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Abstract: Tuberous sclerosis complex (TSC) is a rare multi-system genetic disorder characterized
by a high incidence of epilepsy and neuropsychiatric manifestations known as tuberous-sclerosis-
associated neuropsychiatric disorders (TANDs), including autism spectrum disorder (ASD) and
intellectual disability (ID). MicroRNAs (miRNAs) are small regulatory non-coding RNAs that regulate
the expression of more than 60% of all protein-coding genes in humans and have been reported to
be dysregulated in several diseases, including TSC. In the current study, RNA sequencing analysis
was performed to define the miRNA and isoform (isomiR) expression patterns in serum. A Receiver
Operating Characteristic (ROC) curve analysis was used to identify circulating molecular biomarkers,
miRNAs, and isomiRs, able to discriminate the development of neuropsychiatric comorbidity, either
ASD, ID, or ASD + ID, in patients with TSC. Part of our bioinformatics predictions was verified with
RT-qPCR performed on RNA isolated from patients’ serum. Our results support the notion that
circulating miRNAs and isomiRs have the potential to aid standard clinical testing in the early risk
assessment of ASD and ID development in TSC patients.

Keywords: epilepsy; tuberous sclerosis complex; biomarkers; serum; autism spectrum disorder;
intellectual disability

1. Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder with an
incidence of 1:5800 that affects many organs and systems throughout the body, including
the central nervous system (CNS) [1]. Clinically, TSC is characterized by a broad spectrum
of symptoms, including lymphangioleiomyomatosis, retinal abnormalities, intracardiac
rhabdomyomas, renal angiomyolipomas, hypomelanotic macules, epilepsy, cortical brain
malformations, and neuropsychiatric disorders, depending on the underlying genetic
mutation [1]. At the molecular level, TSC is characterized by the underlying heterozygous
mutation of either TSC1 or TSC2 gene encoding hamartin and tuberin, respectively, two
proteins forming the TSC1-TSC2 complex. A loss-of-function mutation in either one of
these genes leads to complete disruption of the aforementioned protein complex, inducing
hyperactivation of the mammalian target of rapamycin (mTOR) pathway [2]. mTOR
regulates cell growth and proliferation, protein synthesis, and metabolism, therefore the
impact of this dysfunction on brain development is extensive. Multiple cortical tubers
and/or radial migration lines, subependymal nodules (SEN), and subependymal giant
cell astrocytoma (SEGA) represent the main neuropathological lesions in the brain of
individuals affected by TSC [1,3]. Cortical tubers are considered the main origin of epileptic
seizures and also show a strong association with neuropsychiatric disorders [4].

Tuberous-sclerosis-associated neuropsychiatric disorders (TANDs) include autism
spectrum disorder (ASD) (present in 40-50% of individuals), attention deficit hyperactivity
disorder (ADHD) (30-50%), and psychomotor delay/intellectual disability (ID) (seen in
over 40-50% of individuals) [5-8]. Previously, an age-dependent association between
epilepsy and ID in individuals with TSC was shown; more specifically, the frequency and
the severity of ID increases when epilepsy occurs early in infancy [9]. Furthermore, early
onset of seizures (before ages 2-5 years old) was shown to be significantly associated with
the risk of developing ASD (81%) [9]. Overall, individuals with TSC and ASD account
for 1-4% of all ASD cases [5,10,11]. The variable risk of developing ASD or ID is possibly
affected by alterations in synaptogenesis and synaptic pruning, connectivity, and long-term
potentiation in the mTOR pathway [12,13]. Thus, mTOR hyperactivation can be considered
causative of both epileptogenesis and TANDs in TSC patients [14,15].

A biomarker is, by definition, objective and a quantifiable characteristic of biological
processes. Biomarkers are known to be a measure of a response that can be functional and
physiological, biochemical at the cellular level, or a molecular interaction [16]. Ideally, a
biomarker should be specific, sensitive, reproducible, predictive, and accurate in distin-
guishing between two groups, while remaining non-invasive to the patient [17-19]. With
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the debilitating effect that TANDs have on individuals with TSC and their caregivers, it is
of great importance to develop robust biomarkers, allowing for more precise and individ-
ualized medical care to help identify individuals at risk of developing TANDs before its
clinical manifestation.

