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and isomiRs were identified and measured in an unsupervised manner, using a
genome-wide small RNA sequencing platform. Receiver operating characteristic
analysis was performed to determine the performance of putative biomarkers.
Results: Two days after an epileptogenic insult, alterations in the levels of several
plasma miRNAs and isomiRs predicted epileptogenesis in a model-specific
manner. One miRNA, miR-3085, showed good sensitivity (but low specificity)
as a prognostic biomarker for epileptogenesis in all four models (area under the
curve = .729, sensitivity = 83%, specificity =64%, p <.05).

Significance: Identified plasma miRNAs and isomiRs are mostly etiology-
specific rather than common prognostic biomarkers of epileptogenesis. These
data imply that in preclinical and clinical studies, it may be necessary to identify
specific biomarkers for different epilepsy etiologies. Importantly, circulating
miRNAs like miR-3085 with high negative predictive value for epileptogenesis
in different etiologies could be useful candidates for initial screening purposes of

Epilepsia >

epileptogenesis risk.

KEYWORDS

1 | INTRODUCTION

Structural epilepsies can manifest themselves months
or even years after an epileptogenic insult (e.g., stroke,
tumor, trauma, or status epilepticus [SE]). The latency
time between the epileptogenic insult and the first
spontaneous seizure presents a window of opportunity for
preventive treatments. However, even the most promising
well-characterized antiepileptogenic therapies have not
yet been tested clinically. This partly relates to lack of
biomarkers that would indicate a subcohort of subjects
being at the highest risk of epileptogenesis, thus reducing
the size of the study cohort and, consequently, the cost.
Moreover, optimizing the treatment cohort would reduce
the number of subjects exposed to possible adverse effects
of treatments, some of which can be invasive.'
Biomarkers have been defined by a joint US Food and
Drug Administration and National Institutes of Health
working group as “a defined characteristic that is mea-
sured as an indicator of normal biological processes,
pathological processes, or responses to an exposure or in-
tervention, including therapeutic interventions” (https://
www.ncbi.nlm.nih.gov/books/NBK326791/). Biomarkers
can be classified according to their use (e.g., susceptibility/
risk and prognostic biomarkers would be useful to predict
the development of epilepsy following an epileptogenic
insult) and come in different forms (e.g., molecular, im-
aging, physiologic). Molecular biomarkers (genetic, pro-
teins, small molecules) are particularly attractive, because

amygdala stimulation, perforant pathway stimulation, pilocarpine, posttraumatic epilepsy,
status epilepticus, traumatic brain injury

Key points

« Circulating miRNA and isomiR profiles were
screened as biomarkers for epileptogenesis in
four different rat models of epileptogenesis.

« Two days after an epileptogenic insult,
alterations of several miRNAs and isomiRs
predicted epileptogenesis in a model-specific
manner.

« miR-3085 showed good sensitivity (but low
specificity) as a prognostic biomarker for
epileptogenesis in all four models.

« Identified plasma miRNAs and isomiRs are
mostly etiology-specific rather than common
prognostic biomarkers of epileptogenesis.

they can be measured in easily accessible compartments,
such as blood, plasma, serum, saliva, or urine.?

Among small molecules, circulating microRNAs (miR-
NAs) have recently attracted much attention as potential
biomarkers of epileptogenesis.” miRNAs are small, non-
coding RNAs that regulate gene expression by binding to
target mRNA molecules and inducing their degradation
or blocking their translation into proteins.* Not surpris-
ingly, given their involvement in the control of protein
levels, miRNAs have been shown to play important roles
in various biological processes, including development,

95UB017 SUOWILIOD 3AIR1D 3ol dde au Aq peusenob 812 DI VO ‘88N JO SN 0 ARiq1T8UUO /8|1 UO (SUORIPUOD-PUe-SWLIBH D" AB | 1M Afeiq U1 |UO//STNY) SUORIPUOD PUe SWiB L 83U} &3S *[5202/T0/0] Uo Ariqi auliuo A8|IM ‘il eUeI400D AQ YETST  Ide/TTTT OT/I0p/LI00 43| M AReiq 1 BUI|UO//SANY W1y papeojumoq ‘TT ‘¥20Z ‘L9TT8ZST


https://www.ncbi.nlm.nih.gov/books/NBK326791/
https://www.ncbi.nlm.nih.gov/books/NBK326791/

van VLIET ET AL.

