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ABSTRACT

Circulating microRNAs (miRNAs) are emerging 
as promising diagnostic biomarkers for autism spectrum 
disorder (ASD), but their usefulness for detecting ASD 
remains unclear. Nowadays, development of promis-
ing biomarkers for ASD remains a challenge. Recently, 
dysregulation of the miRNAs expression in postmortem 
brain tissue, serum and peripheral blood, have been as-
sociated with ASD. Circulating miRNAs are known to be 
secreted by a number of different cells and can interpose 
delivery of information into receiver cells, thus affect-
ing their functions. Based on this fact, it is supposed that 
serum miRNAs could be a novel class of biomarkers for 
prognosis or diagnosis of pathological disorders including 
ASD. In the current research, we investigated whether 
the expression patterns of circulating miRNAs showed 
dysregulation in subjects diagnosed with ASD. Expres-
sion levels of serum miR-328-3p and miR-3135a were 
analyzed by quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) method of subjects diagnosed 
with ASD in comparison with healthy control subjects. 
Our data showed that miR-328-3p and miR-3135a were 
substantially down-regulated in ASD patients than in those 
of healthy control subjects. Moreover, target gene analysis 
of altered serum miRNAs displayed that these molecules 

targeted 162 genes denoted as unique validated targets in 
the miRWalk database, 71 of which appear to participate 
in biological pathways involved in synaptic pathways and 
neurodegenerative condition such as Alzheimer, Hunting-
ton and Parkinson diseases. Finally, the results strongly 
suggested that dys-regulated serum miRNAs might be 
involved in molecular pathways associated with ASD and 
miR-328-3p and miR-3135a have the potential to be prom-
ising novel biomarkers for ASD.

Keywords: Autism spectrum disorder (ASD); Mi-
croRNA (miRNA) expression profiling; Serum miRNAs; 
Stem-loop quantitative reverse transcription polymerase 
chain reaction (qRT-PCR).

INTRODUCTION

MicroRNAs (miRNAs) are small, single-stranded, 
non coding RNA molecules that regulate gene expression 
of their complementary messenger RNA targets [1,2]. 
Taking into account, the significance of these regulatory 
molecules in gene regulation, discovery of dysregulated 
miRNAs could benefit to clarify the molecular differences 
of miRNAs serum profiles between the autism spectrum 
disorder (ASD) subjects and typically developing chil-
dren (TDC). The prevalence of ASD has increased con-
siderably (from 2-5/10,000 to 1:68 children) during the 
last two decades [3,4]. Increased attention and changes 
made to the diagnostic criteria by the medical community 
have necessarily contributed to this tendency [5], as well 
as several environmental factors, acting particularly over 
early postnatal neurodevelopment and prenatal develop-
ment [6]. In addition, advanced parental age at time of 
conception has also been shown to pose a risk of ASD 
[7]. Despite major advances in the understanding of ASD 
pathogenesis, inter individual heterogeneity and the levels 
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of complexity has largely complicated the delivery of ex-
tensive scientific learning into efficient clinical practices. 
Currently, the golden standard to diagnose ASD is built 
on information from several sources: family caregivers, 
teachers, standardized behavioral scales and clinical ob-
servations. Also, pervasive development of the patients is 
only monitored by clinical scales with uncertain reliability, 
especially in early age. Specific and sensitive quantita-
tive biomarkers, evaluated through experimental methods, 
electrophysiological techniques and brain imaging, would 
greatly support clinicians in providing more timely referrals 
to behavioral intervention programs’ earlier diagnoses and 
evidence-based prognosis [8]. Quantitative polymerase 
chain reaction (qPCR) technologies offer a accurate tools to 
search for specific miRNAs profiles applicable as potential 
biomarkers for neurodevelopmental disorders. The choice 
of miR-328-3p and miR-3135a as potential biomarkers 
in ASD is based mainly on our preliminary data showing 
differential expression changes of these miRNAs from 
small RNA sequencing. In addition, there is no scientific 
data on the role of these miRNAs in ASD, although the 
importance of many miRNA molecules has been shown in 
the etiopathogenesis of several neurological disorders. The 
current study was performed in order to shed light on the 
probable participation of miRNAs in ASD. The main aim of 
the current research was to analyze differential expression 
of miR-328-3p and miR-3135a in serum of ASD subjects 
and their relevance as potential blood-based biomarkers.