MicroRNAs (miRNAs) are small regulatory non-coding RNAs, 20-25 nucleotides long.
These small molecules are involved in most, if not all biological processes, regulating the
expression of more than 60% of all protein-coding genes in humans [20]. In most cases,
miRNAs interact with the 3’ UTR of their target mRNAs to induce mRNA degradation
and translational repression [21]. However, interaction with regions, including the 5 UTR,
coding sequence, and gene promoters, has also been reported [22]. Mature miRNAs are de-
fined by their unique sequences; however, next-generation sequencing (NGS) has revealed
several variations at the ends or within the mature miRNA sequence. These variations are
known as isomiRs and are thought to be the result of alterations in the maturation process
of miRNAs or due to the addition of nucleotides by nucleotide transferases [23]. Multiple
studies have shown the potential role of miRNAs as biomarkers of various pathologies in
the brain, including TSC and psychiatric disorders [24-28]. Previously, it has been shown
that miR-34 is differentially expressed in autopsy samples, as well as peripheral blood in
patients with ASD [29]. However, the knowledge on isomiRs is less extensive due to diffi-
culties in the identification and detection [30-33]. Recently, miRNA and isomiR levels in
different cell types and body fluids, such as serum and plasma, have received increased at-
tention as non-invasive biomarkers or as indicators for diagnosis and prognosis of complex
diseases [19,34]. Studies have reported that serum/plasma miRNAs are possibly released
through passive leakage from damaged cells caused by inflammation, tissue injury, or apop-
tosis. Other mechanisms of release include active secretion through microvesicles [35-37],
such as exosomes or active release without microvesicles through RNA-binding protein
dependent pathways [38]. Furthermore, a recent study has reported correlated patterns
between blood-and brain-expressed miRNAs, indicating a potential use of blood-based
miRNA profiling for the investigation of miRNA activity in the brain [39]. Nevertheless,
further investigation is required on the correlation between miRNA dysregulation in the
brain and their expression in serum.

Given the broad spectrum of TANDs at a behavioral, psychiatric, intellectual, and
neuropsychological level and the limitations of current clinical diagnostic methods, there is
an urgent need to identify robust non-invasive biomarkers for individuals with TSC. In
order to address this issue in the current study, our objective was to determine the feasibility
of exploiting serum derived circulating miRNAs and isomiRs as biomarkers for ASD and
ID in infants with TSC. Following the identification of the expression levels of serum-based
miRNAs and isomiRs, we selected miRNAs for the early prediction of the occurrence of
ASD and ID in young TSC patients. When possible, we used patients’ serum to confirm
the feasibility and the accuracy of our identification method and verify the bioinformatic
predictions. Furthermore, we tried to improve the accuracy of the biomarkers by combining
several miRNAs together, to initiate a new direction in early risk assessment of ASD and
ID in TSC patients.

2. Materials and Methods
2.1. Cohort

The current study was performed as part of the EPISTOP project, which was a mul-
ticenter long-term, prospective study evaluating clinical and molecular biomarkers of
epileptogenesis in TSC (NCT02098759). The main goal of this study was to define biomark-
ers from serum collected from TSC patients at an early time point (V1: at enrollment
until the age of 4 months). Patients were enrolled from November 2013 to August 2016
at 10 sites. Male or female infants of age < 4 months with a definite diagnosis of TSC
(Table S1) [15,40,41], without previous seizures or medication, were enrolled after informed
consent of their caregivers, which was obtained in accordance with the Declaration of
Helsinki. The EPISTOP study was approved by local ethical committees at all study sites.
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Neurodevelopment was assessed with Bayley Scales of Infant Development (BSID)-III
at 6, 12, 18, and 24 months of age. Intellectual disability (ID) was defined as cognitive
DQ < 70 at age 2 years. ASD risk was based on the Autism Diagnostic Observation Scale
2 (ADOS-2) score (Toddler Module). For this study, we classified patients with TSC but
no neuropsychiatric comorbidity diagnosis as the control group. Therefore, patients were
divided into four groups: (1) TSC patients without TANDs (Control, n = 30); (2) TSC
patients with ID (ID, n = 10); (3) TSC patients with signs of ASD alone (ASD, n = 6); and
(4) TSC patients with both ASD and ID (ASD + ID, n = 13) [42]. (Table 1). All analyses were
performed on serum collected from TSC patients at time point V1.

Table 1. Baseline of the study cohort and neurodevelopmental outcome at 24 months.