“ | Epilepsia

differentiation, cell proliferation, and apoptosis. It has
been shown that miRNAs are involved in the regulation of
synaptic plasticity and that alterations in miRNA expres-
sion levels are associated with epilepsy.””’ For example,
some miRNAs have been shown to regulate the expression
of genes involved in synaptic transmission, excitability,
and neuroinflammation, all of which are important in the
development and maintenance of epilepsy.” " In addition,
miRNAs have been implicated in the regulation of neuro-
genesis and neuroplasticity, which are also believed to be
important in the pathogenesis of epilepsy.* ' Therefore,
miRNAs represent a promising target for the development
of new therapeutic strategies.'*™*>

Because miRNAs are found in stable forms in biologi-
cal fluids, such as blood and cerebrospinal fluid, and their
levels in these fluids may change in disease states, they are
attractive candidates as noninvasive or minimally invasive
biomarkers for various pathological conditions, including
epilepsy.® For example, it has been shown that changes in
the serum levels of certain miRNAs may be used to distin-
guish patients with epilepsy from healthy controls as well
as patients with drug-resistant versus drug-responsive ep-
ilepsy."'"'®!7 Furthermore, the relevant role of miRNAs
was demonstrated in the prediction of the early develop-
ment of autism spectrum disorder or intellectual disabili-
ties in patients with tuberous sclerosis complex.'® Finally,
preclinical studies demonstrated that circulating miRNAs
are dysregulated during epileptogenesis® ! and that circu-
lating brain-enriched miRNAs reflect the extent of cortical
injury in the brain after traumatic brain injury (TBI)."

Alternative forms of miRNAs can arise due to dif-
ferences in the processing of miRNA precursors; these
modified miRNAs are known as isomiRs.”’ Compared to
their cognate miRNAs, isomiRs can differ in length and/
or sequence, including editing of the miRNA sequence,
and can have distinct functional capabilities.”®*" isomiRs
can also be differentially regulated in disease states,

potentially serving as biomarkers for diagnosis, prognosis,
and monitoring.***

Although circulating biomarkers have been a hot
topic for several large European Union-funded epilepsy-
related research projects,”* the use of miRNAs/isomiRs
as biomarkers of epileptogenesis is still in the early
stages of development. Specifically, it is still unclear
whether circulating biomarkers can be prognostic for
the development of epilepsy, because most preclinical
studies performed so far have investigated blood sam-
ples of animals after SE. These animals, although still
in the latency period during sample collection, were all
expected to develop epilepsy; that is, no comparison of
samples from animals that will or will not develop epi-
lepsy was performed. Furthermore, all but one® animal
study were limited to a single etiology,”'****® including
our recent previous studies.'”? Importantly, it is still
unknown whether the putative prognostic value of iden-
tified miRNAs is etiology-common or etiology-specific,
as none of the studies have employed multiple differ-
ent models of epileptogenesis. Finally, isomiRs have not
been analyzed thus far.

Therefore, the aim of this study was twofold: (1) to
identify differentially expressed plasma miRNA and
isomiR profiles in four different models of structural ep-
ilepsy, by comparing samples collected during the latency
period from animals that subsequently did or did not de-
velop epilepsy; and (2) to compare the data from the four
models to identify commonalities and etiology-specific
alterations. We hypothesized that changes in the levels
of plasma miRNAs/isomiRs at early post-SE and/or TBI
time points represent prognostic biomarkers of the devel-
opment of epilepsy, and that some of them are common to
all four models.

This work was conducted using a multicenter design
developed within a European Union FP7-funded research
consortium (EPITARGET).

FIGURE 1 (A)Study design. The EPITARGET animal cohort included in total 80 adult male Sprague Dawley rats that were divided

in four cohorts: (1) the electrical post-status epilepticus (SE) model in which the angular bundle is stimulated (AB), (2) the electrical

post-SE model, in which the amygdala is stimulated (AMY); (3) the chemical post-SE model, based on lithium and pilocarpine peripheral
administration (Li-pilo); and (4) the lateral fluid percussion injury model (LFP), in which a transient fluid pressure pulse against the exposed
dura is used to induce traumatic brain injury (TBI). Analysis of each SE model included sham-operated experimental controls (n=4), rats
with SE that developed epilepsy (n=8), and rats with SE that did not develop epilepsy (n=38). Similarly, analysis of the TBI model included
sham-operated experimental controls (n=4), rats with TBI that developed epilepsy (n="7), and rats with TBI that did not develop epilepsy
(n=9). For each model, blood samples were withdrawn from the same individuals at 2 and 9 days post-SE or post-TBI. Plasma was prepared
for small RNA sequencing, followed by a bioinformatics comparison of the four models. Video-electroencephalographic recordings were