MATERIALS AND METHODS

Patients. A total of 30 subjects (24 males and six fe-
males) with ASD aged 3 to 11 years, and 30 TDC sex- and 
age-matched to the ASD group were included in this study. 
All participants were randomly selected from the family 
practices in the Plovdiv region. Probands were evaluated 
by certified psychiatrists and the diagnosis of ASD was 
made by clinical examination, Gilliam autism rating scale 

(GARS), childhood autism rating scale (CARS) and autism 
diagnostic interview (ADI-R), adhering to the diagnostic 
and statistical manual of mental disorders (DSM V) crite-
ria. The GARS norm-referenced screening instrument was 
used for ASD symptom assessment. To help differentiate 
subjects with ASD from those with other developmental 
delays, we used CARS. The ADR-R is a structured inter-
view performed with the parents of the patients. This is 
the golden standard for assessment of ASD patients. The 
DSM-V is the standard classification of mental disorders 
used by mental health professionals and physicians in the 
USA and most research teams worldwide.

The control group representing TDC was assigned 
with the aim to match by sex and age to the ASD group. 
Inspection of all children in the healthy group for absence 
of autistic features was done by clinical examination and 
CARS. Children with known infectious, oncological, meta-
bolic or genetic conditions were excluded from the study. 
No children were receiving any drug therapy when they 
were recruited.

Statement of Ethics. The Institutional Review Board 
of the Ethics Committee of the Medical University of 
Plovdiv approved the methodology of the study and the 
written informed consent forms.

Blood Processing and RNA Extraction. Blood was 
drawn by venipuncture from a peripheral vein while the 
participants were fasting (>3 hours without a meal). Sepa-
ration into blood cells and serum was done by centrifuging 
at 1600 g for 10 min. RNA was extracted from the 200 µL 
serum aliquots, with the addition of 5 µL (100 nM) spike-
in cel-miR-39 control, added for internal standardization. 
Extraction of serum RNA was done using the PAXgene 
blood miRNA kit (PreAnalytiX GmbH, Hombrechtikon, 
Switzerland), following the manual purification of total 
RNA, including miRNA protocol, recommended by the 
manufacturer.

Quantification of Serum MicroRNAs. The Maxi-
ma First Strand cDNA Synthesis Kit (Thermo Scientific, 

Table 1. MicroRNA-specific quantitative reverse transcription polymerase chain reaction primer sets.

MiRNAs Primer Sequences (5’>3’)

miR-197-5p SL
miR-197-5p F

CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG CCT CCC AC
ACA CTC CAG CTG GGC GGG TAG AGA GGG CAG T

miR-500a-5p SL
miR-500a-5p F

CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG TCT ACC CC
ACA CTC CAG CTG GGT AAT CCT TGC TAC CTG G

miR-424-5p SL
miR-424-5p F

CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG TTC AAA AC
ACA CTC CAG CTG GGC AGC AGC AAT TCA TGT

Cel-miR-39 Spike-in UCA CCG GG GUA AAU UA
Cel-miR-39 SL
Cel-mi-39 F

CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG CAA GCT GA
ACA CTC CAG CTG GGT CAC CGG GTG TAA ATC

Universal R GTC GGC AAT TCA GTT GAG

MiRNAs: microRNAs; SL: stem-loop. F: forward; Spike-in: exogenous RNA control; R: reverse.
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Waltham, MA, USA) were used for miRNA specific cDNA 
synthesis. MicroRNA-specific primer sequences used in 
this study are shown in Table 1. MicroRNA specific cDNA 
(5 µL) were subjected to pre amplification with peqGOLD 
Taq DNA Polymerase (VWR, Radnor, PA, USA) prior to 
the reverse transcription-(RT-PCR) step in order to enhance 
sensitivity of the test. The qRT-PCR was carried out using 
the Maxima SYBR Green qPCR Master Mix (Thermo 
Scientific) and the ABI PRISM® 7500 system (Applied 
Biosystems, Foster City, CA, USA). All the experiments 
were performed in duplicate. Each sample was normal-
ized using spiked-in control and relative quantification 
of miRNAs were calculated applying the 2–∆∆Ct method. 
Statistical analyses were made by the Statistical Pack-
age for the Social Sciences (SPSS) software, version 20.0 
(SPSS®; IBM Inc., Armonk, NY, USA). The analysis of 
variance (ANOVA) t-test on the data of Ct values was 
used for investigation of dysregulation of the analyzed 
miRNAs between TDC and ASD groups. MedCalc statis-
tical (https://medcale.org/) software was used to perform 
receiver operating characteristic (ROC) analysis.

