperactivity, mood instability, aggressivity, and abnormali-
ties in sensory stimuli as in ADNPM was found in most of our
patients.” Although epilepsy is associated with FXS in about
15%-20% of males with FXS,*' the patients included in this
study did not present this disorder. In addition, miR-132 was
found significantly higher in children with attention deficit
and hyperactivity, and miR-125b was identified to be upre-
gulated in 20 patients with ASD compared with controls.”>**
Whereas those are common characteristics in FXS, any cor-
relation between them would be solely a hypothesis.

A regulation, whereas FM patient samples showed higher serum
expression levels of miR-125b and miR-132, which underline the
absence of FMRP protein may further directly influence the gene
expression of these miRNAs, since mosaic patients express low
levels of FMRP.* Previously, miR-125b and miR-132 were
reported to be severely decreased in the mouse brain due to
FMRP knockdown.'" Recently, miR-125a was increased in the
urine of 9 patients with FXS, compared with HCs."® The FEM
genotype patients with higher levels of miR-125b and miR-132 in
the serum may present a subgroup whose cellular homeostasis
differs from the mosaic genotype subgroup, with lower levels of
miR-125b and miR-132. The higher serum miR-125b and miR-
132 levels in FM patients could be a consequence of the lack of
FMRP interaction and may reflect increased production and/or
brain secretion of these miRNAs in corporal fluids, whereas the
expression of FMRP could decrease the high serum levels of miR-
125b and miR-132. However, it is not possible to make any
specific directly correlation between the expression of circulating
miRNAs in human fluids and previous findings in mouse brain
miRNAs levels."® Thus, it becomes necessary to invest in further
studies that seek to better understand the deregulation of the
levels of these miRNAs observed in FXS. Moreover, these miR-
NAs are found related to different neuropathologies, which
demonstrates their involvement with several pathways’ regulation.

Previously, serum miR-125b was found to be increased in
patients with multiple sclerosis®* and Alzheimer disease,*
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Figure 4 Heatmap of Experimentally Validated Union Pathways of miR-125b-5p and miR-132-3p Using DIANA Tools
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associated with severe cognitive decline, and described as a
potential biomarker for these neuropathologies. miR-125b
transfection into neuronal cells caused hyperphosphorylation of
tau, induced oxidative stress, inflammation, and apoptosis, and
inhibited cell proliferation, exemplifying how the dysregulation
of this miRNA can affect the biochemistry of the brain, con-
tributing to the onset of neuropathologies.”> Of interest, a study
described the inhibitory effect of miR-125b results in the
upregulation of multiple miR-125b target genes, including
IGFIR IGFIR is a transmembrane tyrosine kinase receptor
essential for neuronal development, has been found to regulate
changes in neuronal polarity, and has neuroprotective effects
after brain injury.”” miR-132 is the most studied miRNA linked
to brain function, predominantly observed dysregulated in
neuropathologies and regulated in response to neuronal activity.
Many studies have shown that miR-132 increased in the blood
components of neuropathologies, such as Alzheimer disease,”®
Parkinson disease,” MS,*® and amyotrophic lateral sclerosis,>!
which is in accordance with the higher levels found in our study,
and it highlights its overexpression related to neuropathologic
processes and its potential as a biomarker of neuropathologies.

The experimental heatmap showed miR-125b-5p and miR-132-
3p connected to cancers and cycle cellular pathways (Figure 4).
Both miRNAs are involved with oncogenic aspects demon-
strating the potential of biomarkers for the screening of different

Neurology.org/NG

types of cancer. miR-132-3p could be a novel biomarker for
screening of hepatocellular, lung, and nasopharyngeal carci-
noma,” while miR-125b-5p could be the same for lung cancer
and breast cancer.”® The validated target TP53 gene for miR-
125b plays a key role in cell death, DNA repair, and cell pro-
liferation, and the overexpression of miR-125b represses the
endogenous level of the P33 protein.>* A TP53 review high-
lighted a key role for the gene in the regulation of neurons, which
highlights the complexity of this target in neuropathologies.>
miR-125b-5p and miR-132-3p are related to signaling pathways

Table 4 List of Validated Target Genes of miR-125b-5p and
mMiR-132-3p According to the Human MicroRNA
Disease Database and multimiR Package (R
Platform), Validated by miRwalk and DIANA Tools
TarBase v8

miRNA Target genes

IGF1R
TP53
GRINZ2A
SIM1

miR-125b-5p

miR-132-3p SOX5
SOX6
MAPK1
BDNF

PTEN
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of fatty acid biosynthesis and fatty acid metabolism, and circu-
lating levels of both miRNAs are related to body weight.*®
Obesity has already been demonstrated to affect gene expression
and was associated with cognitive decline and dementia.*” An-
other related pathway between the miR-125b-5p and miR-132-
3p is the TGF-B signaling, which play essential roles in every
stage of neural development, showing the importance of both
miRNAs in the pathways of TGF-f members in the CNS at
various developmental stages.>® In fact, miRNAs can regulate
hundreds of different targets involved in different pathways, and
these are just some routes involving both miRNAs.