made to discriminate which animals developed epilepsy and which did not. (B-D) Principal component analysis (PCA) of four epilepsy
models according to circulating miRNA expression 2days after the initial insult. PCA of normalized read counts (counts/million) shows that
the plasma miRNA expression profile 2 days after the initial insult separates the samples from the four experimental models as well as the
control samples into different clusters. In contrast, the PCA did not separate rats with epilepsy (Epi) and without epilepsy (Non-Epi) for any
of the models. (A) Control samples only. (B) All samples, excluding control samples. (C) all samples, including control samples.
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2 | MATERIALS AND METHODS

2.1 | Study design

The study design is summarized in Figure 1A. Eighty
adult male Sprague Dawley rats were included in the
study, divided in four cohorts: (1) the electrical post-
SE model, in which the angular bundle was stimulated
(henceforth AB); (2) the electrical post-SE model in which
the amygdala was stimulated (AMY); (3) the chemical
post-SE model, in which lithium-pilocarpine was injected
peripherally (Li-pilo); and (4) the lateral fluid percussion
injury (LFP) model, in which a transient fluid pressure
pulse against the exposed dura was used to induce severe
TBI. For each SE model, samples were obtained from ex-
perimental controls (n =4), rats with SE that subsequently
developed epilepsy (n=38), and rats with SE that did not
subsequently develop epilepsy (n=38). Similarly, for the
TBI model, sham-operated experimental controls (n=4),
rats with TBI that developed epilepsy (n=7), and rats with
TBI that did not develop it (n=9) were included. For each
model, blood samples were withdrawn from the same in-
dividuals 2 and 9days post-SE/TBI, which were used to
obtain plasma for small RNA sequencing. Continuous
video-electroencephalographic (VEEG) recordings were
performed to discriminate animals that did or did not
develop epilepsy and to allocate samples ex post in the
proper group.

The four epilepsy models were established in four labo-
ratories participating in this study (AB in Amsterdam, the
Netherlands; AMY in Warsaw, Poland; Li-pilo in Ferrara,
Italy; LFP in Kuopio, Finland), each laboratory following
internally approved procedures. Sample collection and
processing were instead conducted using common, identi-
cal procedures in all laboratories.”® All experiments were
approved by ethical committees and performed in accor-
dance with the guidelines of the European Community
Council Directives 2010/63/EU as well as the ARRIVE
and the NC3Rs (National Centre for the Replacement,
Refinement, and Reduction of Animal Research) guide-
lines.” For details about the four epilepsy models, blood
sampling, and small RNA sequencing, see Supplementary
Methods.

All RNA sequencing data used in this paper are publicly
available at the European Nucleotide Archive (https://

www.ebi.ac.uk/ena/browser/home) under the accession
number PRJEB78561.

3 | RESULTS

3.1 | Initial insult and epileptogenesis

See Supplementary Results.

3.2 | miRNA and isomiR plasma analysis
2days after an epileptogenic insult

3.2.1 | Principal component analysis
Unsupervised principal component analysis (PCA) on nor-
malized read counts (counts/million) was conducted to as-
sess the plasma miRNA expression profile 2days following
the initial insult in the four experimental models as well as in
control samples. As shown in Figure 1B-D, the PCA clearly
demonstrated distinct clustering of samples from the four
experimental models, highlighting a unique miRNA expres-
sion pattern associated with each model. In contrast, when
comparing rats set to develop epilepsy (Epi) and those with-
out epilepsy (Non-Epi) within each experimental model,
PCA analysis did not reveal significant differentiation, sug-
gesting that the presence or absence of epilepsy did not exert
asubstantial influence on miRNA expression profiles for the
tested time point. This pattern was consistently observed in
the isomiR analysis as well, as indicated in Figure S1.