Pathways Prediction Analysis of Differentially Ex-
pressed miR-328-3p and miR-3135a Serum. First, we 
managed to obtain every validated target gene available 
in the miRWalk 2.0 database (zmf.umm.uni-heidelberg.
de/ apps/zmf/mirwalk2/) for both of the serum miRNAs 
we studied. The miRWalk database offers a convenient 
direct search option, but only for those pathways in which 
putative target genes take part. However, such a direct 

search option is not available for validated target genes. 
We developed our own script that uses a list of validated 
target genes as a query and automatically explores the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database (http://www.genome.jp.kegg) for pathways in 
which our validated target genes participate. This made 
it possible to gather information for all of the validated 
targets without searching the whole KEGG database by 
hand. Afterwards, the number of target genes was plotted 
against their respective pathways on separate diagrams for 
each miRNA we investigated.

RESULTS

Identification of MicroRNA Deregulation Signa-
ture in Autism Spectrum Disorder. We analyzed the 
expression of two serum miRNAs using the stem-loop 
qRT-PCR assay. Amplicon-specific PCR amplification cor-
responding to miR-3135a and miR-328-3p was confirmed 
by melting curve analysis (Figure 1). Our data indicate 
changes in relative expression levels of miR-3135a and 
miR-328-3p, which were markedly lower in ASD patients 
than those in TDC, and the relative serum levels of these 
miRNAs could distinguish ASD from healthy control pa-
tients (Figure 2). To assess the ability of the analyzed serum 
miRNAs as promising biomarkers for ASD, we performed 
a ROC analysis, and the area under curve (AUC) was 
measured (Figure 3). Our relative qRT-PCR data suggests 
that miR-3135a and miR-328-3p are significantly down-

Figure 1. The qPCR data showing a DNA melt profile result for amplification of the specific single product in qRT-PCR analysis. 
Specific single products corresponding to exogeneous spike-in control cel-miR-39 (panel A); miR-328-3p (panel B) and miR-3135a 
in ASD and healthy control patients, were confirmed by monitoring the dissociation curve (melting curve analysis). 
The melting temperatures of miR-3135a amplicons were 76 ± 1 °C (panel B), whereas spiked-in cel-miR-39 control had a melting 
temperature of 77 ± 1 °C (panel A), and melting temperatures of miR-328-3p amplicons were 79 ± 1 °C (panel C), respectively.

A B C
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regulated in ASD patients (Figure 4). The t-test defined 
the expression changes of both miRNAs as statistically 
significant (with fold change ≤2 and p <0.05).

The obtained data was subsequently used to assess 
the diagnostic specificity and sensitivity of analyzed se-
rum miRNAs. Diagnostic sensitivities of miR-3135a and 
miR-328-3p for ASD were 76.3 and 78.9%, respectively. 
The corresponding specificities were 88.9 and 88.9%, 
and AUC 95% confidence interval (95% CI) were 0.828 
(0.715-0.911%), and 0.858 (0.749-0.932%), respectively. 
In addition, a combined ROC analysis was done. The com-
bined ROC curve analysis showed a better diagnostic value 

than individual miRNAs in ASD. Area under the ROC 
AUC (95% CI) 0.858. Confidence interval (0.749-0.932). 
Together, these results indicate that the identified serum 
miRNAs, alone or in combination, can discriminate be-
tween ASD cases and TDC with high accuracy.