Control ID ASD ASD +1ID
(n =30) (n=10) (n=06) (n=13)
Mean age V1 (days) 47.1 20.2 26.3 54.2
Sex
Female 15 (50%) 7 (70%) 1 (17%) 4 (31%)
Male 15 (50%) 3 (30%) 5 (83%) 9 (69%)
TSC mutation
TSC1 7 (23%) 2 (20%) 3 (50%) 1 (8%)
TSC2 22 (74%) 8 (80%) 3 (50%) 12 (92%)
NMI 1 (3%)
Seizures
Yes 17 (567%) 10 (100%) 5 (83%) 12 (92%)
No 13 (43%) 0 (0%) 1 (17%) 1 (8%)

Abbreviations: Tuberous sclerosis complex (TSC), no mutation identified (NMI), intellectual disability (ID), autism
spectrum disorder (ASD).

2.2. RNA-Sequencing and Library Preparation

RNA was isolated from 59 V1 serum samples using the miRNeasy Serum/Plasma kit
(Qiagen, Diisseldorf, Germany). The concentration and purity of RNA were determined at
260/280 nm using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilm-
ington, DE, USA). All library preparations and sequencing were completed at GenomeScan
(Leiden, The Netherlands). Samples were processed for small RNA-Seq using the TruSeq
Small RNA-Seq preparation kit (Illumina, San Diego, CA, USA) in accordance with manu-
facturers’ guidelines. In brief, small RNA was isolated from purified RNA by size selection
after ligation of sequencing adapters. After gel excision, the selected RNA fragments were
amplified by PCR. All clustering and DNA sequencing used the Illumina cBot and the
HiSeq 4000. All samples sent for small RNA-Seq were subjected to paired-end sequencing
with a read length of 151 nucleotides to a depth of 12 million reads per sample.

2.3. Bioinformatic Analysis

Read quality was assessed using FastQC v11.8 software produced by the Babraham
Institute (Babraham, Cambridgeshire, UK), and Trimmomatic v0.36 was used to filter low-
quality base calls and any adapter contamination [43]. Low quality leading and trailing
bases were removed from each read, and a sliding window trimming using a window of
four and a phred33 score threshold of 15 was used to assess the quality of the read body.
Any reads < 17 nucleotides were discarded.

miRNA and isomiR expression levels were assessed using isomiRage [44]. The reads
that passed quality control were aligned to a custom reference genome that included the
sequences of all canonical mature miRNAs in accordance with miRbase v29 [45] and all
possible isomiR variants. The isomiR variants were generated by including all the possible
combinations of one, two, or three bases, extending the 5'- or the 3’-end of known miRNA
sequences, plus the sequences obtained by trimming canonical miRNA from their 3’-end
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down to a length of 18 bp. Alignment to the custom genome was performed using Bowtie
v1.1.2; no mismatches were allowed [46]. Only the best alignment was reported for each
read. The number of reads that aligned to each canonical miRNA and isomiR was summed
to give the unnormalized isomiR expression matrix. Standard small RNA-Seq alignment
workflows do not distinguish between miRNA variants. To represent this, all isomiRs
derived from each canonical miRNA were summed together to give the number of reads
aligning to each miRNA, producing an unnormalized miRNA count matrix.

To gain an understanding of the underlying structure of the data and to search for
presence of any potential confounding factors or batch effects, the data was assessed using a
Principal Component Analysis (PCA), as previously described [47,48]. Next, normalization
and differential expression analyses were performed on miRNAs and isomiRs that had a
read count of >1 in any of the samples in the comparisons using the R package DESeq2 [49].
The false discovery rate was controlled for using the Benjamini-Hochberg correction, with
miRNA and isomiR expression changes with an adjusted p-value < 0.05 being considered
differentially expressed (DE).

For each comparison, a stably expressed reference gene was selected based on a
covariance < 0.3 (Tables S2 and S3). Next, the expression of each miRNA and isomiR was
divided by the selected reference gene to create a ratio. This ratio was used as input for
a Receiver Operating Characteristic (ROC) curve analysis, and an area under the curve
(AUC) was calculated. The resulting AUC showed the ability of a miRNA- or isomiR-based
ratio to distinguish between two groups. The analyses were carried out in R studio, using
the package pROC [50]. Finally, penalized logistic regression was performed on microRNA
profiles in each pair of groups of interest to determine the best microRNA predictors using
the glmnet R package [51]. The least absolute shrinkage and selection operator (LASSO)
regularization was applied to find a miRNA signature minimizing the number of features.
Logistic regression with the resulting signature was used to classify subjects in the groups
of interest.