3.2.2 | Differential expression analysis

Differential expression analysis showed a total of 205 dif-
ferentially expressed (DE) miRNAs (71 downregulated, 134
upregulated) across all four models when Epi samples were
compared to control samples (Figure 2A,D,G,J), as well
as 208 DE miRNAs (78 downregulated, 130 upregulated)
when Non-Epi samples were compared to control samples
(Figure 2B,E,H,K). The AB and AMY models displayed the
highest number of DE miRNAs, whereas these numbers
were lower for the Li-pilo and LFP models. A comparison
between the Epi and Non-Epi samples showed an overall

FIGURE 2 Differential expression analysis (DEA) of miRNAs 2days after the initial insult. DEA showed that many miRNAs were
upregulated (red dots) or downregulated (blue dots) 2days after the initial insult in each model when samples from rats with epilepsy (Epi)
were compared to controls (A, D, G, and J) or when samples from rats without epilepsy (Non-Epi) were compared to controls (B, E, H,

and K). This was most evident for the AB and the AMY models. Fewer differentially expressed miRNAs were found in the Li-pilo and LFP
models. When Epi and Non-Epi animals were compared (C, F, I, and L), only four miRNAs were downregulated and nine upregulated for
the AMY model, and two miRNAs were downregulated and zero upregulated for the Li-pilo model, whereas no miRNA was upregulated or
downregulated for the AB and LFP models. AB, angular bundle; AMY, amygdala; Li-pilo, lithium-pilocarpine; LFP, lateral fluid percussion.
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lower number of DE miRNAs (Figure 2C,F,LL). In this com-
parison, only the AMY model (four downregulated, nine up-
regulated) and the Li-pilo model (two downregulated, zero
upregulated) displayed differential expression, whereas this
was not the case for either the AB or the LFP model.

For isomiRs, a similar pattern was observed
(Figure S2) for Epi samples and Non-Epi samples as

compared to control samples, although many more
upregulated and downregulated isomiRs were found
as compared to the number of DE miRNAs. When Epi
and Non-Epi rats were compared, the majority of DE
isomiRs were found for the AMY model (nine downreg-
ulated, 20 upregulated), followed by the AB model (one
upregulated isomiR).

Epi v Control Non-Epi v Control Epi v Non-Epi

(A)

(B) Li-pilo LFP © Li-pilo LFP

Li-pilo LFP

Up

(D) (E) (F)

Li-pilo Li-pilo LFP Li-pilo LFP

Down

FIGURE 3 Venn diagram analysis of miRNA expression 2 days after the initial insult. Venn diagram analysis shows that most
upregulated (Up) and downregulated (Down) miRNAs are model-specific. Samples taken from rats that subsequently developed epilepsy
(Epi) are compared to control samples (A and D), samples from rats that did not develop epilepsy (Non-Epi) are compared to control
samples (B and E), and samples from Epi rats are compared with samples from Non-Epi rats (C and F). Only three upregulated miRNAs
were found to be in common for all four models when Epi samples were compared with control samples, and two upregulated miRNAs
when Non-Epi samples were compared with control samples. The AB and AMY models had the most miRNAs in common. AB=angular
bundle, AMY, amygdala; Li-pilo, lithium-pilocarpine; LFP, lateral fluid percussion.

FIGURE 4 (A-J) Receiver operating characteristic (ROC) analysis of insult-specific miRNA expression 2 days after the initial insult.
ROC analysis shows that specific miRNAs can be detected for each model that separate control samples from samples taken from rats

that subsequently developed epilepsy (Epi), from rats that did not develop epilepsy (Non-Epi), and from all injured rats (Epi+ Non-Epi
combined; injury-specific miRNAs; [A-H] area under the curve [AUC] =1, p <.05). Here represented are the ROC analyses of miR-22-5p

for the AB and AMY models, miR-140-5p for the Li-pilo model, and miR-129-5p for the LFP model. miR-341 separates with high sensitivity
(>90%) and specificity (100%) Epi (AUC = .967, p <.05) as well as Non-Epi (AUC = .950, p <.05) and Epi+ Non-Epi (AUC = .958, p<.05)
from control samples for all models (I and J). (K-T) ROC analysis of epilepsy-specific miRNA expression 2 days after the initial insult. ROC
analysis reveals specific miRNAs for each model that separate samples taken from rats that subsequently developed epilepsy (Epi) from
those without epilepsy (Non-Epi) with high sensitivity and specificity (epilepsy-specific miRNAs; K-R). Here represented are the ROC
analyses of miR-30c-5p (AUC = .922, p <.05) for the AB model, miR-19a-3p (AUC = .911, p <.05) for the AMY model, miR-330-5p (AUC=1,
p <.05) for the Li-pilo model, and miR-128-3p (AUC = .889, p <.05) for the LFP model. miR-3085 separates Epi from Non-Epi (AUC =.729,
p <.05) for all models (S and T), although with a lower sensitivity (83%) and specificity (64%) as compared to the sensitivity and specificity of
miRNAs specific for each separate model. AB, angular bundle; AMY, amygdala; Li-pilo, lithium-pilocarpine; LFP, lateral fluid percussion.
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3.2.3 | Venn diagram analysis