The experimentally validated gene targets showed that the miR-
NAs have been connected to genes involved in cognitive perfor-
mance and ASD (Table 3). MiR-125b is involved with GRIN2A
downregulation, and this gene encodes an important subunit of
NR2A, a subunit of NMDA receptor.11 Variants of GRIN2A have
been described as associated with several neurodevelopmental
disorders, including epilepsy and ASD.* Another target gene for
miR-125b is SIM1, involved with behavioral disorders, ASD, and
obesity in humans.***' miR-132 was found to reduce SOXS
mRNA and protein expression.”” Subsequent to this finding, SOXS
had been identified as a novel candidate gene for ASD.** Fur-
thermore, miR-132-3p was found to target SOX6 and down-
regulated its protein expression.** SOX6 variants have been
reported to cause a neurodevelopmental syndrome associated with
attention deficit and hyperactivity disorder.* Another gene target
and downregulated by miR-132 is MAPK1.** MAPK signaling
regulates intracellular functions, and perturbations to MAPK sig-
naling are related to contribute to the pathogenesis of ASD.*
Therefore, miR-132 was found to improve the cognitive function
of rats by directly inhibiting MAPKI expression.* BDNF is in-
directly targeted by miR-132 through methyl CpG-binding protein
2, a known regulator of neuronal maturation and synapse forma-
tion, which triggers the induction of BDNF."” A BDNF meta-
analysis study has detailed the effects of gene expression in ASD.
Higher peripheral BDNF in ASD is concordant with several neu-
rologic and psychological causes and symptoms of this condition,
and the lower levels of BDNF were found in schizophrenia, bipolar
disorder, and depression.”® Recently, miR-132 overexpression
demonstrated their downregulated expression of PTEN.* PTEN
protein is involved in the regulation of the cell cycle and is im-
portant in synaptic plasticity, neuronal function, and de-
velopment.* PTEN variants have been associated with ASD
phenotypes,* and PTEN-KO mice models showed macrocephaly,
loss of neuronal polarity, and behavioral anomalies associated with
ASD, such as anxiety, convulsions, and decreased social interest.>°

Of interest, TGF-p plays important roles in the maintenance
of neuron and spine homeostasis, and there are different
studies describing the association of the TGF-p signaling
pathway with neuronal development and neurologic disor-
ders.”! Recently, the transcript of the type 2 BMP receptor
(BMPR2) gene, a member of the TGF-B superfamily, has
been identified as a novel target of FMRP.*? In the brains and
neurons of patients with FXS and Fmr1-KO mice, the amount
of BMPR2 protein is increased.”> Another pathway involved
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with both miRNAs and correlated with FXS is fatty acid
biosynthesis. Fatty acid biosynthesis was found significantly
altered in Fmr1 KO2 mice.**> Additional studies are needed to
elucidate and better understand the correlation between the
aberrant activation of this pathway and the FXS pathogenesis.

The AUC values of miR-125b and miR-132-3p in discrimination
of patients with FXS from HCs were 0.94 and 0.89, respectively,
which demonstrate the ideal diagnostic value to distinguish pa-
tients with FXS from healthy individuals. The increased levels
may indicate the severity of FXS in patients, contribute to clinical
diagnosis, and further patient prognosis; because FXS still has no
prognostic tools, developing them is an urgent requirement be-
cause the neurodevelopmental disorder is accompanied by un-
certain wide-ranging comorbidities. Although the present study
still has some limitations, as the samples recruited in our study are
relatively small, our findings elucidate the clinical potential bio-
markers of serum miR-125b and miR-132 for patients with FXS,
and the genetic miRNA associations have shown that targets of
miR-125b and miR-132 can determine the onset of neurodis-
orders and ASD phenotypes. A multicenter collaborative study
would be of great value to confirm our findings and to allow
correlations to the patient’s phenotype to improve the un-
derstanding of the FXS regulation by miRNAs.
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