To assess the robustness of each miRNA /isomiR classifier, a permutation analysis was
performed. For each permutation, the samples were randomly assigned to groups and ROC
analysis was performed for the classifier of interest. The AUC for each permutation was
recorded. This was repeated 30,000 times to produce a test statistic distribution. Finally, by
observing where the original AUC fell within this distribution, the p-value could be calculated.

In this analysis, the results discriminated between (i) control patients v. patients with
ID (controls v. ID), (ii) control patients v. patients with ASD (controls v. ASD), (iii) between
control patients v. patients with ASD and ID (controls v. ASD + ID), (iv) between patients
with ID v. patients with ASD and ID (ID v. ASD + ID), and (v) between patients with ASD
v. patients with ASD and ID (ASD v. ASD + ID) at the V1 timepoint (<4 months old).
Every very analysis was performed for miRNAs first, followed by isomiRs. The adopted
nomenclature of isomiRs used throughout this report is as follows: (i) when the isomiR
sequence is followed by _miRNA (ii.e., hsa-miR-410-3p_miRNA), we refer to the canonical
sequence of the isomiR; (ii) when the isomiR sequence is followed by a combination of
nucleotides and _3prime (i.e., hsa-miR-409-3p_AT_3prime), we refer to the 3’ prime modifi-
cation added to the canonical miRNA sequence; (iii) when the isomiR sequence is followed
by a combination of nucleotides and _5prime (i.e., hsa-miR-323a-3p_G_5prime), we refer to
the 5" prime modification added to the canonical miRNA sequence; (iv); when the isomiR
sequence is followed by _trimX (i.e., hsa-miR-221-3p_trim3), we refer to trimming of X
nucleotides starting from the 3’ prime end of the canonical sequence of the isomiR.

2.4. miRNA Isolation and TagMan Polymerase Chain Reaction (PCR) for Verification

To validate selected putative biomarkers, RT-qPCR was performed. Total RNA, in-
cluding the miRNA fraction, was isolated from blood serum samples using the miRNeasy
Serum/Plasma Kit (Qiagen Benelux, Venlo, The Netherlands), according to manufacturer’s
instructions. The concentration of the RNA was determined at 260/280 nm using the
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). For
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the evaluation of miRINA expression, 100 ng of total RNA was used to generate cDNA for
hsa-miR-409-5p, hsa-miR-494-5p, and hsa-miR-214-3p, with reference gene hsa-miR-26b-3p
(Thermofisher Scientific, Wilmington, DE, USA) using the TagMan MicroRNA reverse tran-
scription kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s
instructions. Determination of miRNA expression was evaluated by the TagMan micro-
RNA assay (Applied Biosystems, Foster City, CA, USA) and run on a Roche Lightcycler
480 thermocycler (Roche Applied Science, Basel, Switzerland) in triplicates.

Quantification of miRNA expression was performed using LinRegPCR software
(2020.2.0.1, Heart Failure Research Center, AMC, Amsterdam, The Netherlands) [52], as
previously described [53]. miRNA Crt values were normalized using the mean expression
of reference gene hsa-miR-26b-3p, and relative expression was determined.

3. Results
3.1. Differential Expression of miRNAs and isomiRs

Based on our expression cut-offs, 1765 miRNAs were identified as expressed in the
serum of TSC patients. A PCA analysis was performed using this miRNA expression as an
input, and no clear clustering of the ASD and ID based on the transcription profile could
be identified (Figure S1).

Differential expression was performed, and two differentially expressed miRNAs
were detected between the control and ID groups, of which both were overexpressed
(Figure S2A). Similar analyses were performed for the comparison of the control and ASD
groups, between control and ASD + ID groups and between ASD and ASD + ID groups,
and no differentially expressed miRNAs were detected. A final differential expression
analysis was performed and resulted in the detection of 26 differentially expressed miRNAs
between the ID and ASD + ID groups, of which eight were underexpressed and 18 were
overexpressed (Figure S2B).

Next, 18741 isomiRs were identified as expressed in TSC patients and a second set
of PCA analyses was performed to determine whether these expressed isomiRs could
distinguish individuals with different comorbidities. Similar to the PCA performed on
miRNAs, the analysis resulted in the lack of identifiable patterns between ASD and ID
(Figure S3). In the differential expression analysis, a total of six differentially expressed
isomiRs were identified as overexpressed in ID compared to controls (Figure S4A). When
comparing the expression of isomiRs between controls and ASD, four overexpressed
isomiRs were detected (Figure S4B). A similar analysis was performed comparing ID
and ASD + ID samples, which identified a total of seven differentially expressed isomiRs,
consisting of four underexpressed and three overexpressed isomiRs (Figure S4C). No
differentially expressed isomiRs were identified between control and ASD + ID groups or
ASD and ASD + ID groups.