Most upregulated and downregulated miRNAs were model-
specific when Epi samples were compared to control sam-
ples (Figure 3A,D), as well as for Non-Epi samples versus
control samples (Figure 3B,E) and for Epi versus Non-Epi
samples (Figure 3C,F). Only three upregulated miRNAs
(rno-miR-129-5p, rno-miR-129-1-3p, rno-miR-129-2-3p)
were found to be in common for all four models when Epi
samples were compared to control samples, and two upreg-
ulated miRNAs (rno-miR-129-5p, rno-miR-410-3p) when
Non-Epi samples were compared to control samples. The
AB and AMY models had the most miRNAs in common.

A similar pattern was observed for isomiRs (Figure S3).
Only two isomiRs were found to be upregulated (miR-
128-3p_trim2, miR-127-3p_trim4) in all four models for
Epi samples versus control samples and one isomiR (miR-
127-3p_trim4) for Non-Epi samples versus control sam-
ples. Also, for isomiRs, the AB and AMY models had the
most differentially expressed isomiRs in common.

3.2.4 |
analysis

Receiver operating characteristic

Receiver operating characteristic (ROC) analysis showed
that, for each model, specific miRNAs could be detected
that separated Epi as well as Non-Epi and Epi+ Non-
Epi samples from control samples with 100% sensitivity
and 100% specificity (Figure 4A-H; area under the curve
[AUC] =1, p<.05): for example, miR-22-5p for the AB as
well as for the AMY model, miR-140-5p for the Li-pilo
model, and miR-129-5p for the LFP model. These miR-
NAs may be viewed as insult-related biomarkers, because
the changes were observed in all animals that received
the epileptogenic insult, irrespective of whether they
would eventually develop epilepsy. Furthermore, miR-
341 could separate with high sensitivity (>90%) and speci-
ficity (100%) Epi samples (AUC = .967, p<.05) as well as
Non-Epi (AUC = .950, p <.05) and Epi+ Non-Epi samples
(AUC = .958, p<.05) from control samples for all models
(Figure 41,).

ROC analysis also revealed specific miRNAs for
each model that separated Epi from Non-Epi samples
with high sensitivity and specificity (Figure 4K-R):
for example, miR-30c-5p (AUC = .922, p <.05) for the
AB model, miR-19a-3p (AUC = .911, p<.05) for the
AMY model, miR-330-5p (AUC=1, p<.05) for the
Li-pilo model, and miR-128-3p (AUC = .889, p<.05)
for the LFP model. These miRNAs may be viewed as
epileptogenesis-specific biomarkers (i.e., prognos-
tic biomarkers that predict the development of epi-
lepsy), because changes in their levels were observed

in plasma from Epi but not from Non-Epi or control
rats. miR-3085 could separate Epi from Non-Epi sam-
ples (AUC = .729, p <.05) in all models (Figure 4S,T),
with a lower sensitivity (83%) and especially specificity
(64%) as compared to the sensitivity and specificity of
miRNAs specific for each separate model. A top 10 list
of miRNAs is provided for each model individually and
all models together in Table S1.

To determine whether a set of different miRNAs
may better serve as a paramount biomarker signa-
ture of epileptogenesis across all models, two differ-
ent combinations were tested (see Table S1). First,
we combined the miRNAs with the highest AUCs for
each model, namely, miR-30c-5p for AB, miR-19a-3p
for AMY, miR-330-5p for Li-pilo, and miR-128-3p for
LFP (Figure 5A). Second, we combined the five miR-
NAs with the highest AUCs for all models, namely,
miR-3085, miR-487b-3p, miR-98-5p, miR-872-3p, and
miR-138-5p (Figure 5B). However, the sensitivity and/
or specificity, as well as the AUC value, remained low
with both approaches (respectively 53% and 76%, AUC
=.625; and 83% and 64%, AUC = .762).