Identification of MicroRNAs Associated Biologi-
cal Pathways. In all the 162 genes denoted as unique, 
validated targets in miRWalk, 71 appeared to participate 
in biological pathways described in the KEGG database. 
(Figures 5 and 6). One of the target genes we obtained, 
the amyloid β precursor protein (APP), is involved in 
synaptic pathways. This gene encodes a membrane protein 

Figure 2. Differential expression of serum miRNAs in ASD patients. Quantitative RT-PCR analysis of miR-3135a and miR-328-3p 
levels. The circulating serum miRNAs signatures were identified by miRNA-specific stem-loop qRT-PCR analysis in the ASD  
and control groups. Expression levels of the analyzed miRNAs were normalized to spiked-in cel-miR-39 control and expressed  
in relation to controls.

Figure 3. Receiver operating characteristic curve analysis using differentially expressed serum miRNAs. The ROC for miR-3135a, 
and miR-328-3p signature in patients with ASD was performed to evaluate the prediction accuracy of selected biomarkers. 
The dotted diagonal line represents random classification accuracy (AUC 0.5). The ROC curves were drawn for miR-3135a, 
and miR-328-3p, which yielded 0.828 and 0.858 as AUC values, respectively. Combined ROC curve describe the logistic regression 
(LOGREGR) of the differentially expressed miRNA members (miR-3135a and miR-328-3p). Diagnostic sensitivity of combined 
classifiers was 78.9% with the corresponding specificity of 88.9%.  The combination of the miRNAs showed a correspondence 
to that using only miR-328-3p as a biomarker.
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that undergoes proteolytic processing. In serotonergic 
synapses, the soluble APP α fragment interacts with the 
cyclic adenosine monophosphate (cAMP) signal transduc-
tion protein exchange factor directly activated by cAMP 
(EPAC) to promote neuroprotection. Another gene, solute 

Figure 4. Fold change difference of two down-regulated serum 
miRNAs between the ASD and TDC groups. Data are expressed 
as fold change of mean 2–∆∆Ct for each miRNA after being 
normalized with spike-in cel-miR-39 control.

Figure 5. The KEGG pathway enrichment analysis for the targets 
of the identified serum miR-3135a.

Figure 6. The KEGG pathway enrichment analysis for the targets 
of the identified serum miR-328-3p.
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carrier family eight member A1 (SLC8A1), participates in 
a specific exteroceptive transduction pathway. The SLC8 
A1 protein is an Na+/Ca2+ (K+) antiporter. In olfactory 
neurons, it has a role in membrane repolarization and 
annihilates the consequences of a previously occurred 
action potential. Another six different target genes showed 
involvement in neurodegenerative diseases: Huntington’s, 
Parkinson’s or Alzheimer’s. Two genes: APP and BACE1 
directly involved in pathogenesis of Alzheimer’s disease. 
The amyloid precursor protein encoded by APP is cleaved 
by β-secretase (encoded by BACE1) that leaves a par-
ticular peptide responsible for amyloid plaque forma-
tion. Two proteins (DNAL1 and POLR2I) are described 
to take part in Huntington’s disease pathogenesis in an 
indirect manner, while interacting with or being influ-
enced by, the product of the Huntingtin (HTT) gene. As 
a result nonspecific changes in cytoskeleton organiza-
tion or gene expression occur. Two other genes whose 
protein products take part in the mitochondrial respira-
tory chain NADH:ubiquinone oxidoreductase subunit 
A1 (NDUFA1) and NADH: ubiquinone oxidoreductase 
subunit V3 (NDUFV3) are described to be important not 
only for Alzheimer’s but also for Huntington’s and Par-
kinson’s diseases. A correlation between the Alzheimer’s 
syndrome and the reduced expression of energy metabo-
lism genes has been well established [9]. However, the 
precise mechanisms in which NDUFA1 and NDUFV3 
contribute to a specific neuro-development condition and 
their regulatory roles is yet to be clarified.

DISCUSSION

There are many reports in the literature for the po-
tential use of miRNAs as biomarkers for neural disorders, 
such as Parkinson’s and Alzheimer’s disease [10,11]. How-
ever, only few studies have been investigating miRNA in 
serum samples and their importance as biomarkers is still 
not fully understood. Moreover, the expression profiles of 
miRNAs in ASD have been examined, including studies 
from lymphoblastoid cell cultures [12-14].