3.2. Prognostic Performance of miRNAs in ASD and ID

The diagnostic accuracy of miRNAs, evaluated by ROC analysis, was determined for
ID, ASD, and ASD + ID, as well as for discriminating between ID and ASD + ID and be-
tween ASD and ASD + ID (Figure 1). The ROC analysis revealed that the AUC ranged from
0.817 to 0.923 for single miRNA signatures. To determine whether including a panel of
miRNAs would improve the diagnostic performance, we looked into the miRNA signature
for each comparison. miRNAs and isomiRs were selected based on the highest AUC,
sensitivity, and specificity. ROC curve analysis for the miRNAs showed 100% sensitivity
and 73.3% specificity for hsa-miR-409-5p in discriminating between controls and ID, corre-
sponding to an AUC of 0.880 (Figure 1A). We used a panel of four miRNAs (hsa-miR-409-5p,
hsa-miR-1301-3p, hsa-miR-145-5p, hsa-miR-412-5p)) when comparing controls and ID, and
the AUC raised to 0.9167, showing an increase of 0.0367 (Figure 1B). hsa-let-7i-3p showed a
100% sensitivity and 80% specificity corresponding to an AUC of 0.894 for distinguishing
between controls and ASD (Figure 1C). A minor improvement (0.006) was present when
we compared controls and ASD samples using a panel of two miRNAs (hsa-miR-423-3p,
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hsa-miR-1301-3p), resulting in an AUC value of 0.9 (Figure 1D). For the discrimination
between controls and ASD + ID, hsa-miR-214-5p showed 84.6% sensitivity and 73.30% speci-
ficity, corresponding to an AUC of 0.817 (Figure 1E). For the comparison between ID and
ASD + ID, hsa-miR-494-3p showed an 84.6% sensitivity and a 90% specificity, corresponding
to an AUC of 0.908 (Figure 1F). A significantly improved result was obtained comparing
ID and ASD + ID, with a signature of six miRNAs (hsa-miR-154-5p, hsa-miR-214-5p, hsa-
miR-376b-3p, hsa-miR-379-3p, hsa-miR-409-5p, hsa-miR-494-3p), showing an AUC of 0.992,
leading to an increase in AUC of 0.084 (Figure 1G). For the discrimination between ASD and
ASD + 1D, hsa-miR-103a-3p showed a 100% sensitivity and 83.3% specificity, corresponding
to an AUC of 0.923 (Figure 1H). The top 10 single miRNA classifiers for each comparison
are listed in Table S4. To test the robustness of the top miRNA classifiers, a permutation
analysis (n = 30 000) was performed. The permutation analysis demonstrated that each
classifier performed better than would be expected by chance alone (p < 0.05, Table S5).
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Figure 1. Receiver operating characteristic (ROC) curve analysis and violin plots for Intellectual
Disability (ID), and Autism Spectrum Disorder (ASD), ASD + ID, as well as for discriminating
between ID and ASD + ID and between ASD and ASD + ID. (A). ROC curve analysis for the miRNAs
showed 100% sensitivity and 73.3% specificity for hsa-miR-409-5p in discriminating between controls
(TSC without TANDs) and ID, corresponding to an AUC of 0.880. (B). Panel of four miRNAs
signature discriminating between controls (TSC without TANDs) and ID. (C). For the discrimination
between controls (TSC without TANDs) and ASD, hsa-let-7i-3p showed a 100% sensitivity and 80%
specificity corresponding to an AUC of 0.894. (D). Panel of two miRNAs signature discriminating
between controls (TSC without TANDs) and ASD. (E). For the discrimination between controls (TSC
without TANDs) and ASD + ID, hsa-miR-214-5p showed 84.6% sensitivity and 73.30% specificity,
corresponding to an AUC of 0.817. (F). For the comparison between ID and ASD + ID, hsa-miR-494-3p
showed an 84.6% sensitivity and a 90% specificity, corresponding to an AUC of 0.908. (G). Panel of
six miRNAs signature discriminating between ID and ASD + ID. (H). For the discrimination between
ASD and ASD + ID, hsa-miR-103a-3p showed a 100% sensitivity and 83.3% specificity, corresponding
toan AUC of 0.923. X-axis ROC curve: 100-Specificity in percentage (%); Y-axis ROC curve: Sensitivity
in percentage (%); X-axis violin plot: Groups; Y-axis violin plot: Normalized expression. The red
dotted line in each violin plot indicates the threshold that optimizes group separation.