Insult-related, model-specific isomiRs could be de-
tected that separated Epi as well as Non-Epi samples and
Epi+ Non-Epi samples from controls with 100% sensitiv-
ity and 100% specificity (Figure S4A-H; AUC=1, p<.05):
for example, miR-133c_A_5prime for the AB model, miR-
10a-5p_trim4 for the AMY model, miR-486_trim1 for the
Li-pilo model, and miR-182_trim3 for the LFP model.
Furthermore, miR-127-3p_trim4 could separate with 97%
sensitivity and 100% specificity Epi samples (AUC = .998,
p<.05) as well as Non-Epi samples (AUC = .998, p<.05)
and Epi+ Non-Epi samples (AUC = .998, p<.05) from
controls for all models (Figure S4L,J).

ROC analysis also revealed epileptogenesis-specific
isomiRs for each model that separated Epi from Non-Epi
samples with high sensitivity and specificity (Figure S5A-
H): for example, miR-186-5p_T_3prime (AUC=1, p<.05)
for the AB model, miR-423-3p_A_3prime (AUC = .982,
p<.05) for the AMY model, miR-3596d_AA_5prime
(AUC = .922, p<.05) for the Li-pilo model, and miR-
19b-3p_trim3 (AUC = .905, p<.05) for the LFP model.
miR-98-5p_trim2 could separate Epi from Non-Epi sam-
ples (AUC =.759, p <.05) for all models (Figure S5L,J), al-
though with a much lower sensitivity (57%) as compared
to the sensitivity of model-specific isomiRs. A top 10 list
of isomiRs is provided for each model individually and all
models together in Table S2.

A combination of the best isomiRs of each model
was plotted as a single ROC curve (Figure S6A), as well
as a combination of the best five isomiRs based on AUCs
across all models (Figure S6B). However, the sensitivity
and/or specificity, and the AUC value, were low with both
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FIGURE 5 Combination of multiple (A) 4 miRNA signature (B) 5 miRNA signature
miRNA signatures. (A) Combination of =L 21
the best receiver operating characteristic
(ROC) curves of independent models as 2 2
one ROC curve and (B) combination of 5310533, 0,758)
five highest miRNAs based on areas under - -2 3(0.833, 0.636)
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approaches (respectively 87% and 39%, AUC = .604; and
70% and 70%, AUC = .700).

3.3 | miRNA and isomiR plasma analysis
9days after an epileptogenic insult

See Supplementary Results and Figure 6.

4 | DISCUSSION

There is a great need for identification of diagnostic
and prognostic biomarkers of epileptogenesis to pin-
point subjects at high risk of developing epilepsy after
an epileptogenic insult and in need of more intensive
follow-up. Epileptogenesis biomarkers would also be
critical for stratification of the study cohorts for clini-
cal antiepileptogenesis trials, making them more af-
fordable. From the ethical point of view, biomarkers
would also reduce unnecessary treatment and expo-
sure to adverse events.

Among the biomarker modalities (electrophysiologic,
imaging, molecular, and cellular), molecules in biological
fluids are particularly attractive, due to the ease of sample
collection and to their low costs.! Plasma miRNAs offer
distinct advantages over other circulating molecules.®
First, they are relatively stable in biofluids. In plasma, they
are found mainly bound to argonaute2, the key effector
protein of miRNA-mediated silencing, or within macrove-
sicles (exosomes).*® Second, they are easy to measure, and
loss of signal is minimal even after multiple freeze-thaw
cycles.’! Third, they are enriched in the brain, where
specific cell types express specific miRNAs**** and from
where they can be distributed into the circulation within
exosomes.>* Fourth, their levels in the brain are altered
in various neurological disorders, including epilepsy.®
Consequently, presence of brain-enriched miRNAs in
the peripheral blood can be hypothesized to depend upon

1 - Specificity 1 - Specificity

type and/or location of brain injury or injury/disease
progression.