Exploring the miRNA expression patterns as poten-
tial serum-based biomarkers for ASD diagnosis is still in 
its infancy. The question of how exactly miRNAs regulate 
their target genes through fine molecular mechanisms in 
the context of ASD pathogenesis are not fully understood. 
It is currently known that individual miRNAs can have 
several target genes, and thus, have an impact on more 
than one pathway. It was found that miRNAs can regulate 
translation of a wide range of proteins in neurons [15] 
including proteins involved in neuronal migration [16], 
channels [17] and neuronal morphology [18]. A func-
tioning miRNA system is obligatory in astrocytes, with 

loss of miRNA biogenesis that could lead to seizures 
and neuro-degeneration [19]. In order to examine the 
potential role of the two differentially expressed miRNAs, 
we obtained a list of their validated target genes and con-
structed a custom script that used the KEGG database for 
pathways in which the validated target genes participate. 
Some studies revealed that miR-3135a and miR-328-3p 
were involved in cancer [20,21]. Moreover, miRNA-328 
dysregulation has also been associated with several com-
plex neurological conditions, such as аmyotrophic lateral 
sclerosis (ALS) [22], Alzheimer’s [23] and prion diseases 
[24]. At present, there is no scientific data on the role of 
miR-3135a and miR-328-3p in ASD. Further research is 
necessary to explore how miR-3135a and miR-328-3p 
function in ASD.

The results of the current study present evidence that 
addition of circulating biomarker investigations has the po-
tential to improve the specificity of screening and lower the 
age of diagnosis. Thus, we suggest that an ideal biomarker 
should be: 1) expressed in the brain tissues, 2) functionally 
or physiologically related to neurodevelopment, 3) easily 
measurable, and 4) differentially expressed in subjects 
diagnosed with ASD. In this study we identified two miR-
NAs in the serum in accordance with these criteria. The 
altered miRNAs (miR-3135a and miR-328-3p) presented 
in this investigation have not been identified in previous 
ASD research [13,14,25]. Moreover, functional pathway 
analysis of investigated serum miRNAs uncovered a sig-
nificant availability of gene networks involved in neuron 
cellular functions or neurological disorders.

The most remarkable findings of our study were that 
serum miR-3135a and miR-328-3p could discriminate 
ASD patients from healthy controls. However, the specific 
pattern of these miRNAs and their appearance in the medi-
cal tests as biomarkers requires subsequent confirmation.

The discovery of new miRNAs biomarkers for ASD 
requires the integration of experiments from different fields 
including: 1) models generated from human tissues allow-
ing for the preservation of individual genetic backgrounds 
so functional validation in these models may be more 
relevant than that in animal models, 2) induced pluripotent 
stem cells (iPSCs) derived neurons are promising models, 
but these cells have expression signatures more similar to 
stem cells rather than neurons [26].

Some promising candidates found so far are miR-
132, miR-7 and miR-195. Deregulation of miR-132 was 
reported in lymphoblastoid cell lines (LCLs) and post-
mortem cerebellar cortices from ASD patients [26-28]. 
The biological functions of miR-132 and its targets have 
been validated by many animal studies [13,29,30]. MiR-7 
has been shown to be up-regulated in the saliva and post-
mortem anterior prefrontal cortices. This miRNA is located 
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in the ASD-associated copy number variation (CNV) locus 
[31-33] and its functional relevance has been validated 
using animal studies [34,35]. Deregulation of miR-195 is 
found in LCLs and serum samples, and it is also disrupted 
by an ASD-associated CNV locus [25,13].

The role of miRNAs in psychiatric disorders and ASD 
will be further elaborated using continuously improved 
relevant approaches. In addition, meta-analysis of miR-
NAs, covering genetic variation, expression and biological 
function will provide valuable information for the potential 
role of miRNA in ASD, and this could help the diagnosis 
and prognosis of ASD and psychiatric disorders Moreover, 
miRNA biomarkers could be very useful in distinguishing 
of different subtypes of psychiatric disorder. Finally, our 
results contribute to the new course of miRNA research 
in ASD biology but it is only a small part of the long vali-
dation process of miRNA dysregulation in ASD patients.
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