3.3. Verification of miRNA biomarkers in ASD and ID

We further verified the predictive properties of miRNA biomarkers in TSC patients
with ASD and ID using TagMan PCR. A sub-cohort consisting of eight controls, nine ID
samples, and seven ASD + ID samples was used for verification. In this verification process,
we looked at three comparisons and found a sensitivity of 83.3% and a specificity of 75.0%
for the discrimination between controls and ASD + ID, with an AUC of 0.792 (Figure 2A).
For the comparison between ID and ASD + ID, we found an 85.7% sensitivity and 77.8%
specificity, corresponding to an AUC of 0.825 (Figure 2B).
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Figure 2. Receiver operating characteristic (ROC) curve analysis and violin plots for PCR validation
of Autism Spectrum Disorder + Intellectual Disability (ASD + ID), as well as for discriminating
between ID and ASD + ID. (A). ROC curve analysis for the miRNAs showed 83.3% sensitivity and
75.0% specificity for hsa-miR-214-5p in discriminating between controls (TSC without TANDs) and
ASD + ID, corresponding to an AUC of 0.792. (B). For the discrimination between ID and ASD + ID,
hsa-miR-494-3p showed an 85.7% sensitivity and 77.8% specificity, corresponding to an AUC of 0.825.
X-axis ROC curve: 100-Specificity in percentage (%); Y-axis ROC curve: Sensitivity in percentage (%);
X-axis violin plot: Groups; Y-axis violin plot: Normalized expression. The red dotted line in each
violin plot indicates the threshold that optimizes group separation.

3.4. Prognostic Performance of isomiRs in ASD and ID

We next evaluated the performance of isomiRs to distinguish between controls, ID,
and ASD + ID, as well as for discriminating between ID and ASD + ID and between ASD,
and ASD + ID. A ROC analysis showed a 90% sensitivity and 80% specificity for hsa-miR-
409-3p_AT_3prime in discriminating between controls and ID, corresponding to an AUC of
0.89 (Figure 3A). hsa-miR-28-3p_G_3prime showed a 100% sensitivity and 80% specificity
in discriminating between controls and ASD, corresponding to an AUC of 0.922 (Figure 3B).
For the discrimination between controls and ASD + ID, hsa-miR-199b-5p_miRNA showed
69.2% sensitivity and 80% specificity, corresponding to an AUC of 0.787 (Figure 3C). For
the comparison between ID and ASD + ID, hsa-miR-410-3p_miRNA showed an 84.6%
sensitivity and a 90% specificity, corresponding to an AUC of 0.931 (Figure 3D). Lastly, for
the discrimination between ASD and ASD + ID, hsa-miR-221-3p_trim3 showed an 84.6%
sensitivity and 100% specificity, corresponding to an AUC of 0.974 (Figure 3E). The top 10
single isomiR classifiers for each comparison are listed in Table S6. To test the robustness
of the top isomiR classifiers, a permutation analysis (n = 30,000) was performed. The
permutation analysis demonstrated that each classifier performed better than would be
expected by chance alone (p < 0.05, Table S7).
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Figure 3. Receiver operating characteristic (ROC) curve analysis and violin plots for Intellectual Disability
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(ID), and Autism Spectrum Disorder (ASD), ASD + ID, as well as for discriminating between ID and
ASD + ID and between ASD and ASD + ID. (A). ROC curve analysis for the isomiRs showed 90%
sensitivity and 80% specificity for hsa-miR-409-5p for hsa-miR-409-3p_AT_3prime in discriminating
between controls (TSC without TANDs) and ID corresponding to an AUC of 0.87. (B). hsa-miR-28-
3p_G_3prime showed a 100% sensitivity and 80% specificity in discriminating between controls (TSC
without TANDs) and ASD, corresponding to an AUC of 0.922. (C). For the discrimination between
controls and ASD + ID hsa-miR-199b-5p_miRNA showed 69.2% sensitivity and 80% specificity,
corresponding to an AUC of 0.787. (D). For the comparison between ID and ASD + ID, hsa-miR-410-
3p_miRNA showed an 84.6% sensitivity and a 90% specificity, corresponding to an AUC of 0.931.
(E). For the discrimination between ASD and ASD + ID, hsa-miR-221-3p_trim3 showed an 84.6%
sensitivity and 100% specificity, corresponding to an AUC of 0.974. X-axis ROC curve: 100-Specificity
in percentage (%); Y-axis ROC curve: Sensitivity in percentage (%); X-axis violin plot: Groups; Y-axis
violin plot: Normalized expression. The red dotted line in each violin plot indicates the threshold
that optimizes group separation.