Multiple studies have been conducted to identify alter-
ations in plasma or serum levels of specific miRNAs or
sets of miRNAs in association with epilepsy. Most of these
studies have aimed to discover diagnostic biomarkers by
analyzing blood samples of patients or animals in which
epilepsy was already established.’ Thus far, only four stud-
ies (three in animals, one in humans) were designed to
measure miRNA levels in plasma during the latency pe-
riod, to identify diagnostic or prognostic biomarkers of ep-
ileptogenesis.! Animal studies identified plasma miRNAs
that were altered specifically in the latency period, but not
during established chronic epilepsy. For example, miR-
21-5p was upregulated during the latency period in the
AB model,” whereas miR-9a-3p was upregulated and miR-
598-5p downregulated in the pilocarpine model.'® Other
miRNAs underwent changes in the latency period that
were observed also in chronic epilepsy. For example, miR-
142-5p was downregulated in the AB model,’ miR-142-3p
was downregulated in the pilocarpine model,'” miR-93-5p
was upregulated and miR-574-3p was downregulated in
the mouse intra-amygdala kainate model and pilocarpine
model as well as in the rat perforant path stimulation
model.® In the human study, performed in a small cohort
of patients that suffered intracerebral hemorrhage (ICH),
downregulation of two miRNAs (miR-4317 and miR-
4325) differentiated patients with post-ICH seizures from
those without seizures at 1year.*” Even though these stud-
ies have identified promising miRNA biomarker candi-
dates, they were not assessed in ROC analysis or validated
in separate cohorts. Moreover, the miRNAs identified
differed between studies, and their ability to distinguish
between the animals that did or did not develop epilepsy
was not investigated.

The present study was designed to overcome many of
these limitations. First, this is a multicenter study (only
one of the previous studies was multicenter).® Animals
were carefully characterized for the development of
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epilepsy after diverse epileptogenic etiologies; long-term Non-Epi). All blood sampling procedures were strictly
vEEG monitoring allowed identification of animals that standardized,”® and all samples were analyzed together.
did or did not develop epilepsy (herein termed Epi and Data were carefully analyzed, including an ROC analysis.
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FIGURE 6 (A-J). Receiver operating characteristic (ROC) analysis of insult-specific miRNA expression 9 days after the initial insult.
ROC analysis shows that specific miRNAs can be detected for each model that separate control samples from samples taken from rats
that subsequently developed epilepsy (Epi), from those that did not develop epilepsy (Non-Epi), and from all injured animals combined
(Epi+ Non-Epi; injury-specific miRNAs). (K-T) ROC analysis of epilepsy-specific miRNA expression 9 days after the initial insult. ROC
analysis reveals specific miRNAs for each model that separate samples taken from rats that subsequently developed epilepsy (Epi) from
those that did not develop epilepsy (Non-Epi) with high sensitivity and specificity (epilepsy-specific miRNAs). AB, angular bundle; AMY,
amygdala; AUC, area under the curve; Li-pilo, lithium-pilocarpine; LFP, lateral fluid percussion.

Finally, for the first time in epilepsy studies, we included
the isomiRs in the analysis. The duration of VEEG moni-
toring in our study was long, albeit with breaks, meaning
that the risk of a false negative misclassification of a rat as
nonepileptic is low. However, that monitoring was non-
continuous remains a caveat.

The main finding of the present study is that at 2days
after the initial insult, several miRNAs and isomiRs can
be identified in plasma that predict with a high sensitivity
and specificity those animals that will and those that will
not develop epilepsy. As our experimental setting also in-
cluded sham-operated control animals, we were able to
identify changes in miRNAs and isomiRs that were attribut-
able to the epileptogenic insult per se rather than epilepto-
genesis. Interestingly, most of the injury or epileptogenesis
changes in miRNAs and isomiRs were model-specific. We
could identify minor commonalities only between models
generated by electrical stimulation of brain regions in the
mesial temporal lobe (the AB and AMY models). No com-
monality was found in miRNAs and isomiRs changes when
compared to the chemical model (Li-pilo) or the TBI model
(LFP). In translational terms, this suggests that circulating
small RNAs may, at best, be developed as etiology-specific
biomarkers of epileptogenesis, although we cannot exclude
strain-, husbandry-, or site-specific effects.

It may be noted that these emerging insult-specific
miRNAs biomarkers of epileptogenesis are novel and not
identified in previous studies. Except for miR-93-5p (as
mentioned earlier), none of the identified miRNA bio-
markers had been previously reported as dysregulated
during the latency period. Also, previously identified
miRNA biomarker candidates were not on the top 10 list
of the best miRNA predictors of epilepsy development
identified in the present study. The lack of alignment
with previous studies is not unexpected, because of dif-
ferences in the models and species analyzed. For exam-
ple, we used rats for the AB model, whereas Brennan and
colleagues used mice.® Here, we investigated the lith-
ium-pilocarpine model, whereas Roncon and coworkers
investigated the pilocarpine model.'® However, the most
important differences with previous studies may relate
to study designs. In previous studies, sampling was not
performed longitudinally. Moreover, SE (that was used as
the epileptogenic insult) induced spontaneous seizures
in the large majority of the animals. Here, instead, we

longitudinally sampled the animals at two early time
points and monitored them for a prolonged period of
time to detect unprovoked seizures. Consequently, sam-
ples could be allocated to the Epi or Non-Epi group.

Contrary to expectations, we were unable to identify
a single miRNA or isomiR, or any combination thereof,
that predicted epilepsy development with high sensitivity
and specificity independent of the initial epileptogenic in-
sult. The only hit that displayed a borderline interest was
miR-3085. It separated Epi from Non-Epi animals in all
models with an AUC of .729 and with 64% specificity and
83% sensitivity. This indicates a good negative predictive
value, that is, a probability of identifying animals that do
not have ongoing epileptogenesis and will not develop ep-
ilepsy. The expression of miR-3085 in human and rodents
is brain-enriched but very low. Interestingly, the proin-
flammatory factor interleukin-1 induces the expression of
miR-3085-3p in brain, at least in part via nuclear factor
kB (NFkB). In a feed-forward mechanism, miR-3085-3p
then potentiates NFkB signaling.*® Furthermore, it was
also differentially regulated in brain tissue of a mouse
model of Gaucher disease brains, linked to mitochondrial
dysfunction.’” These observations, even though requiring
validation in an independent study, provide an interest-
ing tool for a staged use of epileptogenesis biomarkers.'
That is, noninvasive, low-cost, blood-based biomarkers
could serve as a screening tool to determine indication for
higher cost, more invasive diagnostic procedures such as
imaging or EEG. A screening tool to exclude individuals
who will likely not develop epilepsy from further clinical
investigation would need to have a high negative predic-
tive value but not necessarily a high positive predictive
value. Recently, an ad hoc working group for Alzheimer
disease (AD) suggested that a candidate biomarker for
primary care screening in AD should have a negative pre-
dictive value of >90% but a positive predictive value of
~50%.%® Based on these considerations, miR-3085 may be
worthy of further investigations.

5 | CONCLUSIONS

Our study has identified plasma miRNAs and isomiRs
that can serve as diagnostic biomarkers for specific
epileptogenic insults, distinct from those miRNAs and
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isomiRs that can serve as prognostic biomarkers for
epilepsy development. This implies that miRNA and
isomiR regulation can be epileptogenesis-specific and
not merely insult-related. The other major finding re-
lates to etiology specificity of epileptogenesis biomark-
ers. The only exception was miR-3085, which showed a
moderate AUC in differentiation of Epi animals from
non-Epi animals in all four models. Etiology specific-
ity is not entirely surprising, as not only the pathology
of the epileptogenic insult, but also the progression of
the epileptogenic process, differs dramatically in differ-
ent preclinical and clinical structural epilepsies. This
suggests that a given biomarker may be detectable at
a given time point in the process induced by a given
epileptogenic event. Interestingly, a greater overlap
between models and human structural epilepsies has
been observed in the chronic phase of epilepsy, suggest-
ing a progressive convergence of initially heterogene-
ous processes.>®

The present study offers several testable hypotheses
for future investigations. First, we analyzed the total lev-
els of miRNAs and isomiRs. However, it is known that,
in plasma, these molecules are mainly found in associ-
ation with proteins or in exosomes (see preceding text).
Analysis of the argonaute2-bound and the exosome
fractions could provide a better diagnostic yield for bio-
marker analysis. Second, validation of specific miRNAs
and isomiRs in an independent cohort is warranted.
Ideally, this should include human samples, even if the
follow-up of at-risk individuals after an epileptogenic
event can be challenging. In this respect, miR-3085 and
the most predictive model-specific miRNAs and isomiRs
can be tested. Third, the brain origin of the candidate
miRNA and isomiR biomarkers needs to be verified. At
a more advanced stage of research, specificity for epi-
leptogenesis versus other neurological conditions and
association with clinical variables (e.g., age, sex, comor-
bidities, treatments) should be evaluated, following the
steps of a recently published roadmap for the identifica-
tion of biomarkers of epileptogenesis.’
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