4. Discussion

Approximately 80% of TSC patients experience epilepsy, and it is known as the
most common neurologic symptom with seizure onset in the first two years of life. Early
onset seizures present as focal seizures that may evolve into infantile spasm, which is
the major cause of comorbidity and mortality in TSC [54-57]. Alongside the physical
manifestations of TSC, the neuropsychiatric comorbidities represent an important feature to
be further investigated. TSC-associated neuropsychiatric disorders (TANDs) can manifest
with different intensities, from mild to severe, and at different levels, predominantly
including behavioral difficulties (depressed mood (19-43%), anxiety (41-56%), self-injury
(17-69%), aggression (37-66%), temper tantrums (47-70%), overactivity/hyperactivity
(22-73%), impulsivity (36-62%), sleep difficulties (15-74%)), psychiatric disorders (autism
spectrum disorder (ASD; 40-50%), attention deficit hyperactivity disorder (ADHD; 30-40%),
anxiety and depressive disorder (27-56%)), and intellectual impairment (50%) [4,58—64].
Here, we identified a number of biomarkers, miRNAs, and isomiRs able to discriminate
patients with variable neuropsychiatric comorbidities, either ASD, ID, or ASD + ID, from
normally developing patients with TSC. Our most promising biomarkers were verified
with RT-qPCR performed on RNA isolated from patients’ serum. This work provides a
proof of concept of the relevance of small RNASeq and ROC analysis in identifying high
accuracy molecular biomarkers that could be utilized for the early risk assessment of ASD
and ID in TSC with the ultimate aim to improve counseling and guidance and therewith
improve the quality of life of the patients and their families.

Our results demonstrated the relevant role of miRNAs (hsa-let-7i-3p and hsa-miR-
409-5p) in the prediction of the early development of ASD or ID alone in TSC patients
(AUC 0.894 and 0.880, respectively). Several studies have investigated the role of hsa-let-
7i-3p in multiple diseases outside the brain [65-68]. On the other hand, the association
between hsa-miR-409-5p and neuropsychiatric diseases, such as depression, has been re-
ported in multiple research studies in rodents [69]. Furthermore, bioinformatic analyses
revealed that target genes and pathways of hsa-miR-409-5p are involved in neurotrans-
mitter signaling and neuroplasticity functions, further supporting its link with behavioral
skills impairment and depression [69,70]. Despite presenting the lowest accuracy (AUC
0.817) overall, hsa-miR-214-5p allowed a good separation between ASD + ID and controls.
However, its role in neurodevelopmental and neuropsychiatric diseases has not yet been
described. Finally, our data suggested hsa-miR-103a-3p and hsa-miR-494-3p are most
promising for separating TSC patients, presenting ASD + ID from patients and presenting
only one of the neuropsychiatric comorbidities at the time: ASD and ID groups, respectively
(AUC 0.923 and 0.908). A neuroprotective role of hsa-miR-103a-3p inhibition in Parkin-
son’s disease has been demonstrated previously [71]. For hsa-miR-494-3p, alterations in
expression have been linked to neurodegenerative disease, including Alzheimer’s disease
and Parkinson’s disease, and malignant brain tumors, such as glioma, glioblastoma, and
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medulloblastoma [72-76]. The potential role of hsa-miR-103a-3p and hsa-miR-494-3p in
neurodevelopmental pathologies, such as TSC, has not yet been described, despite hsa-
miR-494-3 having been described as a key regulator of endometrial receptivity through the
PI3K/AKT/mTOR pathway [77].

In addition, we investigated the potential use of a panel of miRNAs to improve the
diagnostic performance. Our data demonstrated an improved accuracy using multiple
miRNAs signature for three out of five comparisons. These data suggest that a relevant
improvement in diagnostic accuracy, specificity, and sensitivity is possible by screening for
a signature of multiple miRNAs. Clinicians may consider investigating and making the
first risk assessment using a single miRNA signature to exclude other pathologies; if the
results are unclear, screening with a panel of multiple miRNAs provide a more accurate
risk profile for a clinical diagnosis of ID and ASD in patients.

The quality of our predictions was verified in a sub-cohort of eight controls, nine ID
samples, and seven ASD + ID samples. Despite the limited availability of samples, the
potential use of hsa-miR-214-5p and hsa-miR-494-3p was confirmed using RT-qPCR. The
verification of our bioinformatic investigation of miRNAs as potential biomarkers in TSC
patients with ASD and ID suggests that the method of analysis can be reliable and that the
bioinformatic framework used here shows a potential for translation of a simple prognostic
biomarker-based tool to the clinic.

Similar to miRNAs, the potential role of isomiRs in predicting the development of
TAND:s in the early life of TSC patients was confirmed. Despite the overall better diagnostic
accuracy of isomiRs compared to miRNAs, verification in patients’ samples was not possible
due to technical limitations. Furthermore, no literature was found on miR-221-3p_trim3,
miR-28-3p_G_3prime, or miR-409-3p_AT_3prime, given that isomiRs are unknown territory
and little exploration has been carried out so far. However, since miR-199b-5p_miRNA and
miR-410-3p_miRNA refer to the canonical sequence of the isomiR, more literature could
be found; only miR-410-3p_miRNA has been investigated in brain pathologies such as
hypoxic-ischemic brain damage and glioma as a biomarker of poor prognosis [78,79].

While the function of these miRNAs needs further investigation, the results presented
in this work support the idea that circulating miRNAs and isomiRs could be utilized to
improve the early diagnosis of neuropsychiatric comorbidities in TSC patients in a non-
invasive manner. Nevertheless, the clinical testing leading to the diagnosis should not be
limited to biomarkers-based prediction.

5. Conclusions

We acknowledge limitations to the interpretation of our findings, since an independent
TSC cohort would be required for validation as an essential step in translation to the
clinic. However, a new cohort for independent validation is currently not available. In
addition, disease-free controls were not included in our study due to ethical issues related
to blood sampling from otherwise healthy infants. Overall, it is important to note that
patient recruitment for this study was not easy, due to the intensive visit schedule and
monitoring, contributing to a dropout rate of 10% [41]. Nevertheless, the uniqueness of
this cohort strengthens the importance of the results described in this study on such a rare
genetic disease. When interpreting the results, it is also important to note that normal
development by the age of two does not ensure normal development throughout childhood
and adolescence, which would require a long-term follow-up [80,81].

Ideally, validation will confirm that serum-based miRNAs and isomiRs can aid in the
early diagnosis of TANDs. The early diagnosis of neuropsychiatric comorbidities is key to
preparing parents for the challenges these pathologies bring, not only in taking care of their
children but also in their mental health and family dynamics. It has been demonstrated
exercise-based intervention on primary symptoms of ASD has a positive influence on the
quality of life. Therefore, if clinicians could predict the development of ASD and ID in TSC
patients, parents could learn how to improve their children’s behavioral and social skills
and reduce the impact of these comorbidities on their quality of life [15,82-84].
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Moreover, to further understand whether these biomarkers are specific for the predic-
tion of development of ASD and ID in TSC patients or whether they have potential as more
general biomarkers of ASD and ID, it would be interesting to assess other genetic diseases
with neuropsychiatric comorbidities. There is a variety of genetic disorders associated
with an increased risk of ASD development, including Fragile X syndrome [85], Down syn-
drome [86], Duchenne muscular dystrophy [87], and neurofibromatosis type 1 [88]. Thus,
it would be interesting to include non-TSC individuals with neuropsychiatric disorders
to assess whether any of the biomarkers could be utilized as more general biomarkers for
ASD and ID.

In conclusion, analysis of miRNA and isomiR expression patterns from this unique co-
hort with TSC supports the notion that circulating miRNAs and isomiRs have the potential
to aid standard clinical testing in the early risk assessment of ASD and ID in TSC patients.
The evidence of individual miRNAs and isomiRs as being able to discriminate between TSC
patients with ASD and ID is a novel contribution to TSC literature and encourages further
investigation into biomarkers for TANDs and TSC. As discussed above, it will be important
for future confirmatory studies to test the hypothesis of miRNAs and isomiRs to discrimi-
nate between TANDs in TSC patients generated by these exploratory analyses. If confirmed
in future studies, these miRNA signatures may aid in the prediction of manifestations of
ID and ASD in TSC patients, with the possibility to apply earlier interventions, thereby
improving their quality of life and of their families. Nonetheless, further investigation is
still required to establish the validity of our biomarkers across an independent cohort.
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